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Mojave Miocene: the field trip
Robert E. Reynolds 1 and David M. Miller 2

Research Associate, Calif. State Univ. Desert Consortium, rreynolds220@verizon.net
United States Geological Survey, 345 Middlefield Road, MS-973, Menlo Park, CA 94025
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The Mojave Desert has long held a geologic enigma: Where are the deposits that formed
between the middle Miocene (~12 Ma) and the Quaternary (~2.5 Ma)? Many early geologists referred to scattered, difficult-to-date gravels in this interval as “Pliocene” and even
suggested that a Pliocene “orogeny” affected the desert, but the puzzling question has
endured (and has never been answered).
Over the past five years or so, the Desert Symposium themes have focused on topics
related to this enigma by addressing chronology and correlation of middle Miocene
sequences, especially the Barstow Formation, and by identifying Pliocene deposits and
addressing their origins. This year’s theme seeks the final pieces—the late Miocene into
Pliocene rocks—and takes local to regional views of what occurred during this enigmatic
time.
The field trip will address several topics in the central Mojave Desert, in the area of
Barstow, California, on the first day. These topics include the nature of the upper part
of the Barstow Formation and its overlapping sediments in several parts of the Barstow
basin, and new chronology and details of the overlap units in the Alvord Mountain area.
On the second day, we will examine the timing and nature of tectonism in the Cady
Mountains; some newly dated overlap deposits in the Victorville basin, where the basin
formation is tied to uplift along the San Andreas fault; and then proceed to the San
Andreas fault itself to examine strata deposited during this enigmatic interval of time
along the margin of the Mojave Desert. The strata of the Inface Bluffs near Cajon Pass
are probably the most complete record of sedimentation in the western Mojave Desert
for the interval from latest Cretaceous through Oligocene and Miocene, through early
Quaternary.
During the trip, we are following the trails of the Paiute, Mojave, Chemehuevi, Vanyume,
and Serrano; the 1776 footsteps of Fr. Francisco Garcés; and the path of mountain man
Jedediah Strong Smith, who in a search for new beaver streams in 1826 became the first
American to enter California over land.

Day 1
The closure of the Barstow Basin: what lies
above?
CONVENE at Zzyzx with full tank of gas, clothing
and hats for cool, windy, or hot weather, sunscreen,
and water. Carpooling is mandatory on Day 1,
and will be arranged on the preceding day. Proceed
north to I-15
0.0 (0.0) Enter I-15 westbound. Re-set odometer.
5.9 (5.9) Continue past the Rasor Road interchange.
2015 desert symposium

9.7 (3.8) Continue past the Basin Road interchange.
Fossil plants have recently been recognized from the
Hector Formation in the Baxter Wash area of the
northern Cady Mountains. A sabal palm base and
petiole with palm leaves attached (Tom Spinks p.
c. to Reynolds 2/2015), apparently associated with
water reeds, was located in sediments beneath the 22
Ma basalts (Moseley, 1978; Woodburne and Reynolds, 2010).
10.9 (7.1) Pass through Miocene or Pliocene sediments in a road cut. Look west into Afton Basin and
7
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imagine the late Pleistocene scenery with Lake Manix
filled to the approximate level of the Afton overpass.

47.7 (0.5) TURN LEFT (south) at Tower #449.2
(marked on southeast leg).

12.6 (1.7) Continue past Exit I-15 at Afton Road.

49.3 (1.6) Continue past a right turn to the west.

16.6 (4.0) Continue past the rest stop.

49.7 (0.4) Continue past a right fork.

20.6 (4.0) Continue past Field Road.

50.3 (0.6) BEAR LEFT (east) and PARK on the drill
pad.

24.7 (4.1) Pass under Alvord Mountain overpass.
26.3 (1.6) Pass the southeast arm of Lime Hill with
east-dipping “Pliocene” gravel.
27.3 (1.0) Continue past Harvard Road.
30.1 (2.8) Continue past Lake Dolores to the north.
32.7 (2.6) View north of the Toomey Hills. Fossil
stickleback fish (Bell and Reynolds, 2010) here
indicate that drainages in the Barstow Basin still
connected to the Pacific Ocean at 15.5 Ma, despite
the closure of certain arms of the basin, such as those
on the north and south side of Daggett Ridge.
35.0 (2.3) Continue past Minneola Road.
36.3 (1.3) Pass through the Agricultural Inspection
Station.
38.9 (2.6) Continue past Calico Road.
41.4 (2.5) EXIT at Ghost Town Road.
4 1.7 (0.3) Stop at Ghost Town Road. TURN LEFT
(south) toward Daggett.
41.9 (0.2) Stop at Yermo Road. Proceed south
(straight).
43.6 (1.7) Pass the east edge of Elephant Mountain
and proceed across the Mojave River.
44.5 (0.9) Cross the BNSF/SP railroad tracks at
Daggett.
45.0 (0.5) Cross over I-40.
45.1 (0.1) Stop at Pendleton Road on the south side of
I-40 and TURN LEFT (east).
46.1 (1.1) Pavement ends. BEAR RIGHT on Camp
Rock Road.
47.2 (1.0) TURN RIGHT (west) at wooden posts.
Proceed west on BLM OM 7350.
2015 desert symposium

STOP 1-1. Columbus/Gem Mine on eastern
Daggett Ridge. This overturned section shows,
from north to south, in reverse stratigraphic order,
pink Peach Spring Tuff (PST (18.8 Ma), the borax
strontium layer (SrB), three brown platy limestones
(BPL), thick granitic fanglomerate, and three lenses
of massive cylindrical stromatolites (MSL), the
stratigraphic lowest (now the uppermost) of which is
silicified. Farther south, across a branch of the Camp
Rock Fault, are aplitic granite outcrops that, when
uplifted in the Daggett Ridge event, contributed to
the granitic debris now found elsewhere in the lower
part of the stratigraphic section.
Here we see massive stromatolitic limestone, brown
platy limestone, and strontium-borate mineralization overlain by the PST (a tiny outcrop in the road).
Interesting thick tuffaceous (?) deposits of igneous
grains sorted and redeposited in beds within the
lake section lie between the lowest limestone and
the PST. Lying below the limestone beds is a thick
conglomerate sequence with a few thin beds of silt
and fine sand, some calcite-cemented and a few
with stromatolites, that represent lake environments
interlayered with alluvial fan environments. Westward from here (Stop 1-2), in just 3 miles or so, the
section changes considerably. The basal conglomerate
changes to conglomerate between massive wellbedded sandstone deposited by large streams. The
limestone disappears into a section of lake sand, silt,
and clay containing the PST. Marker beds are absent,
suggesting that streams and deltas created an irregular shoreline.
The Barstow Formation marker beds here are older
than the 18.8 Ma PST, and therefore older than elsewhere in the Barstow Basin (Miller and others, 2010)
except for the outcrops in the fault slice along the
southern Cady Mountains (DuPont Locality, Miller
and others, 2013, Stop 2-10, p. 26). The variable ages
of the marker beds, which mark shoreline positions
9
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of the lakes in the cases of the two limestone
markers, demonstrate progressive filling and lakelevel rise at different times in various arms of the
Barstow lake system. Since this “Daggett” arm of the
basin apparently does not contain the 15–13 Ma tuffs
seen in the type section at the Mud Hills, the “early”
basins may have filled, closed or been uplifted and
subjected to erosion while the northern Mud Hills
arm was still holding a lake. To the west, the Barstow
beds on the south side of Daggett Ridge in Stoddard
Valley, and the Barstow beds on the north side at
Stoddard Cutoff, are younger than the 18.8 Ma PST,
and indicate a much younger lake just a few miles
distant. The differences in ages in the various arms
may be in part due to tectonism such as warping and
tilting, in addition to gradual infilling and changes in
the hydrology budget such as inflow and evaporation.
View south of Columbus overlap. Gently northdipping gravels lie unconformably across nearly
vertical reddish conglomerate of the upper Barstow
Formation. Gravels have distinctive gray limestone
intervals that may be old soils, and they are cut by
many small-offset faults that contain opal as old as
about 2.0 Ma. Gravels are derived from the south.
They are overlain by white calcrete soils in very
gently deformed alluvial fan gravels of similar provenance, which appear to be middle Pleistocene in age
based on soils.

the lake beds lie above the PST, indicating the time
transgressive nature of basin filling. RETRACE
northwest to the power line road.
56.5 (0.3) TURN RIGHT (north) on the section line
road toward the power line road.
57.5 (1.0) Stop at the power line road and TURN
LEFT (west).
58.4 (0.9) Cross the wash containing Ord Mountain
Road and proceed southwest on the power line road.
59.4 (1.0) Pass through a cut on the ridge top
containing reddish paleosols.
59.6 (0.2) PARK on road margin and WALK EAST to
view paleosols in the road cut.
STOP 1-3. Central Daggett Arm of Barstow Formation. Abundant paleosols indicate a transition from
fluvio-lacustrine deposition to intermittent fluvial
pulses, allowing time for soil horizons to form.
Paleosols contain casts of burrowing-wasp chambers
and remains of rodents. Paleosol stratigraphy here
produces phytoliths that allow interpretation of plant
communities and habitat change across the Middle
Miocene Climatic Optimum (MMCO; Loughney,
2015, herein). Paleosols increase in frequency upsection, capped by a thick, siliceous “silcrete.” Dave
Whistler (p. c. to Reynolds, 2014) suggests that this

RETRACE north toward the
power line road.
52.8 (2.5) Stop, watch for cross
traffic. TURN LEFT (west) along
the power line road.
54.9 (2.1) TURN LEFT (south) on
Section Line Road.
55.9 (1.0) TURN LEFT (east).
56.2 (0.3) PARK. STOP 1-2.
West Gem Exposures. Look
northeast at colorful badlands
exposures which include the PST.
This pink tuff is useful in tracing
this portion of the lacustrine
and fluvial stratigraphic sections
westward. Here, in contrast to
the section at Columbus/Gem,
10

Stop1-3. Paleosols in the Barstow Formation of Daggett Ridge increase in frequency
up-section..
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may indicate basin margin moving toward basin
center in a playa that had a high content of watersoluble silica.
A quarter mile north, upsection, the presence of
large horses suggest the transition from the Hemingfordian North American Land Mammal Age (He
NALMA) to the Barstovian Land Mammal Age (Ba
NALMA). Half a mile southwest, Barstow Basin
shoreline markers (MSL and BPL) are apparently
above any horizon that might contain the PST. Reynolds (1991) has described the He/Ba Power Line Local
Fauna.

speculators such as Death Valley Scotty. Daggett was
the terminus of the narrow gauge Borate to Daggett
Railroad (Hildebrand, 1982) where borax was loaded
on cars of the Santa Fe (Atlantic & Pacific) railroad
(Myrick, 1992) bound for Alameda, California.
67.4 (0.5) Cross the Mojave River.
67.8 (0.4) Pass the Waterloo Mill site to the left (west)
at base of Elephant Mountain. In the 1890s a narrow
gauge railroad connected the mill to the Waterloo
silver mine in the Calico Mountains (Weber, 1966;
Myrick, 1992) .

RETRACE east along the power line road to Camp
Rock Road and Daggett.

69.5 (1.7) Stop at Yermo Road, south of I-15. Proceed
north on Ghost Town Road.

64.2 (4.6) Camp Rock Road. STOP! Watch for traffic.
TURN LEFT (north) on Camp Rock Road and
retrace to the Daggett exit from I-40.

71.9 (2.4) TURN LEFT (northwest) on Yermo Cutoff.

66.2 (2.0) TURN RIGHT (north) on “A” Street and
proceed north across I-40.
66.9 (0.7) National Trails Highway and Southern
Pacific Railroad tracks. Wagons that hauled borate
ore from the Calico Mountains were built at the
Alf Blacksmith Shop to the northeast (Reynolds,
2013). To the east is the 1880s Stone Hotel, which
was frequented railroad personnel, miners, and

72.1 (0.2) Cross the Waterloo Railroad berm for a
VIEW (northeast) of Cemetery Ridge. The upper
of two white tuffaceous sandstone beds has zircons
of about 19.0 Ma age. This “old” age determination
on zircons between two strands of the Calico Fault
suggest this sedimentary section could have been
right-laterally displaced from a former position near
Harvard Hill.
73.6 (1.5) Stop, TURN RIGHT (north) on Fort Irwin
Road.
77.6 (4.0) TURN LEFT
(northwest) to Old Ft.
Irwin Road, proceed 100
feet, and TURN RIGHT
(east) into carpool lot.
STOP 1-4. Carpool Lot.
View north of the western
section of the Pickhandle
Formation. Localities
described by Garrison

Mule teams hauling freight and delivering borax ore to the railroad at Daggett.
2015 desert symposium
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Coon Canyon Fault and enter Owl
Canyon Campground
87.1 (1.5) PARK at spaces 28 and
29 near the restrooms. STOP 1-5.
Owl Canyon Campground: 100
years of biostratigraphic research.
The biostratigraphy of the Barstow
Basin in the Mud Hills has been
studied for more than a century
(Baker, 1911). Compared to the
six fossiliferous provenances
of the Great Basin during the
Miocene Climatic Optimum, the
Mojave region has the longest,
most continuous fossil record
with the highest mammal diversity (Badgley, 2015). The Barstow
Formation spans the Middle
Miocene Climatic Optimum
(MMCO); phytoliths can be used
to better understand Miocene
ecosystems and their change
through the MMCO (Loughney,
2015). The Barstow Formation of
the Mud Hills has produced small
mammals, large cats and saber
cats, three-toed horses, oreodonts, peccaries, and Miocene
floras (Lander, 2015 a, b; Lofgren,
2015; Browne, 2015; Reynolds and
Schweich, 2015).
and Reynolds (2015) contain fresh water gastropods
that imply water-filled motes around volcanic domes.
Fillmore and Walker (1996) documented lacustrine
sections within the Pickhandle Formation, but lake
environments were not near volcanic domes, as
we see here. PROCEED WEST on Old Irwin Road
toward Fossil Bed Road.
81.5 (3.9) Continue past Copper City Road.
82.4 (0.9) TURN RIGHT on Fossil Bed Road.
85.3 (2.9) TURN RIGHT (north) on Rainbow Basin
Loop Road.
85.6 (0.3) TURN RIGHT (east) on Owl Canyon Road.
Cross the projected WNW-trending trace of the

12

Shoreline marker beds distinguish
the Bartow Formation from other Mojave Miocene
Formations such as the Tropico Group, the “Barstow”
Formation of Alvord Mountain, and the Hector
Formation of the Cady Mountains. The stromatolitic
limestone (MSL) and two brown platy limestone
beds (BPL) are adjacent. The MSL consists of layered
tufa coating large, branching bushes rooted in gravel
and inundated by the first local incursion of lake
water constrained in this portion of the internally
drained basin. As the lake filled, the bushes were
covered first with tufa, then with silt. Branching
tufa mounds dated at Owl Canyon Camp (Cole et al,
2005) resulted in dates from 15.39±0.15 to 15.30 ±
0.25 Ma. On the north limb of the Barstow Syncline,
dates on tufa mounds were 16.25 ± 0.25 Ma. Apparently, the MSL was actively depositing over nearly 1
2015 desert symposium
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million years along the south and
north margins of the northern
Mud Hills basin. This would be
expected during the lacustrine
deposition of an expanding basin
event in tandem with alluvial fans
developing from highlands to the
north and south. In summary,
dates on MSL stromatolites and
phytoherms from Coon Canyon
span 16.2–15.3 Ma along a N–S line
across the Barstow Syncline. One
mile west, along the south limb of
the syncline, the marker sequence
(MSL, BPL, SrB) spans 0.5 Ma,
with the MSL dating older than the
comparable MSL on the north limb
and approximately 1.3 Ma years
older than here in Owl Canyon
(Reynolds and others, 2010). In
contrast, the Barstow shoreline
marker units at Stop 1-1 were older
than 19 Ma. These different dates
reinforce the concept that the
marker sequence acts as a timetransgressive depositional indicator
along the margins of the expanding
Barstow Basin.
Underlying the shoreline marker
beds is the Owl Conglomerate,
within which limestone intervals, tufa build-ups, and lenses
of fine-grained sediment suggest
that topographically transgressive marginal lake
sediments were interspersed with alluvial fan sediments. A date of 19.3 Ma by MacFadden et al (1990)
on tuffaceous sediment (“Red Tuff”) near the upper
part of the Owl Conglomerate indicates that the
conglomerate is contemporaneous with the Pickhandle Formation. The Pickhandle was interpreted
by Fillmore and Walker (1996) as a deposit formed
in extensional basins above the detachment faults
associated with the Central Mojave Core Complex.
The resulting transition from conglomerate to finegrained sediment of the Red Division and remainder
of the Barstow Formation is interpreted as the transition from deposition in extending basins to relaxation of the extension, infilling of the basins, and
2015 desert symposium

increasing lacustrine and low-energy fluvial depositional environments.
Sandstone and minor conglomerate of the Red Division were mainly derived from the south, as indicated
by granitic rocks such as mylonitized granodiorite of
the Waterman Hills, and may represent a reversal in
sources areas compared to those containing Cretaceous granodiorite from the Coolgardie area. Lack
of paleosols and unconformities suggests that there
was not a tectonic cause for the change in sediment
sources, but rather the alluvial fans prograding from
the south shifted the axis of the basin.
Elevated exposures to the north show a sharp angular
unconformity separating the dipping Miocene
sediments from the overlying horizontal beds of
13
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Pleistocene arkosic sand. The southern front of the
Mud Hills was uplifted, in part, by relative uplift on
the Coon Canyon Fault, one of the NW trending
right-lateral faults parallel to the San Andreas fault
system. Early Holocene fossils (Reynolds and Fay,
1989) in the fault crevices may indicate recency of
uplift.

unroofing of the Waterman Hills at about 16 Ma.
PROCEED west along Fossil Bed Road.

RETRACE to Rainbow Loop Road (BLM 7155).

94.8 (1.4) Continue past “Deep Sand” road to Fossil
Canyon.

88.6 (1.5) Stop at Rainbow Loop Road. (If time is
short, turn left (south) and stop at Fossil Bed Road.
Turn right (west) and proceed west 0.7 miles to the
junction with Rainbow Loop Exit.) TURN RIGHT
(north) and proceed through the loop, noticing that
paleosols are absent in this 16–13 Ma section. This
suggests relatively rapid and continuous basin filling
in the Mud Hills. Outcrops with red and brown sediments are attributed to playa deposits, in contrast to
greenish sediments deposited under water in lacustrine environments.
90.2 (1.6) Rainbow Loop turn out. Look west and east
to see strike-slip faults and associated drag folds. An
angular unconformity separates the south-dipping
Miocene sediments from the overlying horizontal
beds of Pleistocene arkosic sand. This spectacular
exposure was created by relative uplift on the Coon
Canyon/Calico Fault that increased headward
erosion along drainages into the Mud Hills.
90.7 (0.5) Pass through the Dated tuff and underlying
Skyline tuff.
91.4 (0.7) Continue past Cal Uranium Prospect
Canyon and the vicinity of the Rainbow Loop Flora
(Reynolds and Schweich, 2013, 2015).
92.3 (0.9) STOP at Fossil Bed Road, TURN RIGHT
(west) and park.
STOP 1-6 Junction of Rainbow Loop Exit with
Fossil Bed Road. View northwest of red conglomerates in the Red Division and of yellowish silts
containing blue-gray horizons of gravel. Clasts of
red andesite are found in the Red Division conglomerate, and the blue-gray gravels apparently consist
of fragments of pulverized Waterman Gneiss that
underlies the Miocene detachment fault to the south.
Sediments containing those Waterman Hills lithologies within the Barstow Formation may record the
14

92.5 (0.2) BEAR RIGHT on Fossil Bed Road at the
junction marked by a meaningful message: “Think.”
93.4 (0.9) Continue past Coon Canyon Road and
wash.

95.9 (1.1) TURN RIGHT (northeast) into Fossil
Canyon Wash.
96.6 (0.7) BEAR RIGHT (east) at the junction with
Rodent Hill wash into Fossil Canyon.
97.4 (0.8) PARK. STOP 1-7. Paleosols in Fossil
Canyon. The thick paleosol / fluvial sequence in
Fossil Canyon at the west end of the Mud Hills
suggests reduced basin filling and sediments passing
to other depocenters. Instead of gray lacustrine sediments, we see brown silt, fining upward to paleosols
alternating with arkosic sands containing gravelsize clasts. This sequence suggests that deposition is
episodic and waning, between 14 and 13 Ma. Deposition of arkose may have happened relatively rapidly,
but each paleosol may have taken 5,000 years or more
to develop. Clasts of brown and purple dacite and
quartz-rich flow-banded dacite, as well as lavender
hornblende-biotite rhyodacite collected from arkosic
sediments suggest sources from Pickhandle outcrops
to the east, indicating westward transport from
across the Coolgardie Plain on the north side of the
Barstow trough.
This part of upper Barstow Formation stratigraphy
raises questions. Was the basin full, with sediments
passing through to other basins? Did highlands on
the pre-Miocene surface unload and erode, finally
ceasing delivery of sediment? Did climate change
decrease the rate of sediment delivery? These possibilities need to be addressed by combined paleontology, sedimentology, and geochemical studies.
RETRACE to the junction of Fossil Canyon with
Rodent Hill Canyon.
98.3 (0.9) Proceed to north side of wash and locate
the road heading northeasterly to Isolated Basalt
Butte.
2015 desert symposium
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upwards from sand through silty
sand to silt, suggesting episodic
deposition in its waning phases
(14 to 13 Ma). As discussed above,
further studies should address
questions about overtopping a full
basin, cessation of unloading the
rising Coolgardie Plain, and rate
of sediment delivery in regard to
climate change.

Stop 1-7. Paleosols in Fossil Canyon show a change from lacustrine to fluvial conditions.

98.6 (0.3) The road bears north.
98.9 (0.3) Continue past the section line road and
bear northwesterly.
99.3 (0.4) Descend into Truck Top Wash; the road
bears east-northeast.

Overlying Qoa gravels (Dibblee,
1968) also contain clasts of rhyolite breccia (Trb) and Pickhandle
tuff breccia (Tpt) suggesting that
after this portion of the Barstow
Trough filled, the Coolgardie
Plain continued to shed clasts
westward.

Drive slowly west down Truck
Top Wash past well-developed
paleosols. RETRACE west and southward down
Truck Top Wash to Fossil Canyon Wash to reach
graded Fossil Bed Road.

99.5 (0.2) Pass Truck Top paleosols.
99.9 (0.4) PARK. STOP 1-8. Hemicyon Tuff outcrops
in Truck Top Wash. This pair of white tuffs probably includes the Hemicyon Tuff (14.0 Ma) and the
overlying Hemicyon Tuff of Lindsay. In contrast to
Hell Gate Basin, where they lie within a thick green
lacustrine siltstone section, at this locality they are
separated by greenish gray lacustrine siltstone but
overlain by orange fluvial arkosic sandstone. Associated fauna include Aepycamelus alexandri and
Scaphohippus intermontanus that suggests an upper
Barstovian age.
Stratigraphically above the tuffs, arkose contains
distinctive clasts of a calc silicate from Lane Mountain, foliated dacite, rhyolite breccia (Trb) and Pickhandle tuff breccia (Tpt (Dibblee, 1968) suggesting
west-northwest transport from localities two miles
east across the Coolgardie Plain. An anomalous clast
of metamorphosed Jurassic Sidewinder volcanics
is present. This upper part of the Barstow Formation has a series of thick, brown paleosols that fine
2015 desert symposium

Stop 1-8. The Hemicyon Tuff (14 Ma) in Truck Top Wash was
deposited in lacustrine sediments, but is under- and over-lain by
fluvial sediments.
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100.5 (0.5) TURN LEFT (south) out of Truck Top
Wash.

117.8 (2.3) Prepare to turn left on Yermo Cutoff.
Watch for oncoming traffic.

101.3 (0.8) Enter Fossil Canyon Wash and proceed
west down the wash.

117.9 (0.1) TURN LEFT (east) at Yermo Cutoff.

102.8 (0.8) Stop at graded Fossil Bed Road. Harper
Lake is visible to the west. Filling of Harper Lake
between 45 and 40 ka indicates shifting terminal
lakes for the Mojave River drainage, and infers a
northward shift of the North American polar jet
stream about 35ka (Garcia and others, 2014).
TURN LEFT (southeast), proceed easterly along
Fossil Bed Road to Rainbow Loop Road and Old
Irwin Road.
107.0 (4.2) Continue past Rainbow Loop exit.
107.7 (0.7) Continue past Rainbow Loop entrance.
110.6 (2.9) Stop at Old Irwin Road. Watch for traffic.
TURN LEFT (east) and proceed to Fort Irwin Road.
115.5 (4.8) Stop at Fort Irwin Road. TURN RIGHT
(south) and proceed toward I-15.
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119.6 (1.7) Stop at Ghost Town Road. Watch for
traffic. TURN RIGHT (south) and proceed to I-15.
122.0 (2.4) I-15 Interchange. Watch for traffic. TURN
LEFT (east) onto east bound I-15.
128.7 (6.7) Continue past the Minneola Road exit.
136.1 (7.4) EXIT at Harvard Road.
136.4 (0.3) Stop, TURN LEFT (north) across I-15.
136.7 (0.3) Cross Hacienda/Barrett Roads.
137.7 (1.0) Continue past Camelot Drive.
137.9 (0.2) Slow through curves as we cross several
undated Mojave River channels that represent the
fluvial top of a delta system built when the Mojave
River flowed north into Coyote Lake at about 13,000
years bp, 8,000 years after Afton Basin’s Lake Manix
had breached eastward through Afton Canyon.
2015 desert symposium
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Figure 1-9. Preliminary geologic map of the Alvord Mountain pediment overlain on aerial photograph. Heavy black lines are
faults, thin black lines are contacts between map units. Yellow colors represent the suite of Quaternary surficial deposits. Barstow
Formation blue colors (Tb, Tbu) and red for basalt flows (Tbb). Volcanic conglomerate overlap deposit in red (Tvg) . Goldstone
Gravel overlap deposit in orange (QTgg). Field trip stops shown by blue stars.
2015 desert symposium
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138.9 (1.0) TURN RIGHT (northeast) on the power
line road toward the eastern Alvord Mountains.
139.6 (0.7) Cross a military vehicle road to Fort
Irwin. Continue northeast on power line road.
Caution: the first of many dips is 300 feet ahead.
140.0 (0.4) Continue past Harvard Maze (see Stop 1-2
in Miller and others, 2011). Proceed eastward.
141.1 (1.1) Cross a road to the left (north) heading
toward Alvord Well (Vredenburgh, 2011) Ahead is
the route to Spanish Canyon, so named as a section
of the Old Spanish Trail.
142.9 (1.8) Drop into wash at the northwest corner
of Alvord Sand Hill, an uplift of gravels on the south
side of the west-striking left-lateral Cave Mountain
fault (Miller et al 2011). Proceed northeast on the
power line road.
143.9 (1.0) TURN RIGHT (southeast) on the power
line road.
145.5 (1.6) TURN RIGHT (west) on the pole road
toward north base of Alvord Sand Hill.
145.9 (0.4) STOP 1-9. Upper Barstow Fm conglomerate. Arkosic sandstone and interbedded lenses of
conglomerate of the upper Barstow Formation are
exposed in hills on either side of the road. These
rocks were considered part of the granitic fanglomerate unit (QTcg) above the Barstow Formation by
Byers (1960). Miller’s new (unpublished) mapping
shows that the calcite-cemented arkose of this unit is
identical to that in underlying rocks considered to be
the Barstow, and identical to rocks at the top of the
Barstow as mapped by Byers to the north (Stop 1-11).
On this basis, along with apparent lack of unconformities or faults that separate this upper unit from
the Barstow Formation, we consider these rocks to
be part of the uppermost Barstow Formation. Two
features here are interesting:
First, conglomerate lenses contain volcanic rocks as
rounded pebbles, an introduction of rock types not
present lower in the Barstow and perhaps indicating
a change in source areas for sediment filling this
portion of the basin. Introduction of coarse material
suggests increased stream energy, and well-rounded
pebbles indicate long-distance transport (perhaps
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in multiple cycles). Have nearby granitic mountains
worn down to the extent that new rivers have entered
the basin or have distant uplifts caused long rivers
to form and provided a new clast assemblage? The
volcanic rocks represented by the pebbles differ from
those in the overlying gravel containing limestone
beds (Miller and others, 2011 stop 1-7).
Second, small faults with easterly strikes cut these
Barstow rocks, and opal cementing the faults has
been dated by Perach Nuriel as ~9.4–10.2 Ma by
U-Pb isochron, which leads to two significant conclusions. First, the host rock is no younger than ~9.5
Ma, and permissibly is younger than other upper
Barstow dated sediments of 13 Ma. Second, the faults
are kinematically coordinated with the Cave Mountain fault system, showing that faults in this part of
the Eastern California Shear Zone (ECSZ) formed
before ~10 Ma. This latter conclusion indicates that
the tectonic ‘framework’ for the time period of this
portion of the trip is from ~12 to ~2 Ma, and is essentially that of the ECSZ.
Retrace east to the power line road.
146.3 (0.2) TURN RIGHT (southeast) on the power
line road . Proceed southeast to a sand wash and
TURN RIGHT (south).
147.1 (0.7) The wash jogs east, then south. Stay on the
west side of the wash.
147.5 (0.3) Pass southwest of the manufactured berm
of the catchment trough.
147.7 (0.2) Proceed to the east side of the wash.
PARK.
STOP 1 -10. Upper Barstow Formation Mixed
Lithologies. Excellent exposures of two interbedded
lithologies, similar to those at the previous stop, of
the upper Barstow Formation can be seen. Crossbeds in arkosic sandstone indicate sediment was
transported in variable directions, from northeast
to south to southwest; meandering streams may
cause such variation. Conglomerate lenses appear to
fill channels cut into the arkose streambed and also
to be deposited as point bars or levees. Overall, the
deposits are reminiscent of braided stream deposits,
which indicates a fluvial system choked with bed
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load. Clasts exposed in the outcrops
directly in the channels are mostly
volcanic rocks like those we saw at Stop
1-9.

Figure 1- 10A Photograph of the east wall of stream cuts showing the uppermost
Barstow Formation beds as they transition upward into overlap gravels. Here,
resistant ledges are calcite-cemented arkosic sandstone typical of the upper
Barstow, and intervening beds are pebble- and cobble-conglomerate, generally
not cemented.

Figure 1- 10B. Photograph of beds near the transition between the Barstow
Formation and overlap gravels. Note the finer grain size of sand and silt, the
lack of cemented beds, and thick conglomerate sections in the upper half of the
photograph (the volcanic gravel overlap unit). Discordant beds in the lower half
are more reminiscent of the Barstow Formation, with a few cemented arkose
beds and only thin pebbly beds. The angular unconformity here is taken as the
boundary between the Barstow and the volcanic gravel unit.

2015 desert symposium

By walking (south) downstream we can
study the volcanic conglomerate unit
that overlaps the Barstow Formation
and the nature of that transition. Exposures on the east side of the wash show
that the abundance of volcanic-clasts
in conglomerate gradually increases
upsection (Figure 1-10A). Mild disconformities and one angular unconformity are present, but otherwise there
is no large break in depositional style.
One zone of reddish coloration may
indicate soil development but otherwise
no evidence for gaps in sedimentation
and associated soil development has
been observed.
In the upper Barstow Formation the
pebble composition gradually expands
upward from a restricted set of volcanic
rocks to a broader suite of volcanic
rocks, also including silicified limestone, chert, granite, mafic intrusive
rock, and albitized rock that is more
typical of the overlapping volcanic
conglomerate in this area. One distinctive clast (Cretaceous porphyry dike
rock from Alvord Mountains) is absent
in the Barstow, but is fairly common
in the overlapping volcanic conglomerate unit. The arkosic sandstone and
calcite cementation characteristic of
the Barstow diminish in proportion.
The angular unconformity is taken as
the boundary between the two units,
the Barstow Formation and volcanic
conglomerate unit. (Figure 1-10B).
Perach Nuriel and Jessica Oster have
developed U–Pb dates for opal associated with limestone in this volcanic
conglomerate overlap unit that contains
an expanded clast composition. The
limestone was dated from a site west
of here, and the probable equivalent
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limestone bed in this section lies near the crest of the
ridge east of us. The dates range as old as 6.2 Ma, so
this overlap gravel is at least that old. The opal grew
on already-deposited limestone, and grew incrementally over several million years. It is possible that
older opal is present and that the overlap deposit is
significantly older than 6.2 Ma.
The volcanic conglomerate has clast compositions
and sedimentary structures that indicate it originated
by stream flow from the west and west-southwest.
Clasts are derived from combined Calico Mountains and Alvord Mountain sources, as well as other
sources of volcanic rocks such as the Newberry
Mountains. The gradational change from upper
Barstow Formation to “Pliocene” gravels of the
volcanic conglomerate suggests that the Barstow
Formation deposits of lake beds and distal streams
was supplanted gradually by big stream deposits
sourced from a greater distance. In other places
around the Barstow Basin, thorough study may yield
more deposits of latest Miocene age that tell us how
the Barstow basin ended.
Return to the west side of the wash. RETRACE
northwesterly along the wash to the power line road.
148.8 (1.1) TURN LEFT (west) at the power line road.
150.0 (0.2) Proceed northwest across the pole line
road. Stop 1-9, the Alvord pole line locality, is
southwest.
151.5 (1.5) TURN RIGHT (northeast) on the Alvord
power line road.
152.9 (1.4) Watch for washouts in the road.
153.6 (0.7) Cross the lower of three basalt flows in
the Barstow Formation. Miocene basalts within
the Barstow Formation of Alvord Mountain are
dated at 16.5+/- 0.5 Ma (Woodburne and Reynolds, 2010). Vertebrate fossils recovered by Byers
(1960) and subsequent workers verify the Barstovian
NALMA age. Strata appear similar to those of the
type Barstow Formation in the Mud Hills, but may
represent a separate basin, since distinctive shoreline
markers (MSL, BPL, SrB) are missing.
Six miles to our north-northeast, north of the Junction of Dunn Road with the Alvord power line and
within the boundaries of Fort Irwin, is the site of
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the 12.7 Ma West Cronese Local Fauna. This locality
contains the youngest Barstovian NALMA Local
Fauna within the Mojave Block.
154.4 (0.8) STOP 1-11. Barstow Formation to Goldstone Gravel. This exposure shows the transition
from the Barstow Formation to Goldstone Gravel. We
are now on the east side of the Barstow Formation
exposures, which are broadly domed south of Alvord
Mountain. Here all rock units dip eastward. The rock
types in the uppermost Barstow are similar to those
at Stop 1-10, consisting of calcite-cemented arkose
with lenses of conglomerate with clasts of intermediate composition volcanic rocks. Several of these
lenses form elongate units 3 to 5 m thick. However,
this transition from the two-lithology upper Barstow
unit changes to a starkly different pebble assemblage
in the overlying Goldstone Gravel: pale granite and
lesser metamorphic rocks. Southward and upward,
volcanic gravels are interbedded with these granitic
gravels but here the granitic gravels lie directly on the
uppermost Barstow Formation. A complex zone of
fine sand and silt, with subparallel lenses of silica and
clay, lying between the units may represent a thin
playa deposit or a soil horizon.
The vastly different character of overlap units at this
stop compared to the previous stop indicates dramatically different source areas for the overlap units.
The Goldstone Gravel, with distinctive metamorphic
rocks and muscovite-garnet granite, is sourced near
Goldstone Mining District in western Fort Irwin.
The clasts in the overlap gravel of the previous stop
include rocks derived from the Barstow Formation west of the Alvord Mountain area (siliceous
limestone) and rocks from the presently exposed
Alvord Mountain mass (porphyry dikes). Apparently, two broadly contemporaneous river systems
carried coarse clasts eastward from highlands down
major river valleys to lowland underlain by the
Barstow Formation rocks. River gravels from the two
sources mixed here locally, perhaps as the basin was
being deformed mildly during early ECSZ activity.
RETRACE southwest to Harvard Road
155.3 (0.9) Cross Alvord Triple Basalts.
157.6 (2.3) Continue past the pole line junction.
158.6 (1.0) Cross the wash at the northwest tip of
Alvord Sand Hill.
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U–Pb on scarce zircons (~14 Ma),
and tephrochronology on volcanic
glass from two labs (9.9 Ma and 14
Ma; Miller et al 2011).
The mixing of source areas
represented by the cosmopolitan
population of volcanic rocks in
this conglomerate may indicate
that stream channels of uncertain
age were mixing in a valley, with
sources derived from the west
and possibly the southwest. These
far-sourced gravels may indicate
development of new “highlands”
after closure of Barstow basins,
Figure 1-12. Photograph of quarry wall at Lime Hill. Although grain size varies from
and during the development
sand to boulder, beds are moderately size sorted. Distinct bedding, large sets of cross
beds in channel forms, and imbrication all indicate that these are river gravels. The
of the ECSZ. The same gravels
reddish zone at the top is a superimposed Quaternary soil.
are found in the overlap above
the Barstow Formation south of
160.4 (1.8) Continue past the junction with Alvord
Alvord
Mountain
(stop
1-10). The Mojave River did
Well Road.
not enter this basin until much, much later at about
500 ka (Jefferson, 2003), and is distinguished by its
161.9 (1.5) Cross a military vehicle road.
source materials derived from the San Bernardino
162.6 (0.7) TURN LEFT (south) on Harvard Road.
Mountains: biotite granite and quartzite. RETRACE
to Harvard Road.
163.3 (0.7) Continue past a reverse junction.
165.0 (1.7) Cross over I-15 toward Yermo Road.
165.2 (0.2) Stop at Yermo Road. TURN LEFT (east)
and PARK.
166.6 (1.4) STOP 1-12. Lime Ridge Conglomerate.
Beautiful quarry cuts expose cemented conglomerate
that lies above the Barstow Formation. Features such
as size sorting, roundness of pebbles, cross-bedding,
and imbrication indicate that these are river gravels
(Figure 1-12). Pebbles show imbrication indicating
river flow to the east. Pebble types indicate a Calico
Mountains (or similar) source area for siliceous
limestone, granite, and dacite, but also a source for
rounded volcanic rocks of many types not represented in the Calico Mts. The more mafic volcanic
rocks are similar to rocks exposed in the Newberry
Mountains, although other possibilities remain. This
conglomerate lies well above the Barstow Formation,
with an intervening pale conglomerate that carries
copious clasts of limestone derived from the underlying Barstow Formation. Tuff data from the underlying upper Barstow Formation has various dates by
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167.1 (0.5) Pass early Miocene conglomerates that
may be equivalent to the Fanglomerate at Clews
Ridge in the Alvord Mountains.
168.0 (0.9) Stop at Harvard Road. TURN RIGHT
(north) toward the eastbound onramp.
168.1 (0.1) TURN RIGHT (east) and enter I-10 east
bound.
195.4 (27.3) EXIT at Zzyzx Road and drive south to
the Desert Studies Center.
We have seen the time transgressive nature of
Barstow Formation, with a depocenter migrating
westward between 19 and 13 Ma. The Barstow shoreline marker beds indicate that the Daggett Ridge
arm of Barstow Basin describes uplift of the core of
eastern Daggett Ridge after 18 Ma, and uplift of the
core of western Daggett Ridge after 15 Ma. Closure of
the Barstow Basin in Stoddard Valley occurred after
18 Ma, while filling of northwestern Barstow Basin
ended about at 15 Ma.
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The Barstow trough in the Mud Hills received
detrital contributions from the Waterman Hills
about 16 Ma. Clasts from the northwest tilting of
the Coolgardie Plain were deposited in the western
Barstow trough between 14 and 13Ma suggesting
filling of that part of the basin, followed by stream
flow through to other western basins.
In the Alvord area, gravels with clasts—both angular
and well-rounded—overlie the Barstow Formation,
suggesting a newly developing depocenter within a
time range of 8 to 3 Ma. This new depocenter may
correspond to structural landscape evolution within
the geographic and temporal framework of the ECSZ.

Day 2
Changes in topography
What we will see— Strata at Afton Road, Victorville and Cajon Pass will demonstrate Pliocene
and Pleistocene uplift, shifts in drainage patterns,
and compression along faults that have shaped the
spectacular topography of the southwestern Mojave
Desert.
The country since leaving the Colorado
has been a dry rocky sandy Barren desert.
As my guides informed me that we had a
hard days travel to make I moved off early
keeping west down the ravine 5 miles Then
S W and W S W till one O Clock when I
came to border of a salt plain and at this
place found some holes of Brackish water(1).
After crossing the Salt Plain I found a place
where there was water and some grass and
encamped. The water was in holes dug
about two feet deep and quite brackish
making some new holes I found the water
some better (2) The Salt Plain I had passed
during the day was about 15 miles long and
from four to six miles wide, entirely Level
and destitute of vegetation. Presenting a
surface of sand the most beautiful Salt was
found in many places and within two or
three inches of the surface. I ascertained
that although the salt was found in a Layer
it did not extend throughout the plain. In
passing the plain pieces of the salt were
frequently throw out by the feet of the
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horses. The Layer was about 3/4 of an inch
thick and when the sand was removed from
it I found the salt pure white with a grain as
fine as table salt.
“The next day W S W 8 or 10 miles across a
plain and entered the dry Bed of a River on
each side high hills (3). Pursuing my course
along the valley of this river 8 or 9 miles
I encamped. In the channel of the river I
occasionally found water. It runs from west
to east alternately running on the surface
and disappearing entirely in the sands of
its bed leaving them for miles entirely dry.
near the place where I entered its Bed it
seemed to finally lose itself in the plain. It
is perhaps reasonable to suppose that the
Salt Plain has been formed by the waters
of this river overflowing the level country
in its freshets and in the dry season sinking
in the sand and Leaving a deposit of salt
on the surface. The waters of the River at
this place are sufficiently salt to justify this
conclusion.)
jedediah smith’s journal,
1st expedition to california, 7 aug 1826–3 jul 1827

My men were much discouraged, but I
cheered and urged them forward as much
as possible and it seemed a happy providence that lead us to the little spring in
the edge of the Salt Plain, for there was
nothing to denote its place and the old trail
was filled up with the drifting sand. Two
of the men had been obliged to stop two or
three miles before we got to the spring, and
although it was just night two of the men
took a small kettle of water and went back,
found and brought them up. After dark we
proceed[ed] on across the Salt Plain and
stopt at the holes I had dug when I passed
before (2) and there remained for the rest of
the night.
On the following day I moved on to inconstant River. It was still dryer than when I
passed the year before. I think it reasonable to suppose that the Salt of the Plain
has been formed by a deposit at different
times from the overflowing of Inconstant
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River. The water of the river is sufficiently
brackish and the country near the place
where it is finally lost in the sand is sufficiently level to justify the conclusion that in
some seasons of the year, when the water is
most abundant, it spreads over the Plain,
and as the dry season approaches the water
disappears and leaves a deposit of salt
which has in the course of years produced
the beautiful encrustation found in the Salt
Plain.
jedediah smith’s journal,
2nd expedition to california 13 jul 1827–3 jul 1828
Borax Well? Mendenhall, 1909
Government Well, aka Soda Springs. Mendenhall, 1909
“...easily found, because its position is marked by the ruins
of the old adobe and stone buildings erected by the troops.”
This site was visited by Garcés on March 9, 1776, and was
Whipple’s camp on March 8, 1854 (Brooks, 1989).
3)
Barrel Spring (Basin or Rasor) Mendenhall, 1909
1)

2)

CONVENE at Zzyzx with hats and clothing for cool,
windy, or hot weather, sunscreen and water. We will
stop for gas at Lenwood. Carpooling will be arranged
when we reach Hwy. 138 in Cajon Pass; make your
arrangements in advance.
0.0 (0.0) Enter I-15 westbound. Re-set odometer.
5.9 (5.9) Continue past the Rasor Road interchange
9.7 (3.8) Continue past the Basin Road interchange.
18.3 (8.6) EXIT I-15 at Afton Road.
18.6 (0.3) Stop at Afton Road. TURN LEFT (south)
and drive over I-15 to the graded dirt of Afton Road.
18.7 (0.2) We are driving on the crest of the Afton
Beach Bar, a flat-pebble ridge developed by wave
action on the east side of Lake Manix, a position
of maximum wave energy from westerly winds. A
lagoon once lay east of the beach.
19.2 (0.5) The graded road bears easterly.
20.4 (1.2) Pass under a power line.
20.5 (0.1) TURN LEFT (east) onto BLM route AC
9622; PARK.
Stop 2-1. Timing and nature of tectonism in the
Cady Mountains. View west to Lake Manix basin.
Incision by Mojave River tributaries developed
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canyonlands topography along the south side of the
valley exposing mostly Quaternary volcaniclastic
gravels derived from the Cady Mountains. In this
vicinity the gravels rest unconformably atop older,
heavily cemented plutonic sediments derived from
the north. This opposing provenance is evidence that
the modern valley is inherited from similar predecessors, ancestral valleys that may have first formed
in the Miocene. Middle Pleistocene playas between
Buwalda Ridge and Afton (Miller and others, 2013)
suggest that basin lows have persisted in this area for
a long time.
Meek (2015) reports that rapid surface uplift of the
northern Cady Mountains in the Pyramid Canyon
area probably began in the middle Pleistocene
(750,000 ybp.), and was likely not substantial before
that time. As a result of the rapid rise of the northern
Cady Mountains, the local drainage reversed and
eastern Afton basin formed, eventually holding the
Afton arm of Lake Manix. Quaternary diastrophism
was probably responsible for creating eastern Afton
basin, setting up the conditions for lake ponding
that followed. This research implies that much of the
topography in the central Mojave Desert region could
be of Quaternary age.
The Cady Mountains to the south contain mines with
resources of barite, fluorite, magnesite, manganese,
and iron (Wilkerson, 2015).
About 8 miles up the inconstant River (4)
I found 2 horses and soon after 2 indian
Lodges. I determined at once to secure the
horses. And as the indians did not discover
me until I had got close to them they had no
chance to run off. I found them to be Pauch.
With some cloth, knives, Beads &c., which
we had brought along, I purchased their
horses, some cane grass candy and some
demi jons for carrying water.
jedediah smith’s journal,
2nd expedition to california 13 jul 1827—3 jul 1828
4)
Afton, about 10 miles east of Cady Springs (Camp Cady,
Mendenhall, 1909). Referred to as “The Caves” (Brooks,
1989), but five to ten miles upstream (west) from any of the
large cave structures in east-central Afton Canyon.

RETRACE to I-15.
22.0 (2.0) Enter I-15 westbound.
23

r. e. reynolds and d. m. miller | mojave miocene: the field trip

25.8 (3.8) Continue past the rest stop.
29.8 (4.0) Continue past Field Road.
33.9 (4.1) Pass under the Alvord Mountain overpass.
40.6 (6.7) Continue past Harvard Road.
48.3 (7.7) Continue past Minneola Road.
49.6 (1.3) Pass through the Agricultural Inspection
Station.
54.7 (5.1) Continue past Ghost Town Road.
59.4 (4.7) Continue past the exit for old Highway 58
61.1 (1.7) Cross the Mojave River.
62.2 (1.1) I-15 joins I-40.
63.1 (0.9) Continue past Barstow Road, SR-247.
65.0 (1.9) Continue past the L Street exit. To the
northwest are alternating white groundwater
discharge deposits (GWD) and beds of arkosic sand.
These white beds may correlate with the beds at
Johnston’s Corners, ahead (Reynolds and Miller,
2010, p. 9).
66.1 (1.1) Continue past the exit to SR-58.
67.5 (1.4) EXIT at Lenwood Road.
67.8 (0.3) Stop at Lenwood Road. TURN RIGHT
(north). Take 15 minutes to fill gas tanks, then drive
one-third mile north to the Yellow Freight facility on
right side of Lenwood Road.
68.2 (0.4) RECONVENE north of the Yellow Freight
facility on the right (east) side of Lenwood Road.
Re-set odometer.
0.0 (0.0) PROCEED NORTH on Lenwood Road.
0.4 (0.4) Lenwood Road bears west. Inactive faults
exposed in trenches dug for the housing development
east of the road probably represent a splay of the
Lenwood fault. The splay cuts late Pleistocene alluvial fan deposits but not Holocene deposits (Miller,
unpubl. data).
1.5 (1.1) Lenwood Road bears north.
1.8 (0.3) BEAR LEFT (west).

1.9 (0.1) Stop, TURN LEFT (west) onto National
Trails Highway.
3.2 (1.3) Continue past Delaney Road.
4.7 (1.5) Continue past The Dunes Motel on the left
(south).
5.9 (1.2) Ahead on the right at the top of the rise is a
pole with reflectors.
6.0 (0.1) Continue past Johnston Corners Pliocene
GWD. Calcareous beds contain local silica that
yielded an approximate U–Pb age of 2.3 Ma (K.
Maher, written com. to Miller, 2005). This date
suggests a correlation with beds at the junction of
I-15 and SR-58 in Barstow. The section continues
south of the road and is capped by a pediment
marked by a veneer of well-rounded boulders (Reynolds and Miller, 2010, p. 20).
6.3 (0.3) Continue past Hinkley Road and Hodge.
12.1 (5.8) Continue past Holcomb Ranch Road.
13.0 (0.9) TURN RIGHT (north) on Indian Trails
Road. Proceed north across the railroad tracks.
The Helendale Ash is 1.3 miles west (Reynolds and
Miller, 2010, p. 20). Helendale Ash sampled is a Mono
“W” type tephra that best correlates with samples
between 0.9 and 1.18 Ma. The Helendale Ash lies at
the base of the Mojave River gravels (el. 2500 ft) and
overlies the fine sediments of the Victorville Basin.
This sequence suggests that the river had finished
filling the Victorville Basin by ~1 Ma, and then
began carrying coarse sands to the east. The elevation
of this ~1 Ma ash helps constrain the section that we
will see at Stop 2-4.
13.3 (0.3) Cross the Mojave River.
13.9 (0.6) TURN LEFT (west) on Wild Road
14.7 (0.7) Continue past Ranchito Road.
15.5 (0.8) Wild Road bears left (southwest).
15.8 (0.3) Wild Road bears left (south).
16.0 (0.2) Wild Road bears right (southwest).
16.6 (0.6) Wild Road bears left (south).
17.3 (0.7) Wild Road bears right (west).
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17.8 (0.5) Stop, TURN RIGHT (north) on Helendale
Road.
20.3 (2.5) Continue past Wheeler Road.
20.5 (0.2) Proceed past Stop 2-2, turn around, and
retrace to Stop 2-2. PARK to the far right or pull
off the road onto white calcareous ground water
discharge surface (GWD).
STOP 2-2. Helendale Old Precursor Gravels and the
evolution of the ancestral Mojave River.
At this stop we examine one package of older
precursor stream gravels. These precursor gravels are
directly overlain by ancestral Mojave River gravels
deposited west of Iron Mountain during stream flow
north to Harper Lake basin. Opal in the precursor
gravels has been dated at about 3.0 Ma. The ancestral Mojave River gravels west of Iron Mountain are
much older than 500 ka; the time typically needed to
generate stage IV calcic horizons (Miller, unpub. soil
studies). Therefore, the precursor gravels have been
arched along the northwest-trending Helendale fault
within the last three million years and then overlain
by ancestral Mojave river gravels apparently less than
1 million years old.
The evolution of the ancestral Mojave River drainage
(Cox and others, 1998, 2003) first involved northward
flowing streams that led to Harper Lake, building
a piedmont of gravels west of Iron Mountain. The
river then switched to an easterly course, south of
Iron Mountain and more directly to Hinkley and
Lenwood. The latter course led to deep down cutting
of the river, exposing bluffs near Helendale that are
made up not only of thick Mojave River gravels but
also older precursor stream gravels deposited by the
north-flowing streams. The east flowing gravels south
of Iron Mountain are younger than the 1.0 Ma Helendale Ash and older than inset fans dated elsewhere
as about 180֪200 ka. Temporary switches to Harper
Lake between 45-40 ka indicate additional shifts for
Mojave River drainage and terminal lakes (Garcia
and others, 2014). Personal communications to Miller
record Mojave River filling Harper Lake in the 1940s
and 1950s.
Why did this deep downcutting that formed the
Helendale Bluffs happen? It may have been caused
by the relative steep stream gradient from Iron
2015 desert symposium
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Mountain to the valley near Lenwood, which would
lead to headward erosion and down cutting. It is
possible that the Helendale Arch restricted the
eastward flow of drainages and helped form an east
margin to the early Pleistocene Victorville Basin.
A similar scenario was proposed for the Lenwood
Anticline, which might have directed the eastward
flowing Mojave River toward southern Harper Lake
(Reynolds and Reynolds, 1994).
Proceed south on Helendale Road toward Silver
Lakes.
20.7 (0.2) Continue past Wheeler Road.
22.2 (1.5) Pass through low hills.
22.5 (0.3). Pull to right side of road and PARK.
STOP 2-3. The Mojave River has always been the
“Inconstant River” (Jed Smith, 1827) with a history of
changing flow directions. View at 10:00 (southeast) of
Helendale Bluffs, rising more than 200 feet above the
river. The base of the Helendale Section contains red
paleosols and green pond sediments that represent
fine sediments of the early Pleistocene Victorville
basin. Mojave River sands are at higher elevations.
The white Helendale GWD capping the bluffs may
correlate with those farther east at Johnston Corners,
Lenwood, and west Barstow beds, suggesting a broad,
marshy, 25-mile-long east–west valley bottom during
the middle Pleistocene.
23.2 (0.7) Continue past Wild Road.
23.7 (0.5) Continue past Smithson Road.
25.0 (1.3) TURN LEFT (southeast) on Vista Road
across the Mojave River to National Trails Highway.
26.1 (1.1) Stop, watch for cross traffic, and TURN
RIGHT (south) on National Trails Highway.
30.2 (4.1) Continue past North Bryman Road.
31.7 (1.5) Continue past South Bryman Road.
37.7 (3.0) Slow, and pass under the railroad bridge
at the Riverside Cement Company Plant. Gold and
silver mines preceded limestone processing 130 years
ago (Vredenburgh, 2015). Victorville basin deposits
are exposed in bluffs on the west side of the road.
Drive slowly through Oro Grande.
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38.7 (1.0) Traffic signal at Riverside Street.
40.6 (1.8) Cross the bridge over the Mojave River and
continue past Rockview Nature Park.
41.2 (0.6) TURN RIGHT (west) at the signal for Air
Expressway. Move to the left lane.
41.8 (0.6) Continue past a left turn to Gas Line Road.
42.6 (0.7) TURN LEFT (south) on Village Drive and
immediately pull right into the turnout.
42.7 (0.1) STOP 2-4. Victorville Stratigraphy. View
northwest toward Southern California International
Airport (formerly George Air Force Base). Stratigraphy described here consists of three units: lower,
middle and upper (Reynolds and Cox, 1999; Cox and
Tinsley, 1999; Sibbett, 1999; Cox and others, 1998,
2003).
The lower unit is a pebble–cobble arkosic sand
deposited by a southward flowing axial stream
system. Clasts of Jurassic and early Miocene volcanic
rocks are derived from the Mojave Desert, not from
the Transverse Ranges, and include lithologies from
the Kramer Hills and outcrops near Barstow. Borehole magnetostratigraphy suggests that the top of
the south-flowing lower unit is about 2.5 Ma (Cox
and others, 1999). This would be within the 4.1 to
1.5 Ma range of the Phelan Peak Formation on the
north slope of the San Gabriel Mountains west of
Cajon Pass. The Phelan Peak Formation records a
reversal in its drainage direction from southward to
northward in its depositional history (Meisling and
Weldon, 1989), corresponding approximately to the
age of the upper limits of the south-flowing lower
unit in Victorville.
The middle unit of lacustrine silt is seen in outcrop
over a wide area. Magnetostratigraphic data indicate
that the lacustrine middle unit is early Pleistocene
(was late Pliocene), ranging from 2.5 to ~2 Ma (Cox
and others, 1999; 2003). Ostracodes reinforce a Pleistocene age for the middle unit.
The upper unit overlies the lacustrine middle unit,
and is an upward coarsening fluvial sequence of
silt, sand, and gravel. Clast lithologies indicate a
source for these ancestral Mojave River gravels
from the northwestern San Bernardino Mountains.
A suggested depositional history is that stream
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flow from the southeast deposited the lacustrine
middle unit in the Victorville basin north of the San
Bernardino Mountains. As the ancestral Mojave
became a cohesive drainage, and as the mountains
continued to rise, sediments overwhelmed the basin,
and the river then flowed northward and then eastward to terminate in Lake Manix (Reynolds and Cox,
1999), with short diversions into Harper Lake (Meek,
2004; Garcia and others, 2014).

I then proceeded on, nothing material
occuring until I got near the head (5) of
Inconstant River there I fell in with a few
lodges of the Wan-uma’s indians. They
had two horses which I purchased, and in
continuing my journey, instead of traveling
south East around the bend of the stream I
struck directly across the Plain Nearly SSW
to the Gape of the Mountain.

The Victorville sequence is overlain by the Victorville fan deposits, which are alluvial fan deposits
shed from mountains to the southwest. Fossil dire
wolf, mammoth, and horse were recovered in coarse
Mojave River sands during monitoring of development near Village Drive and Amargosa Road
(Romero and Hilburn, 2006). The presence of the dire
wolf (Canis dirus) suggests a 0.2 Ma Rancholabrean
NALMA (Bell and others, 2004) for the uppermost
ancestral Mojave River sediments immediately below
the Victorville Fan sequence. Fossil mammals from
north of Air Expressway (Air Base Road) include
ground sloth (Paramylodon sp.), short-faced bear
(Arctodus sp.), mammoth, horse, camel, llama, giant
camel (Titanotylopus sp.), and vole (Microtus sp.
(Scott and others, 1997). These mammals, particularly Titanotylopus and Microtus, suggest an early
Pleistocene age less than 1.3 Ma for ancestral Mojave
River sediments. The occurrence of the fossil cotton
rat (Sigmodon minor) on Hesperia Road (Reynolds
and Reynolds, 1994) suggests a Pliocene age (2.5+
Ma) for sediments along the Mojave River south of
I-15.

jedediah smith’s journal,
2nd expedition to california 13 jul 1827—3 jul 1828
5) Mojave River between Victorville and the Forks, at
Burcham Ranch. “There is always flowing water in the
Mojave River at the ranch.” (Mendenhall, 1909).

59.6 (3.8) Continue past Oak Hill Road and downhill
into Cajon Valley. From near the top of the Inface
Bluffs with the Brunhes / Matyama paleomagnetic
boundary (0.78 Ma, Albright, 1999; Meisling and
Weldon, 1989), we are proceeding down-section
through the Old Alluvium of Noble, the Shoemaker
Gravels, the Phelan Peak Formation, the Miocene
Cajon Valley and Crowder Formations underlain by
the Oligocene Vaqueros Formation, to the late Cretaceous San Francisquito Formation, which contains
elasmosaur fossils. The exposed biostratigraphic
history spans 70 Ma (Woodburne et al, 1991).
63.9 (4.3) Pass the truck escape ramp and Burlington
Northern & Santa Fe railroad tracks.
(64.6 (0.7) Cross Southern Pacific railroad tracks.
65.0 (0.4) Exit at SR-138.

Watch for traffic and enter Village Drive. TURN
LEFT (north) to Air Expressway.

65.3 (0.3) Stop at SR-138, watch for traffic, and TURN
RIGHT (west).

42.8 (0.1) TURN RIGHT (east) on Air Expressway.

65.8 (0.5) TURN RIGHT onto Santa Fe Road.

43.0 (0.2) TURN RIGHT (south) on National Trails
Highway.

Arrange car-pooling. Proceed northwest on old
pavement.

44.8 (1.8) TURN RIGHT to enter I-15 southbound.

65.9 (0.1) BEAR RIGHT (north-northwest) onto dirt
road USFS Rt 3N53.

47.7 (2.9) Continue past Palmdale Road (SR-18).
50.6 (2.9) Continue past the Bear Valley Road exit.

66.1 (0.2) TURN RIGHT (north) on the east side of
the BNSF railroad bridge and cross a sand wash.

54.2 (3.6) Continue past Main Street, Hesperia.

66.7 (0.5) Cross a gully.

55.8 (1.6) Continue past the Joshua Street exit to
SR-395.

67.8 (1.1) Stop before the BNSF tracks. This area is
called Davis Ranch. TURN LEFT (southwest) along
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the south side of BNSF tracks on Santa Fe Road USFS
Rt 3N53
68.1 (0.3) STOP 2-5. Davis Ranch, Cajon Valley
Formation Unit 3. Do not cross the tracks. We are
in the Cajon Valley Formation (Tcv) where pulses of
arkosic sandstone are interspersed with red paleosols
of Unit 3. Unit 3 generally contains Hemingfordian
NALMA vertebrate fossils.
Paleosol colors may imply weathering and soil
development due to climate change, or changes in
drainage patterns. Red paleosols suggest deep oxidation of ferromagnesian minerals under relatively
dry conditions (Woodburne and Golz, 1972). Gray
or brown paleosols might indicate oxidation under
moist conditions, such as slow drainages with structural blockages. The local presence of fossil aquatic
gastropods support the concept of marsh land or
ponds.
The Cajon Valley Formation in the southwestern
Mojave preserves diverse mammalian fossils and
records faunal response to environmental changes
during Miocene Climatic Optimum warming
28

(MCO; ~17-14 Ma). Phytolith, carbon isotopes, and
geochemistry data from paleosols within this formation have been analyzed to reconstruct local paleoenvironments (Smiley, 2015, herein)
The Transition from Tcv Unit 3 to Unit 5 approximates the transition from Hemingfordian to Barstovian NALMA, although a few localities in uppermost
Unit 3 have produced Barstovian mammals. Tcv Unit
4 is a clastic wedge of limited extent that is locally
absent.
Return to vehicles. DRIVE EAST along the south side
of the BNSF tracks to view paleosols in Tcv Unit 5.
68.4 (0.3) Continue past Santa Fe Road. The railroad
cuts to the north exhibit gray to brown paleosols.
68.6 (0.2) PARK in cleared area. STOP 2-6: Cajon
Valley Formation Unit 5. Do not cross tracks.
Paleosols across the tracks are gray to brownish-gray;
compare them with the brick-red paleosols at Stop
2-5. Tcv Unit 6 is exposed north along Baldy Mesa
Road. Magnetostratigraphy suggests that deposition of Cajon Valley Unit 6 ceased about 12.7 Ma
(Liu, 1990). Opening of the Cajon Valley Basin was
2015 desert symposium
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71.2 (0.3) Avoid the truck scales,
but stay in right lanes.
71.7 (0.5) Exit at Cleghorn Road.
72.0 (0.3) Stop, watch for traffic,
and TURN RIGHT (southwest) to
Cajon Boulevard.
72.1 (0.1) Cajon Blvd bends left
(south-southeast).
72.5 (0.4) Watch for oncoming
traffic! TURN LEFT (east) across
Cajon Blvd onto the pavement of
Route 66. PARK.
STOP 2-7. Stratigraphy of the
Cajon Valley Formation. The
Cretaceous Cozy Dell Formation
Stop 2-5. Deeply oxidized red paleosols between white arkose in Tcv Unit 3, west of
(Kcd:
Morton and Miller, 2008)
Davis Ranch.
that contains bones of elasmoapparently linked to rotation of the San Gabriel Block
saur, a late Cretaceous indicator
at the east end of the Western Transverse Ranges
fossil (Lucas and Reynolds, 1991) is found in outcrops
(Dickinson, 1996). Basin filling stopped with cessato the south and west. The Oligocene to Miocene
tion of rotation (see Woodburne, 2015). To the north, marine Vaqueros Formation (Tv: Morton and Miller,
Tcv is truncated by an erosional unconformity or
2008), with remains of dolphin and mollusks (Barnes
fault contacts.
and Reynolds, 2008), crops out to the west. The Cajon
Valley Formation (below) lies above the Vaqueros
Reverse direction and RETRACE to Santa Fe Road.
Formation. Above the Cajon Valley Formation, the
Inface Bluffs to the north expose the Phelan Peak
68.9 (0.3) TURN LEFT (south) on Santa Fe Road.
Formation (4.1–1.5 Ma, Weldon, 1985), which is
69.5 (0.6) Cross a gully with a concrete drainage
overlain by the Pleistocene Victorville Fan sequence
tunnel.
consisting of the Harold Formation (1.4 Ma), the
69.7 (0.2).Enter Cajon Wash.
TURN LEFT (southwest) toward
old pavement.
70.0 (0.3) Return to the car pool
area, but leave cars parked.
Stop at Hwy 138. Watch both
directions for traffic and TURN
LEFT (east) onto Hwy 138 and
proceed toward I-15.
70.5 (0.5) Prepare to enter I-15
southbound.
(70.9 (0.4) Merge with I-15 traffic.
Stop 2-6. Brown and gray paleosols suggest damp conditions in Tcv5, east of Davis Ranch.
2015 desert symposium
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Shoemaker Gravels (1.0 Ma) and the Old Alluvium
(0.8 Ma), with all three formations younging to the
northwest since they are being moved right-laterally
by San Andreas Fault past detrital sources (Weldon,
1985; Meisling and Weldon, 1989). The Old Alluvium
is the coarsest deposit, indicating that the clastcontributing San Gabriel Mountains reached their
maximum steepness and height in this vicinity only
0.5 million years ago.
The Miocene Cajon Valley Formation (Tcv; Woodburne and Golz, 1972) crops out in the foreground,
west across Cajon Creek. Biostratigraphy and magnetostratigraphy (Woodburne and Golz, 1972; Reynolds, 1991; Liu, 1990) suggests that the deposition of
the 9,000 foot thick Cajon Valley Formation spans a
period from 18 Ma to 12.7 Ma.

74.9 (0.6) TURN RIGHT (east) into turnout and
PARK.
STOP 2-8. Miocene Crowder Formation. View
north of the Crowder Formation (Tcr). Note that the
pale brown paleosols of the Crowder Formation are
thinner and of different colors than the Cajon Valley
paleosols at Tcv Units 3 and 5, (Stops 2-5, 2-6). The
Crowder Formation preserves a diverse fossil rodent
assemblage (Reynolds and others, 2008) and records
faunal response to environmental changes during
Miocene Climatic Optimum warming (MCO; ~17-14
Ma). Phytolith, carbon isotopes and geochemistry
data from paleosols within this formation have been
analyzed to reconstruct local paleoenvironments
(Smiley, 2015, herein). Crowder Formation stratigraphy, from the lowest, to the north is as follows:

In the foreground, we see the stratigraphic exposures
of the Cajon Valley Formation:

Miocene

View N35°W 0.7 miles: Red paleosols of Tcv Unit 3
(He). (Reynolds, 2015, herein)

Miocene:
Tcr Unit 3
Barstovian–Clarendonian?)

View N45°W 0.7 miles: Transition to white, purple
and green sandstones of Tcv, Unit 5 (Ba).
View N85°W 0.4 miles: Chalicothere Cut, Lower Tcv
Unit 5 (Ba) (Coombs and Reynolds, 2015).
View S80°W 0.3 miles: Cajon Lignite Cut, middle Tcv
Unit 5 (Ba).
The next stop is at the Miocene Crowder Formation, where we will compare and contrast rates and
duration of sedimentary deposition with those of the
Cajon Valley Formation.
Watch for traffic as you enter Cajon Blvd. RETRACE
north to Cleghorn Road and I-15.
73.0 (0.5) Cross under I-15. TURN LEFT (north) onto
I-15 and stay in the right lane.
73.5 (0.5) Avoid the truck scales, but remain in the
right lanes.
74.0 (0.5) EXIT at SR-138 to Silverwood Lake.
74.3 (0.3) Stop at SR-138. TURN RIGHT (est) toward
Silverwood Lake. Continue past Wagon Train Road
south to gas and food services. Remain in the right
lane over the crest of hill.
30

Mio-Pliocene? Tcr Unit 5
Tcr Unit 4 (Hemphillian)

Miocene:

Tcr Unit 2 (Barstovian)

Miocene:

Tcr Unit 1 (Hemingfordian)

Deposition of 1,600 feet of Crowder Formation spans
more than 12 Ma (18–6 Ma, Reynolds and others,
2008). In contrast, the 9,000-foot-thick Cajon Valley
Formation was deposited in 5 million years. Both the
Tcv & Tcr basins started filling about the same time,
and during the Miocene were in geographic positions
to receive a similar suite of distinctive clasts from
Victorville area outcrops of Proterozoic quartzite and
metamorphosed Jurassic Sidewinder Volcanic series
rocks.
At approximately 9 Ma (Meisling and Weldon, 1989)
the Tcr was juxtaposed against the Tcv by the Squaw
Peak thrust fault. Structurally, this juxtaposition
may have been manifested in recumbent folds near
the Squaw Peak Fault and the sudden change of
lithology from arkose to the playa silt of Tcr Unit 3.
Rodent remains from the base of Tcr Unit 4, midway
in the Crowder section, are approximately 7.1 Ma,
suggesting the Tcr Unit 3 could easily be 9 Ma
(Reynolds and others, 2008). The date derived from
the fossils also indicates that the rates of deposition increased during Tcr Units 4 and 5 (Liu, 1990),
and that the Crowder basin continued to receive
sediments for more than a million years (Reynolds
2015 desert symposium
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and others, 2008). A question remains as to the
source of Unit 4 and 5 sediments. Clasts lithologies
might distinguish sources from the San Bernardino
Mountains as opposed to the to the Victorville area.
Could the Crowder Basin have been the recipient of
south-flowing drainages from the “lower unit” of the
Pliocene (<2.5 Ma) ancestral Victorville Basin that
we discussed at Stop 2-4?
What have we seen in Day 2? We examined evidence
in the central Mojave Desert for Pleistocene uplift of
the Cady Mountains, changes in drainage patterns,
and development of desert topography. The history
of recent mountain building became more apparent
as we neared the 11,000 foot San Gabriel Mountains
that reached maximum height only half a million
years ago. Initiation of northwest-trending fault
systems, including the San Andreas, and rotation of
the Transverse Range Block opened basins that began
filling in the early Miocene. Plio-Pleistocene uplift of
the Transverse Ranges caused reversal of southwest
draining Mojave streams and caused the “Inconstant” Mojave River to develop meandering courses
to the Harper Basin and the Coyote, Afton and Troy
arms of Lake Manix.

End of trip
75.5 (0.6) Watch for cross traffic. Carefully pull onto
SR-138 and proceed west to I-15.
75.8 (0.3) Stop at I-15.
Turn north toward Las Vegas or SR 395 to Bakersfield
or Bishop, or
Cross I-15 and turn right onto southbound I-15
toward the Devore Junction of I-15 west to Ontario
and Los Angeles, or I-15 south to San Bernardino,
Palm Springs, Riverside or San Diego.
So soon as I had passed through the Mountain (6) and near the place where I encamped
the first night (7) after leaving St. Bernardino
on my first journey, I saw numbers of
cattle. I immediately determined to kill
some cattle and dry the meat to support us
in our journey through the Barren country
Between Bernardino and the Appelaminy(8).
I therefore had three cows shot and the
meat cut and dried.
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Devil Canyon
Jumuba, on the Rancho San Bernardino near today’s
I-10/I-215 junction
8)
Stanislaus River
6)

7)
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abstract—The Mojave region is one of six fossil-bearing areas that have contributed
a substantial record of fossil mammals to the Neogene history of the Great Basin. Over
the Neogene, Great Basin mammal diversity peaked during the global-warming interval
known as the Miocene Climatic Optimum (17–14 Ma), and declined substantially afterward. We documented total mammal diversity, as well as rodent diversity, at the species
level between 20 and 4 Ma from all six regions and evaluated three biogeographic
scenarios by which mammal diversity could have increased during the Miocene Climatic
Optimum.
Diversity increased in four of the six fossiliferous regions of the Great Basin during the
Miocene Climatic Optimum. The Mojave region has the longest, most continuous record
with the highest mammal diversity over much of the Miocene. Rodent diversity increased
as a proportion of total mammal diversity in the Mojave region and in the Great Basin
as a whole. The four regions shared a greater proportion of species during the Miocene
Climatic Optimum than in later intervals, although not nearly as many species as do
modern faunas from the same regions. In terms of biogeographic processes, geographicrange shifts and increased rates of speciation both made important contributions to the
spike in mammal diversity during the Miocene Climatic Optimum. However, changes in
fossil productivity covary with mammal diversity in five of the regional records, indicating that sampling effects have a potentially large influence on the diversity record
throughout the Neogene.

Introduction
Mammal diversity of the Great Basin has fluctuated
considerably over the last 30 million years (myr),
ranging from more than 80 species per myr during
well sampled intervals to fewer than 20 species
per myr in poorly sampled intervals (Badgley et
al. 2014). Modern mammal diversity for the Great
Basin, excluding bats, includes nearly 150 species,
more than half of them rodents. This high modern
diversity is part of a strong continental gradient of
higher mammal diversity per unit area in regions of
high topographic complexity, compared to regions of
low relief and low elevation (Simpson 1964, Badgley
and Fox 2000). The modern gradient is not, however,
34

a long-term feature of mammal diversity over
geologic time. Over much of the Neogene, mammal
diversity on the Great Plains was greater than
mammal diversity in the intermontane west (Kohn
and Fremd 2008, Finarelli and Badgley 2010).
The Middle Miocene stands out as an interval
of peak mammal diversity in the Neogene record
of the intermontane west, including the Great
Basin (Figure 1), when mammal diversity exceeded
diversity on the Great Plains. The period of high
diversity, from 16 to 14 Ma, coincided with volcanic
and tectonic episodes over much of western North
America, including extensional tectonics in the
Great Basin (Dickinson 2002, McQuarrie and
Wernicke 2005). The Middle Miocene also includes
2015 desert symposium
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the Miocene Climatic Optimum (MCO), an interval
of global warming from 17 to 14 Ma, that was
followed by rapid cooling (Chapin 2008, Zachos et al.
2008, Foster et al. 2012). A recent analysis contrasting
the diversity dynamics of rodents in the intermontane west and the Great Plains over the Neogene
concluded that the interaction of climate change
and widespread tectonism during the MCO was a
stimulus to diversification (Finarelli and Badgley
2010). Neogene Great Basin mammal diversity also
featured a Middle Miocene peak in mammal diversity and substantial changes in faunal composition
in mammalian faunas since that time (Figure 1).
Notably, rodents and other small mammals became
an increasing proportion of the Great Basin mammalian fauna as extensional tectonics expanded the
area and fragmented the landscape into a multitude
of basins and mountain ranges (Badgley et al. 2014,
Riddle et al. 2014).
In this paper, we evaluate mammal diversity of the
Mojave region in the context of Great Basin history
during the Miocene. The Mojave region is one of six
fossiliferous areas within the hydrographic Great
Basin (Figure 2). Our earlier analysis (Badgley et al.
2014) focused on the physiographic Great Basin, a
large area of more than 200 block-faulted, parallel
mountain ranges separated by flat valleys and a

distinctive shrub-steppe flora, and excluded most of
the fossil record from the Mojave Desert. Here, we
treat the Mojave region as part of the Great Basin, but
distinguish its mammal-diversity record from that of
the remainder of the Great Basin.
Our goal is to document the contributions of
these different regions to the history of Great Basin
mammal diversity and to evaluate alternative biogeographic processes that could have contributed to
the overall patterns. We pose three research questions. (1) What is the Miocene record of mammal
diversity for the Mojave region, and how does this
record compare to those from other regions of the
Great Basin? (2) During the MCO, when Great
Basin diversity peaked for the Miocene, how do the
six fossil-bearing regions contribute to this peak in
diversity? (3) How similar, in terms of species composition, are mammalian faunas from the six regions
during the MCO, and does the degree of similarity
between pairs of regions during the MCO differ relative to earlier or later intervals? The data compiled
to address these questions allow us to evaluate three
biogeographic scenarios for the increase in diversity
during the MCO. In particular, we contrast scenarios
in which (1) geographic-range shifts led to an influx
of immigrants or (2) speciation rates increased with
(3) an increase in speciation and extinction rates. We
assess whether diversity
increased over all regions
simultaneously or whether
faunas from the six subregions shared few species
and became more dissimilar during the MCO. In
regions of topographic
complexity, especially
when coupled with climate
change, both geographicrange shifts and increased
fragmentation of species
ranges that promotes
vicariant speciation are
expected consequences
(Badgley 2010). An addiFigure 1. Mammal diversity over time in the physiographic Great Basin, based on all regions
in Figure 1, except the Mojave region. The fossil record has a gap in the early Miocene, shows
tional consideration is that
a large peak during the Middle Miocene, and then declines toward the Quaternary. The
area effects and changes in
Miocene Climatic Optimum (MCO, 17–14 Ma) is an interval of global warming. Note that the
sampling intensity could
proportional diversity of rodents increases from older to younger intervals. The column to the
right shows proportional species diversity for the five orders of mammals represented in modern influence the record of
faunas (excluding bats) of the Great Basin. Modified from Badgley et al. (2014).
2015 desert symposium
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mammal diversity within the six regions and over the
Great Basin as a whole.

Materials and Methods

northwestern Utah, including the southern portion
of the Snake River Plain, and (6) southeastern Nevada
and southwestern Utah. The major fossiliferous
formations of the Mojave region are the Barstow,
Crowder, Cajon Valley, and Dove Spring formations.
For western Nevada, the major formation is the Coal
Valley Formation. For northwestern Nevada and
southern Oregon, the Thousand Creek beds, Butte
Creek Volcanic Sandstone, and Virgin Valley Formation are the most important fossiliferous formations.
In northeastern Nevada, southern Idaho, and northwestern Utah, the Humboldt Formation is the major
formation, and in southeastern Nevada and southwestern Utah, the Panaca, Salt Lake, and Muddy
Creek formations produce most of the fossil record.
These regions differ in modern geographic area by a
factor of 3.75 from largest to smallest, so we calculated the Pearson correlation coefficient between area

We compiled data for fossil localities and species
occurrences from a database of published fossil
localities and mammal occurrences for the Miocene
of North America, MIOMAP (Carrasco et al. 2005).
For this study, this database was last accessed in
October, 2014. We recorded species occurrences
between 20 and 4 Ma, an interval that covers most
of the Miocene and the early Pliocene. This time
interval includes the Hemingfordian, Barstovian,
Clarendonian, and Hemphillian North American
Land Mammal Ages (Woodburne 2004). For fossil
localities in the Mojave region and the remainder of
the Great Basin, we compiled counts of species diversity for 1-myr time intervals for a total of 309 unique
species and 576 fossil localities. The
presence of a species in a 1-myr
interval represents the combination of
the following information: the occurrence of the species at a fossil locality
in one of the six regions in Figure 2,
the uncertainty in the age estimate of
the fossil locality in the MIOMAP or
FAUNMAP database, and the rangethrough assumption between first
and last appearances. For each subregion, the range-through assumption
implies that a species was present
in one of the six subregions for the
entire time between its first and last
occurrences, thereby dampening an
otherwise more volatile record of
species diversity. We report diversity
based on presence or absence of all
mammal species (with the rangethrough assumption).
We distinguished six geographic
regions, each with a cluster of fossil
localities from multiple formations
spanning at least 6 myr of our entire
analysis interval (Figure 2). The six
Figure 2. Map of the hydrographic Great Basin, including the Mojave region, with
regions are (1) the Mojave, (2) western six fossil-bearing regions identified as clusters of fossil localities (open symbols).
Nevada, (3) northwestern Nevada and A dashed line marks the distinction between the physiographic Great Basin,
which excludes most of the Mojave region, from the hydrographic Great Basin,
southern Oregon, (4) southwestern
Idaho and eastern Oregon, (5) north- which includes the Mojave. Data in Figure 1 are based on the fossil record from
the physiographic Great Basin, whereas results presented here are based on the
eastern Nevada, southern Idaho, and hydrographic Great Basin.
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and total mammal diversity. Also, we calculated the
Spearman rank correlation between the number of
fossil localities, as one measure of sampling effort,
and species diversity per time interval for each of the
six regions and for the entire region (Table 1).
For each region, we determined species diversity
per 1-myr interval for all mammals and for rodents
separately. Rodents are of special interest because
they represent an unusually high proportion of Great
Basin mammal diversity in modern and fossil faunas
(Badgley et al. 2014). In addition, recent studies of the
diversity dynamics of mammals in relation to landscape history of western North America have focused
on rodents (Finarelli and Badgley 2010, Badgley and
Finarelli 2013).
In order to assess the similarity of mammalian
faunas among the six regions, we documented the
number of species shared between pairs of regions
for time intervals during and after the MCO (Table
2). We limited our comparisons to regions with
≥10 species per 1-myr time interval so that poor
sampling would not overwhelm the assessment of
similarity. This restriction limited our evaluation
of intervals prior to the MCO. We also calculated
the Jaccard index of similarity for pairs of regions
for 1-myr intervals between 17 and 10 Ma (Table 3).
The purpose of this analysis was to assess whether
mammalian faunas from the six regions were more
similar (or not) during the MCO than before or
after. Large differences in species diversity can
strongly limit the value of the Jaccard index, J, which
can range between 0 (no similarity) to 1 (identical
faunas). In order to account for large differences in
diversity, we calculated the theoretical maximum
value of J for each faunal comparison. The maximum
value occurs when the less diverse fauna is a perfect
subset of the more diverse fauna (i.e., all the species
in the less diverse fauna occur in the more diverse
fauna). We determined J for the observed faunal
pairs and expressed this value as a proportion, Jp,
of the theoretical maximum value for that pair. We
also determined J for modern mammalian faunas in
equal-area quadrats from approximately the same
regions. The modern quadrats (from Badgley and
Fox, 2000) are slightly larger than the fossiliferous
regions and have relatively high, similar diversity, so
we report the straightforward values of J for these
comparisons. Bats were excluded from the modern
faunal lists, because they are poorly represented in
2015 desert symposium

the fossil faunas, even though they are an important
component of most mammalian faunas.
One of our primary goals is to evaluate geographic
aspects of diversification during the MCO. By
dividing the Miocene record into six regions, we can
track the contributions of each region to changes
in diversity over time. In particular, we present
three scenarios that involve different biogeographic
processes and evaluate whether the observed record
matches any of them or a combination. Scenario 1
involves an increase in diversity across all subregions
during the MCO through a large influx of immigrant
species into the Great Basin (including the Mojave),
as well as expansion of geographic ranges within the
Great Basin, followed by species loss through range
shifts or contractions after the MCO. Range shifts
are an expected consequence of climatic change and
rearranged corridors and barriers from tectonic and
volcanic activities. Only species moving into or out
of the Great Basin would affect the overall regional
diversity count. This scenario would result in an
increase in faunal similarity among the six regions
during the MCO and a decline in similarity afterward. Scenario 2 involves an increase in diversity
through an increase in basin-scale speciation rates
within each subregion in excess of extinction rates,
and extinction rates in excess of speciation rates
after the MCO in order to draw diversity down. If
these evolutionary processes were the dominant
mechanism of change in diversity, then faunas should
become more dissimilar among regions over the
MCO and retain that dissimilarity after the MCO.
An increase in speciation rates could result from the
fragmentation and isolation of populations during
global warming in a topographically complex landscape. Scenario 3 involves negligible change in diversity within each region but an increase in speciation
and extinction rates, so that faunas turn over more
rapidly during the MCO, followed by reduced turnover after the MCO. Under this scenario, geographicrange shifts between subregions are insignificant, so
endemism increases and faunal similarity declines
during the MCO. Beta diversity thereby increases.
The six regions would share few species during or
after the MCO. These processes would result in an
increase in species of short temporal duration during
the MCO and longer durations for species that
persist or arise after the MCO. The fragmentation
and isolation of populations during global warming
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could result in higher speciation and extinction rates,
the latter especially for populations isolated at high
elevations (Brown 1971, Cracraft 1985, Davis 2005,
Badgley 2010).
These three scenarios are not exhaustive but do
represent distinctly different processes or rates of
faunal change. The assembled data should allow us a
preliminary evaluation of these scenarios.

Results
Regional diversity over time
All six regions of the physiographic Great Basin show
striking changes in diversity over time (Figure 3).
Five regions show positive diversity over much of the
Miocene, but the northwestern Nevada and southern

Oregon has a large gap between 14 and 9 Ma (Fig.
3C), while the southeastern Great Basin (southeastern Nevada and southwestern Utah) only records
the late Miocene and early Pliocene (Fig. 3F). Peak
diversity ranges from over 80 species in the Mojave
record (Figure 3A) to 17 species in the southeastern
Great Basin (Figure 3F). Total mammal diversity
for each subregion over the analysis interval is not
significantly correlated with subregion area (r = 0.02,
p = 0.966). The Mojave region, which encompasses
the Crowder and Cajon Valley formations as well as
the Barstow and Dove Springs formations, has the
longest record, greatest continuity, and richest diversity over most time intervals.

Figure 3. Species diversity of all mammals (black) and rodents (gray) for each of the six regions in Figure 2. Diversity was compiled
for 1-myr intervals as described in the text. Note that the vertical scale differs among the graphs. A, Mojave region. B, Western
Nevada. C, Northwestern Nevada and southern Oregon. D, Southwestern Idaho and eastern Oregon. E, Northeastern Nevada and
southern Idaho and northwestern Utah. F, Southeastern Nevada and southwestern Utah. Note that Mojave region has the most
continuous record and the highest species diversity of the six regions.
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Rodent diversity ranges from
a very low proportion of total
mammal diversity to more than
half of mammal diversity for some
time intervals (Figure 3). In the
Mojave region and western Nevada,
rodent diversity increased as a
proportion of total mammal diversity in the late Miocene (Fig. 3A,
3B). In three other regions (Fig. 3C,
3D, 3E), rodent diversity was consistently about 30% or less of total
mammal diversity, and in southeastern Nevada and southwestern
Utah (Fig. 3F), rodent diversity was
most of the mammal record.
Diversity during the Miocene Climatic Optimum
Mammal diversity peaked
during the MCO for three of the
six fossiliferous subregions (Figs.
3–4). However, for northwestern
Nevada and southern Oregon
(Figure 3C), southwestern Idaho
and eastern Oregon (Fig. 3D), the
diversity peaks between 17 and 14
Ma are bounded by large gaps or
declines in diversity, suggesting a
major decrease in sampling effort.
These swings in the quality of the
record could be masking higher
diversity before or after the MCO

Figure 4. Overlapping species diversity of all mammals for the six regions of Figure
2. For the interval from 16 to 14 Ma, mammal diversity increased in four regions
simultaneously (the Mojave region, western Nevada, northwestern Nevada and
southern Oregon, and southwestern Idaho and eastern Oregon).

Figure 5. Overlapping species diversity of rodents for the six regions of Figure 2.
Rodent diversity tracks fluctuations in total mammal diversity (Fig. 4). For the interval
from 16 to 14 Ma, rodent diversity increased in three regions simultaneously (the
Mojave region, northwestern Nevada and southern Oregon, and southwestern Idaho
and eastern Oregon).

Table 1. Spearman rank correlations (rs)
between the number of species per time
interval (with the range-through assumption) and the number
of localities per time interval. Each locality was assigned to a
time bin according to its median age estimate. Diversity was
assessed for the entire Great Basin and for the six subregions
of Figure 2. We omitted one outlier from the Mojave record
from the correlation analysis for the entire Great Basin and the
Mojave region. Correlations are non-significant if the p-value
exceeds 0.05.
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than is evident from the observed record. In fact, for
all but one region (northeastern Nevada, southern
Idaho and northwestern Utah, Fig. 3E), the correlation between the number of fossil localities and
total mammal diversity per 1-myr time interval is
significant (Table 1). These results indicate that a
full sampling analysis is needed before definitive
diversity histories can be established. This analysis
would ideally include measures of outcrop area and
temporal duration for fossiliferous formations, the
number of fossil localities per time interval and in
relation to productive facies, the number of fossil
specimens per locality, and diversity counts.
The peak in Great Basin mammal diversity
between 16 and 14 Ma (Figure 1) corresponds to a
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substantial increase
in diversity in four
regions simultaneously
(Figure 4), compared
to earlier and later
time intervals. The
Mojave record dominates the diversity
increase through the
MCO, and the highest
diversity, 87 species at
16 Ma, is close to the
highest value for the
rest of the Great Basin
as a whole (Figure 1).
Rodent diversity also
peaked during the
MCO (Figure 5), with
increasing diversity
in western Nevada,
southwestern Idaho
and eastern Oregon,
and the Mojave region.

Table 2. Total mammal diversity in time bins between 17 and 10 Ma, number of shared species,
and Jaccard indices, J, of similarity for pairs of subregions within the Great Basin where diversity
increased during the Miocene Climatic Optimum. Diversity in each of two regions, number of shared
species (a), number of unique species in the first region (b), number of unique species in the second
region (c), the maximum J possible, when all species in the second region are a subset of species in the
first region, the observed J, and the ratio of observed J to maximum J. The observed J was calculated
by the formula a/(a+b+c).

to some extent. The actual diversity did increase in
four of the subregions during the MCO and declined
afterward (Figs. 3–4). The number of shared species
between the pairs of regions (Table 2) ranges from
2 (for southwestern Idaho and eastern Oregon
compared to western Nevada at 16 Ma) to 12 (for
two comparisons: the Mojave versus southwestern
Idaho and eastern Oregon, and northwestern Nevada
and southern Oregon versus southwestern Idaho
and eastern Oregon). It is notable that 12 species are
shared between the two regions that are closest to
each other as well as between the two regions that are
farthest apart. Higher values of Jp occur during the
MCO than in later intervals, with one exception at
10 Ma (Table 3). Closer regions have higher Jp values,

Biogeographic scenarios
The three biogeographic scenarios proposed above
can be distinguished by the pattern of diversity
increase during the Miocene Climatic Optimum and
a similarity measure between pairs of subregions of
the Great Basin. Figures 3–4 document mammal
diversity over time for all of the regions and Tables
2–3 present the Jaccard index for pairs of regions
with at least 10 species per 1-myr time interval. Four
regions match this criterion for some time intervals
from 17 to 10 Ma. Only a few time intervals outside
the MCO are amenable to similarity analyses,
thereby permitting us only preliminary evaluation of
the three scenarios.
Scenario 1 involves Table 3. Proportional Jaccard index of similarity, Jp, for pairs of subregions within the Great Basin
where diversity increased during the Miocene Climatic Optimum. Values of observed J/maximum J
an increase in diversity are reported for each 1-myr interval between 17 and 10 Ma when both regions had ≥10 species. For
within multiple subre- modern faunas from the four regions, only the observed J is given.
gions simultaneously
during the MCO and
an increase in faunal
similarity among
regions relative to time
intervals before and
after the MCO. This
scenario is supported
40
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except for southwestern Idaho and eastern Oregon
compared to western Nevada, a pair that has low Jp
values during the MCO. In addition, low similarity
and few shared species were observed between two
regions that are separated by a moderate distance.
These patterns suggest that distance was not the
primary factor determining geographic-range shifts
of mammals during the MCO. Landscape barriers
may also have had an important role. Support for
Scenario 1 would be further clarified with better
sampling of regional faunas before and after the
MCO. In addition, it would be useful to determine
whether the species shared between regions during
the MCO were immigrants into the Great Basin
from other areas during that time interval. If so,
this observation would strengthen support for this
scenario.
Scenario 2 involves an increase in diversity in
multiple subregions during the MCO and a decrease
in faunal similarity between regions that persists
after the MCO, due to an increase in speciation rates
in excess of extinction rates in each region. The
assembled data support the increase in diversity in
multiple subregions, as for Scenario 1. The differences
in faunal composition among the four subregions
reflect either different long-term residents or higher
speciation rates during the MCO. Without a full
diversification analysis of all four subregions, coupled
with assessment of whether newly appearing species
represent immigration or speciation, we cannot
readily distinguish between these two contributions
to faunal change. Since the majority of species were
not shared between any pairs of regions during the
MCO (Table 2), this scenario was likely contributing
in part to the increase in diversity during the MCO.
In contrast, more than 50% of the species in the
modern faunas of the four regions are shared among
regions, implying that geographic-range expansions
or shifts have contributed strongly to the faunas of
the modern hydrographic Great Basin.
In Scenario 3, diversity in each subregion does
not change notably during the MCO, but the rates
of speciation and extinction increase substantially,
resulting in greater endemism and higher turnover.
Thus, the total diversity over the entire Great Basin
rises due to increasing beta diversity, and geographicrange shifts play little role. The data do not support
this scenario in two respects. First, diversity did
appear to increase substantially in four regions
2015 desert symposium

during the MCO (Figs 3–4). Second, faunal similarity
increased rather than decreased during the MCO
between most regions (Table 3). If further collecting
and sampling analysis reveal that the increase in
diversity during the MCO is an artifact of poor
sampling prior to the MCO, then this scenario could
become more plausible.

Discussion
The Mojave region stands out among the major
fossiliferous subregions of the hydrographic Great
Basin as having the longest, most continuous fossil
record of mammals over the Miocene. In addition,
between 20 and 9 Ma, documented mammal diversity was greater in the Mojave than in any other
region (Fig. 4). Rodent diversity was also greater in
the Mojave between 20 and 10 Ma than in any other
region (Fig. 5). While our data are derived entirely
from the MIOMAP database, this dataset is likely
to be fairly comprehensive for this time interval and
region. The Mojave is the southernmost region of
those compared, but its greater Miocene diversity was
not necessarily a product of a Miocene latitudinal
diversity gradient. Modern faunas (excluding bats)
from approximately the same regions do not exhibit
a latitudinal gradient within the Great Basin: the
Mojave region has 81 species today as does southwestern Idaho and eastern Oregon, based on quadrats from Badgley and Fox (2000).
Several aspects of the Miocene diversity patterns
suggest a large role for sampling effects. The gaps in
the record for some regions, the large variations in
diversity between certain intervals, and high peaks
in diversity following gaps in the record all point to
low completeness of the fossil record during particular times and places. The significant correlations
between number of localities and species diversity
within regions (Table 1) reinforce this concern. None
of the potential sampling effects negate the high
diversity observed during the middle Miocene, but
we cannot rule out that diversity was also high, but
unsampled, during earlier intervals. The Mojave
region is well sampled over much of the middle to
late Miocene, making this record a strong prospect
for further analysis of diversity dynamics in relation
to paleoenvironmental change.
Rodents were a consistently large proportion of the
diversity of Miocene mammalian faunas for several
regions of the Great Basin (Fig. 3). A notable aspect
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of the modern fauna of the (physiographic) Great
Basin is that nearly two-thirds of the modern species
(excluding bats) are rodents, a higher proportion
than in other regions of North America (Badgley et
al. 2014). This proportion reflects a trend that began
during the extensional history of the Great Basin
and may reflect both the increase in land area and
the fragmentation of the landscape into numerous
isolated mountain ranges and basins. The Mojave
record also shows this increase in proportional diversity of rodents (Fig. 3A), although the late Miocene
intervals appear to be poorly sampled.
Among the three biogeographic scenarios, the
patterns of regional diversity, shared species, and
faunal similarity enabled us to reject one scenario
and support contributions from two others. We
rejected the scenario involving negligible change in
subregion diversity but higher turnover rates during
the MCO, resulting in greater endemism and beta
diversity and lower similarity between regions. The
two scenarios involving increase in subregion diversity during the MCO both received support, but not
to mutual exclusion. Higher values of Jp during the
MCO intervals represent an increase in the number
and proportion of species shared between subregions,
suggesting that geographic-range shifts, either into
the Great Basin from the outside or from one subregion to another, increased, in support of Scenario
1. However, the proportion of shared species was
relatively low, implying that other processes were
contributing to the increase in diversity. An increase
in speciation rates (in excess of extinction rates) is
the other biogeographic process that would cause an
increase in diversity within subregions, in support of
Scenario 2. Changes in sampling intensity hamper
our ability to distinguish conclusively among the
scenarios.

Conclusion
Among the six fossil-bearing regions that contribute
to the physiographic Great Basin record, the Mojave
region stands out for its continuity and diversity of
both large and small mammals, with a robust record
over much of the Miocene. Future research directions
should include the evaluation of diversity patterns
within the Mojave record in order to distinguish
the temporal coverage and diversity from different
formations and regions in relation to the distribution
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of local facies, paleoenvironmental conditions, and
basin history.
The diversity patterns and similarity measures
among the six subregions of the Great Basin support
biogeographic scenarios involving both geographicrange shifts and increased speciation rates over the
entire Great Basin during the MCO. Further analysis
of the Mojave record in terms of per-capita rates
of origination, extinction, and net diversification,
coupled with evaluation of which species appearances
represent immigration and which represent endemic
speciation, would further resolve the biogeographic
scenarios. In addition, comparing faunal composition
(e.g., number of species per family) among the six
regions and changes in composition over time would
indicate which mammalian groups were changing
synchronously across the Great Basin and which
exemplified regional heterogeneity in mammalian
faunas.
The diversity records of the Mojave region and
the rest of the Great Basin highlight the MCO as
a time of peak diversity for the entire Miocene
epoch. However, gaps in the fossil record and large
changes in diversity between time intervals point
to sampling effects as having a large influence on
the diversity record. Further research should tackle
this topic directly with analysis of the rock record
for the outcrop area and temporal span of productive formations, changes in sample size over time
and across regions, subsampling routines, and facies
analysis. It would be worthwhile to evaluate how
much of the change in diversity can be plausibly
attributed to change in sampling effort and whether
changes in fossil productivity and mammal diversity
are both responding to changes in landscape history.
For example, if the climatic and tectonic changes
of the MCO caused an increase in erosion rates
across the Great Basin landscape, more sediment
would be delivered to depositional basins, resulting
in increased potential for fossil preservation. Topographic relief at the habitat scale would increase,
resulting in stronger elevational gradients in climate
and vegetation that could then accommodate more
species. In other continental regions, major changes
in the diversity of regional mammalian faunas
occurred during the MCO (e.g., Van der Meulen et
al. 2005 and Costeur and Legendre 2008 for small
and large mammals, respectively, of Europe). Thus
it would be surprising if the tectonically active
2015 desert symposium
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landscapes of the Great Basin did not also stimulate
responses in the ecology and evolution of mammals
during this episode of global climate change. Much
remains to be learned about the Neogene history of
the Great Basin, and the Mojave record is an excellent
focus for future research.
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Regional and local correlations of feldspar
geochemistry of the Peach Spring Tuff,
Alvord Mountain, California
David C. Buesch

U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

abstract—The chemical composition of feldspar grains in an ignimbrite from the
Spanish Canyon Formation in the Alvord Mountain area, California, have been used
to confirm similarities in three measured sections locally, and they are similar to exposures of the Peach Spring Tuff (PST) regionally. Feldspar grains were identified on the
basis of texture (zoning, as mantled feldspars, or in crystal clusters), whether the grains
were attached to glass or were in pumice clasts, or were simply crystal fragments with no
textural context. Chemistry was determined by electron microprobe analysis, and each
analysis is calculated in terms of the percent endmember and plotted on orthoclase (Or)
versus anorthite (An) plots. In general, the PST has sanidine and plagioclase compositions that are consistent with having formed in high-silica rhyolite and trachyte within
a zoned magma chamber. Feldspars from the PST in Spanish Canyon area cluster along
the rhyolitic trend with no grains along the trachytic trend. Similar clustering of feldspars along the rhyolitic trend with no grains along the trachytic trend also occur in the
PST from Granite Spring and Providence Mountains to the east of the Alvord Mountain
area, and the ranges in compositions are also similar in these locations. In contrast, the
PST in the Kane Wash area of the Newberry Mountains has feldspars only from the
rhyolitic trend in the basal deposits, but some grains from the trachytic trend are in the
upper part of the deposit, and the range in compositions are greater than in the Spanish
Canyon area. The variations in vertical compositional zoning and compositional range
in these different deposits suggests there were probably different flow paths (or timing of
the delivery) during the eruption and runout of the pyroclastic flow(s) generated from the
climactic eruption of the PST magma chamber.

Introduction
The 18.78 ± 0.02 Ma old Peach Spring Tuff (PST)
is a greater than 650 km3 dense-rock equivalent,
compositionally zoned, large-volume ignimbrite,
typically with 8 to 20 percent crystal fragments, that
is exposed across ~32,000 km2 what is now western
Arizona, southeastern California, and southern
Nevada (Buesch, 1993). Correlations with an ignimbrite in the Alvord Mountain area, California helps
expand the stratigraphic and structural datum for
evaluation of the depositional environments and
structural history of this area within the eastern
Mojave Desert. The PST resulted from eruption
from the Silver Creek caldera in the southwestern
part of the southern Black Mountains, Arizona
(Ferguson and others, 2013; Figure 1). Regional
44

and local correlations of the PST have been based
on lithostratigraphic features and structures,
petrography, mineral chemistry, paleomagnetic
characteristics, and geochronology (Valentine and
others, 1989; Buesch, 1991, 1993; Hillhouse and
others 2010; Ferguson and others 2013; Figure 1).
Field-based criteria such as sorting, welding, the
vitric-crystallized-altered condition of the matrix,
and the presence of a basal ground layer, in addition
to petrographic criteria such as mineral assemblage
have been used in the Alvord Mountain area to identify an ignimbrite in the Spanish Canyon Formation
as the PST (Buesch, 2012). Newly acquired electron
microprobe data on feldspars from three locations
in the PST from the Alvord Mountain area support
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Figure 1. Map of the regional
distribution of the Peach Spring
Tuff with the types of data used to
correlate the ignimbrite.

Figure 2. Locations of samples with
electron microprobe analyses in the
eastern Alvord Mountain, Spanish
Canyon area, California. Inset
map shows location of the Spanish
Canyon area in the east-central
Mojave Desert.
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regional and local correlations among
exposures in the Spanish Canyon area
(Figure 2).

Volcanologic processes
producing ignimbrites
The minerals (or crystal fragments) in
an ignimbrite result from cumulative
petrogenetic chemical and physical
processes. The composition and textures
of minerals such as feldspars result from
the geochemistry of the magma and the
physical and geochemical processes in
a magma chamber. Minerals (phenocrysts) such as feldspars in the magma
become compositionally zoned, can
have overgrowths of a different composition to produce mantled crystals, or
have two or more crystals that grow
together and form clots (some of which
might represent glomerocrysts or parts
of entrained crystal mush from the
boundaries of the chamber or conduit).
During an eruption and evacuation of a
magma chamber, different parts of the
magma can be drawn into the conduit
thereby forming a mixed magma by
juxtaposing magmas or crystals of
different compositions. As the magma
ascends and decompresses, it vesiculates and becomes fragmented to form
glass shards, pumice fragments, and
crystal fragments. Pumice fragments
can contain phenocrysts, and crystal
fragments with attached glass (often
with bubble-wall shapes) indicate that
these fragments were once phenocrysts.
Wall rocks can be incorporated into
the magma during evacuation of the
chamber and during flow of magma or
the evolving pyroclastic material along
the conduit. Where erupted pyroclastic
material flows laterally from the vent
area, mechanical processes such as
turbulence, gravitational settling and
sorting occurs, along with the potential
for rock fragments from the ground
surface to be incorporated into a pyroclastic flow. During all these stages of
46

Figure 3. Graphs of Or versus An endmembers in feldspars for the total Peach
Spring Tuff, and locations in the Providence Mountains (PST133D), Granite
Springs (PST148), and southeastern Spanish Canyon area (AM144) and Wild
Horse Mesa (MHMT). (A) Total feldspar analyses. (B) Detail of sanidine
analyses. (C) Detail of plagioclase analyses. Textural classifications of grains
include “g” as non-diagnostic fragments, “m” as magmatic grains with attached
glass, in pumice, or as mantled feldspar or crystal clots, and “x” as grains in
xenoliths.
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flow, mechanical processes can result in
sorting of sizes and shapes of the fragments. Because each magma chamber
and eruption can experience each of
these processes for differing amounts
of time and efficiency, the resulting
deposits can develop different (if not
unique) characteristics compared to
other deposits in the same area.

Feldspar petrography and
geochemistry

Figure 4. Graphs of Or versus An endmembers in feldspars for the total Peach
Spring Tuff, and locations in the Kane Wash area of the Newberry Mountains
(PST117) and southeastern Spanish Canyon area (AM144). Location PST117A
includes samples from 3 cm and 21 m above the base of the ignimbrite. (A)
Total feldspar analyses. (B) Detail of sanidine analyses. (C) Detail of plagioclase
analyses. Textural classifications of grains include “Gr” as non-diagnostic
fragments, “Gls” with attached glass, “Pum” in pumice, “Man” as mantled
feldspar, “CC” as crystal clots, and “XL” as grains in xenoliths.
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Buesch (1993, unpublished data) has
established a petrographic and electron
microprobe database with 3640 analyses
of sanidine and plagioclase. Most data
are from 27 widespread sites of the
PST; however, there are two additional
ignimbrites (one is the Wild Horse
Mesa Tuff, WHMT) and one bedset of
fallout tephra. Each feldspar analysis was
calculated as the normalized abundance of the endmembers Orthoclase
(Or: K), Anorthite (An: Ca), Albite
(Ab: Na), Celsian (Ba), and strontiumbearing feldspars. These compositions
and differences can be displayed in
binary plots of the feldspar endmembers such as Or versus An (Figure 3).
Petrographic classifications of the grains
can be plotted as (1) individual textures
such as grains with attached glass or
in pumice, mantled feldspar, crystal
clots, grains in xenoliths, or texturally
non-diagnostic grains, or (2) as textural
classifications of grains with attached
glass, in pumice, or mantled feldspar or
crystal clots as magmatic, xenolithic, or
non-diagnostic grains. Crystal fragments (or grains) without attached glass
have lost a textural link to the magma
chamber; however, composition, zoning,
and mineral inclusions might be used to
associate the fragments to phenocrysts.
The ability to make the associations of
crystal fragments and magmatic grains
increases as the number of grains are
analyzed and similar composition
feldspars occur with glass or in pumice
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clasts. On Or versus An plots, the PST
displays two general clusters in both
detailed plagioclase and sanidine graphs
(Figure 3). These trends in the data
(some with analyses of the attached
glass, in pumice, mantled feldspar,
and crystal clots) are associated with
measured glass compositions of rhyolite
(lower temperature) and trachyte (higher
temperature) magmatic compositions
(Buesch, 1993, unpublished data).
Electron microprobe data on feldspars have been collected in 1988–1990
at Los Alamos National Laboratory and
in 2014 at the U.S. Geological Survey
(USGS) in Menlo Park. One thin section
(PST154Gcm2) from a PST exposure
in the southeastern Black Mountains,
Arizona, was used to compare analyses
from these different laboratories. A
subset of the original 1990 points (95 of
233) were relocated based on the original
photo-documentation and analyzed in
2014. Subtracting the 1990 endmember
values for each analysis from the 2014
analysis indicates differences of less
than 2.5 percent Or and 0.5 percent An
endmembers in sanidine and typically
less than 0.5 percent Or and 3.5 percent
An endmembers in plagioclase. The
larger differences in plagioclase grains
result from having greater ranges and
(typically) narrower bands in compositional zoning compared to sanidine.

Regional correlations
Regionally, feldspar compositions in
Figure 5. Graphs of Or versus An endmembers in feldspars for the total Peach
the PST of the Spanish Canyon area are Spring Tuff, and locations in the Providence Mountains (PST133D) and the
southeastern and northwestern Spanish Canyon area (AM144 and AM007,
similar to the PST in Granite Spring,
respectively). (A) Total feldspar analyses. (B) Detail of sanidine analyses. (C)
Providence Mountains, and the Kane
Detail of plagioclase analyses. Textural classifications of grains include “Gr” as
Wash area of the Newberry Mountains
non-diagnostic fragments, “Gls” with attached glass, “Pum” in pumice, “Man”
as mantled feldspar, “CC” as crystal clots, and “XL” as grains in xenoliths.
(Figure 1). The Providence Mountains
are located 98.5 km east of the Spanish
The Providence Mountains, Granite Spring, and
Canyon area, and the PST is 2 to 35 m
Spanish Canyon area are along a generalized radial
thick with thin sections from a measured section at
flow direction from the Silver Creek caldera. All
30 cm and 28 m above the base of the ignimbrite.
three locations, including the samples at the bottom
Granite Spring is located 73 km east of the Spanish
and top of the Providence Mountains section, saniCanyon area, and the PST is 3 to 15 m thick with a
dine and plagioclase compositions that cluster along
thin section at 2 m above the base of the ignimbrite.
48
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the rhyolite trend with no grains along the trachytic
trend (Figure 3). At the Granite Spring location
(PST148), there are two sanidine grains (one “g” and
one “x”) with compositions that have lower Or and
An values than the typical PST. These grains are
similar to sanidine and plagioclase from mantled
plagioclase at locations AM144 in the Spanish
Canyon area. Feldspar compositions in the 15.8 Ma
old Wild Horse Mesa Tuff (WHMT) are from the
Woods Mountains volcanic center that is located
adjacent to and east of the Providence Mountains
(McCurry, 1988). Feldspars in the WHMT formed
in rhyolitic and trachytic magmas (McCurry, 1988),
and they differ significantly from those in the Peach
Spring Tuff.
The Kane Wash location is ~42 km south-southwest of the Spanish Canyon area, and the PST is 0
to 30 m thick with thin sections from 3 cm and 21
m above the base of the ignimbrite. Although Kane
Wash is about the same distance from the caldera,
it is along a slightly different generalized radial flow
direction (Figure 1). The sample from 3 cm consists
of sanidine and plagioclase compositions that cluster
along the rhyolite trend with no grains along the
trachytic trend. However, the sample from 21 m
contains feldspar compositions that cluster along the
rhyolite trend with a few grains along the trachytic
trend (Figure 4). Grains from lithic clasts in the PST
from all exposures (the medium gray “x”s) form a
very broad distribution pattern; however, the data
from the Kane Wash and Spanish Canyon samples
occur in different clusters.

Local correlations
In the Spanish Canyon area, three measured sections
occur in discontinuous exposures along a 9-km long
trace of the limbs of the Spanish Canyon anticline
(Figure 2). Measured section AM144 in the southeastern part of the area is 7.0-m thick with a thin
section from 2.0 m above the base in partially welded
and crystallized ignimbrite. Measured section
AM018 in the eastern part of the area is 3.3-m thick
with a thin section from 2.0 m above the base in
nonwelded to partially welded and zeolitically(?)
altered ignimbrite. Measured section AM007 in the
northwestern part of the area is 1.5-m thick with a
thin section from 70 cm above the base in nonwelded
and argillically(?) altered ignimbrite. In all three
samples, the sanidine and plagioclase compositions
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cluster along the rhyolite trend with no grains along
the trachytic trend, and the ranges in sanidine
and plagioclase compositions are similar (Figure
5). Samples AM144 and AM007 have a few grains
each with similar compositions of sanidine and
plagioclase that cluster at lower Or and An values
than the typical PST. These grains are sanidine and
plagioclase from mantled plagioclase and mantled
plagioclase in a lithic clast, and zoned sanidine with
glass attached. The glass and groundmass in the
lithic clast has been altered or crystallized, so it can
not be compared with the glass of the Peach Spring
Tuff. These lower Or and An grains might be part of a
poorly represented part of the rhyolitic magma from
the PST magma chamber, but more likely they are
in xenolithic clasts incorporated into the pyroclastic
flow somewhere along the flow path from the caldera.
The occurrences of similar compositions (lower Or
and An values than the typical PST) of grains in
the Granite Spring location (PST148) are consistent
with the pyroclastic flow traveling past both of these
locations.

Conclusions
The Peach Spring Tuff developed a characteristic
mineral assemblage (Buesch, 1993), including sanidine and plagioclase compositions of grains with
attached glass or in pumice, mantled feldspar,
crystal clots, grains in xenoliths, or texturally nondiagnostic grains. In addition to the PST magmatic
compositions, some crystal fragments and xenolitihs
were derived from grains entrained during flow
across a landscape of rocks with varied compositions and textures. These textures and compositions
of phenocryst in pumice or crystal fragments record
the magmatic, eruptive, and transport processes and
can be used to support regional and local correlations of the Peach Spring Tuff. These trends in feldspar compositions are also consistent with slightly
different (regional) flow paths of the pyroclastic
flow(s), or the timing of the delivery of compositional
zoned pyroclastic flows, that were produced during
the climactic eruption of the PST magma chamber.

Acknowledgements
Reviews by Kathryn Watts (USGS) and Jennifer
Garrison (California State University, Los Angeles)
were very helpful and appreciated.

49

david c. buesch | regional and local correlations of feldspar geochemistry of the peach spring tuff

References
Buesch, D.C., 1991, Changes in depositional environments
resulting from the emplacement of large-volume ignimbrite,
in Smith, G.A., and Fisher, R.V., eds., “Sedimentation in
Volcanic Terranes”: SEPM (Society for Sedimentary Geology)
Special Publication No. 45, p. 139-153.
Buesch, D.C., 1993, Feldspar geochemistry of four Miocene
ignimbrites in southeastern California and western Arizona,
in Sherrod, D.R., and Nielson, J.E., Tertiary Stratigraphy of
Highly Extended Terranes, California, Arizona, and Nevada:
U.S. Geological Bulletin 2053, p. 55-85.
Buesch, D.C., 2012, Stratigraphy of the possible Peach Spring
Tuff in the Alvord Mountain area, California; in Reynolds,
R.E., ed.,“Searching for the Pliocene: Southern Exposures”,
California State University Desert Studies Consortium, p.
179-180.
Ferguson, C.A., McIntosh, W.C., and Calvin F. Miller, C.F.,
2013, Silver Creek caldera—The tectonically dismembered
source of the Peach Spring Tuff: Geology, v. 41, p. 3-6, first
published on October 19, 2012, doi:10.1130/G33551.1.
Hillhouse, J.W., Miller, D.M., and Turrin, B.D., 2010, Correlation of the Miocene Peach Spring Tuff with the geomagnetic
polarity time scale and new constraints on tectonic rotations
in the Mojave Desert, California: in Reynolds, R.E., and
Miller, D.M., eds.,“Overboard in the Mojave”, California
State University Desert Studies Consortium, p. 105-121.
McCurry, M, 1988, Geology and petrology of the Woods Mountains volcanic center southeastern California’ Implications
for the genesis of peralkaline rhyolitic ash flows: Journal of
Geophysical Research, v. 93, no. B12, p. 14,835-14,855.
Valentine, G.A., Buesch, D.C., and Fisher, R.V., 1989, Basal
layered deposits of the Peach Springs Tuff, northwestern
Arizona, U.S.A.: Bulletin of Volcanology, v. 51, no. 6, p.
395-414.

50

2015 desert symposium

Phytoliths of the Barstow Formation through
the Middle Miocene Climatic Optimum:
preliminary findings
Katharine M. Loughney 1,2 and Selena Y. Smith 1,
1
2

Museum of Paleontology, University of Michigan, 1109 Geddes Ave., Ann Arbor, MI 48109
Department of Earth & Environmental Sciences, University of Michigan, 1100 North University Ave., Ann Arbor, MI 48109

abstract—The Middle Miocene Climatic Optimum (MMCO) was an interval of significant warming between 17.0 – 14.0 Ma, and a record of the interval is preserved in its
entirety in the type Barstow Formation (19.3 – 13.3 Ma) of southern California. In order
to understand the biotic impacts of the MMCO, it is necessary to understand vegetation;
however, macrofloral records from the middle Miocene in this region are rare and do
not span the MMCO. Phytoliths (plant silica) can be preserved in continental sediments
even when macrofossil or pollen remains are not, and they can be diagnostic of specific
plant clades and/or functional groups, some of which are useful environmental indicators. Sixty-eight sediment samples were collected from 12 stratigraphic sections measured
within the Barstow Formation in the Mud Hills, Calico Mountains, and Daggett Ridge,
and 39 samples were processed for phytoliths. Ten samples yielded phytoliths, although
phytoliths were rare in most of these samples. Paleosols from the uppermost part of the
Barstow Formation yielded the most abundant and most diverse phytolith assemblages,
including grass bilobates and echinate spheres of palms; grass phytoliths were also identified in samples from the Owl Conglomerate and Middle members but were rare. These
phytolith data provide evidence that grasses were present throughout deposition of the
Barstow Formation, and that they coexisted with palms in mixed-vegetation habitats.
While more sampling is needed to fill in stratigraphic gaps in the phytolith record of the
Barstow Formation and few phytoliths have so far been recovered from samples, these
preliminary data show that phytoliths can be used in the Barstow Formation to better
understand Miocene ecosystems and how they may have changed through the MMCO.

Introduction
Global climate over the course of the Cenozoic
became generally drier and cooler but was punctuated by several major and short-lived periods of
warming (Zachos et al., 2001). One of these warming
intervals, the Middle Miocene Climatic Optimum
(MMCO), occurred between ~17.0 – 14.0 Ma as
recorded from both marine (Foster et al., 2012) and
continental records (Retallack, 2007). In North
America, few continental units capture this interval.
The Barstow Formation of the Mojave Desert,
eastern San Bernardino County, California, is one
such unit that encompasses the MMCO.
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The fluvial and lacustrine sediments of the
Barstow Formation were deposited between 19.3
and 13.3 Ma (MacFadden et al., 1990; Woodburne
et al., 1990), and the formation potentially records
the responses of the local fauna and flora to this
warming interval. The mammalian fauna of the
Barstow Formation has been well studied, and some
studies have focused on interpreting the lacustrine
paleoenvironments represented in the Barstow (e.g.,
Park, 1995; Park and Downing, 2001). The rarity of
plant macrofossils has made it difficult to interpret
the terrestrial ecosystems in the formation, and the
limited Barstow floral record does not currently
span the MMCO. Phytoliths (plant silica), however,
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can be sampled from sediment layers throughout the
formation and may provide a record of ecosystem
change through this interval that is not dependent on
macrofossil preservation. Here, we present preliminary results of an investigation of paleoenvironments
and vegetation change in the Barstow Formation
through the MMCO.

Background
Multiple lines of evidence have been used to interpret
the timing and geography of the spread of grasslands
in the Neogene, and fossils from the Barstow Formation will add information to help refine our understanding of when, where, why, and how this major
ecosystem change happened. Carbon isotopic data
from paleosol carbonates and fossil mammal teeth
capture this transition to open grassland habitats and
the adaptations of herbivores to a new food source
during the Cenozoic (e.g., Koch, 1998). Likewise,
plant macrofossils, pollen, and phytoliths constrain
the timing of these ecosystem changes and provide
direct evidence of the types of plants in these increasingly open, grass-dominated habitats (Strömberg,
2011). Macrofossils, however, are typically rare,
and pollen may be allochthonous or not regularly
preserved, so reconstructions of grassland expansion are typically regional or local in scale. Phytoliths
are amorphous silica bodies that are precipitated in
plant tissues; they are autochthonous and are either
taxonomically diagnostic for many groups, including
grasses and palms, or diagnostic of certain plant
functional types, such as woody plants (Piperno,
2006). Phytoliths of certain taxa may also be useful
as indicators of past climatic conditions; such indicator taxa have modern relatives that range within
well-defined climatic or floral regimes (Chen and
Smith, 2013; Strömberg, 2004). Therefore, phytoliths are a potentially useful tool for understanding
vegetation change through the MMCO due to their
ability to record different types of vegetation and key
ecosystem/climatic indicator taxa.
The Barstow Formation is primarily known for its
diverse and well-studied mammalian fauna, but few
studies have been conducted on Barstow flora. Plant
macrofossils are known from only two localities in
the Middle Member of the Barstow Formation (Alf,
1970; Reynolds and Schweich, 2013). The Rainbow
Loop Flora from the Mud Hills has been dated
between 16.3 – 15.8 Ma and preserves impressions
52

and compressions of vegetative and reproductive
structures from woody dicots, palms, and juniper,
as well as some unidentified remains (Reynolds and
Schweich, 2013). Petrified wood from the Solomon
Skyline locality below the Dated Tuff marker unit
(14.8 Ma, MacFadden et al., 1990) has been identified as belonging to poison oak, juniper, and buckthorn (Alf, 1970). The Barstow Formation has also
been sampled for pollen without success (I. Browne,
personal commun., October 2014). Indirect evidence
for the presence of grasses comes from Feranec and
Pagnac (2013), who analyzed the carbon isotopic
composition (δ13C) of herbivore teeth and demonstrated that the diets of equids from the Barstow
Formation included a small but significant (< 20%)
amount of C4 grasses. These isotopic data, then,
suggests that grasses were present in Barstow ecosystems, but it has been difficult to reconstruct paleovegetation from fossils that are highly localized in time
and space. Phytoliths could help address these issues
by providing a microfloral record of the vegetation.
Phytoliths are sampled from fine-grained, non-clayrich sediments and paleosols in which plants are
inferred to have lived; although their preservation
may be highly variable between or within lithologic
units, when present, they nevertheless record a
proportion of the paleoflora of a sampled locality.
As part of a broader study of Barstow paleoenvironments, we sampled phytoliths through the
formation in order to 1) test whether phytoliths are
preserved in Barstow sediments, and 2) examine how
paleovegetation as recorded by phytolith assemblages
changed through time. Vegetation and landscape
reconstructions provide context not only for the
habitats of the Barstow fauna but also shed light on
floral responses to the changing climate conditions of
the MMCO.

Methods
Sixty-eight sediment samples were collected at 20-m
intervals through 12 stratigraphic sections measured
in the Mud Hills, Calico Mountains, and Daggett
Ridge (Fig. 1). These sections include the entire thickness of the Barstow Formation, and all members
were sampled. Six samples were collected in the Owl
Conglomerate Member, 30 samples were collected
in the Middle Member, and 31 were collected in the
Upper Member (Table 1). Phytoliths were sampled
from sediment ranging in grain size from clay to
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Figure 1. Locations of measured sections from which phytoliths were sampled in the Mud Hills, Calico Mountains, and Daggett
Ridge. 1, 2, Truck Top Wash; 3, 4, 5, Falkenbach Wash; 6, Hell Gate Basin; 7, Cal-Uranium Prospect Canyon; 8, 9, Owl Canyon;
10, Copper City Rd; 11, Little Borate; 12, Daggett Ridge. Stratigraphic positions of phytolith-bearing samples are indicated with
asterisks. Ages of tuffs are from MacFadden et al. (1990) and Miller et al. (2013), and age of tufa is from Cole et al. (2005).

fine sand. In general, A and B horizons of paleosols should have the highest chance of preserving
phytoliths and were typically targeted for sampling.
Paleosols in the Barstow Formation are restricted
to the uppermost ~100 m of the Upper Member,
exposed in Truck Top Wash (Fig. 1), and six samples
were collected in weakly to moderately developed
paleosols at this location. Given the overall dearth
of paleosols in the rest of the formation, sampling
efforts were not restricted to any particular lithology,
and rather, we sampled a variety of lithologies in
each member. We sampled siltstones, claystones, fine
sandstones, marls, and ashes to test how phytolith
preservation might differ with sediment type in the
Barstow Formation.
Samples were processed at the Earth System
Science Laboratory in the Department of Earth
and Environmental Sciences at the University of
2015 desert symposium

Michigan, Ann Arbor, following the procedure for
extraction and heavy-liquid separation outlined by
Strömberg et al. (2007) for 1 g of sediment. Processed
samples were mounted on slides using Cargille
Meltmount (refraction index 1.534) mounting
medium and immersion oil (Cargille Non-Drying
Immersion Oil Type A) for rotation to characterize
the 3D and surface morphology for initial phytolith
identification, and slides were examined on either a
Leica DMP-1500 or a Nikon LV-100 transmitted light
microscope at 1000x. For this preliminary report,
samples were qualitatively, rather than quantitatively,
assessed based on initial slides of sample extractions.
Phytolith identifications were made using Strömberg
(2003) and the modern reference collection compiled
by S.Y. Smith at University of Michigan, and
following the morphotype terminology of Strömberg
(2003) and Piperno (2006).
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Table 1. Samples collected for phytolith analysis from the three members of the Barstow
Formation in the Mud Hills, Calico Mountains, and Daggett Ridge, San Bernardino County,
California (Fig. 1).

Table 2. Lithology of samples, phytolith morphotypes, and morphotype interpretation of samples
from the Owl Conglomerate Member (OC), Middle Member (MM), and Upper Member (UM).

Results
Of 39 samples that have
been processed, 10
contain identifiable phytoliths. In seven of these
samples, few phytoliths
have been observed in the
slides (Table 2), and we
do not consider these as
robust evidence of phytolith preservation. Of the
remaining three samples,
two contain phytolith
assemblages that are sufficiently well-preserved and
abundant to be counted
in order to determine the
proportion of closed- to
open-habitat taxa. The
third sample yields very
low numbers of not very
well preserved phytoliths.
The phytoliths in these
10 samples, however, are
types that are diagnostic
of specific clades or are
indicative of climatic
conditions, and therefore
provide useful paleoenvironmental information
(Fig. 2).
Owl Conglomerate
Member
Two of the processed
samples collected in
the Owl Conglomerate
Member in the Mud
Hills have yielded low
numbers of phytoliths
(Table 2). These samples
were collected from
thin grayish yellow
green (5GY 7/2) siltstone
and yellowish gray (5Y
7/2) claystone layers
that occur within the
thicker sequences of
cross-stratified fine- to
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coarse-grained, pebble-lag-bearing
sandstone that characterize the Owl
Conglomerate Member (Fig. 1). We
observed several morphotypes in these
samples, including a bilobate and a
polylobate—both grass silica short cells
(GSSCs), an elongate, and two as-yet
unidentified globular bodies (Fig. 2).
Middle Member
One out of 17 processed samples from
the Middle Member has produced
phytoliths. This sample was collected at
the Little Borate section in the Calico
Mountains (Fig. 1) from a ~230-mthick sequence of thin (0.5 – 2.0 cm),
alternating layers of light gray marl,
siltstone, and olive claystone. This
sequence represents lacustrine sediments that may have experienced
increasing evaporative conditions
during deposition of the upper part
of the section, where gypsum layers
occur (Park, 1995). The sample, taken
from a layer of siltstone, has produced
as-yet unidentified globular bodies and
numerous diatoms.

Figure 2. Examples of phytoliths recovered from the Barstow Formation. A,
Polylobate; B, Elongate; C, Bilobate; D, Rondel; E, Echinate sphere of a palm;
F, Tracheary elements (circled); G, Indeterminate globular body. A, C–D are
characteristic GSSC phytoliths of grasses.

Upper Member
The six stratigraphically highest samples collected
have the highest numbers of identifiable phytoliths,
including the two samples with assemblages suitable
for quantitative analysis in the future. These samples
were all collected in Truck Top Wash (Fig. 1), where
the uppermost part of the Upper Member is exposed.
The two assemblages that can be quantitatively
characterized in the future come from pale yellowish
brown (10YR 6/2) siltstone and clayey siltstone
showing moderately developed pedogenic features
(slickensides, mottles, redoximorphic depletions, root
casts, and filled cracks). In addition, other samples
with identifiable phytoliths were collected from light
brown (5YR 6/4) siltstone and claystone with moderately developed pedogenic features (slickensides,
fine root traces, carbonate nodules, and manganese
concentrations), yellowish gray (5Y 7/2) weakly pedogenic siltstone (fine root casts, carbonate nodules),
and pale yellowish brown (10YR 6/2) sandy siltstone.
Large (~10–15 μm) and small (~ 5–10 μm) echinate
spheres are present in two Truck Top Wash samples,
2015 desert symposium

and bilobate GSSCs are present in three samples from
Truck Top Wash, making them the most common
phytolith morphotypes among Truck Top Wash
samples. Other GSSCs (polylobates and rondels) as
well as less diagnostic morphotypes such as tracheary
elements and elongates also occur in these samples
but are much less prevalent. Various as-yet unidentified globular bodies and diatoms were also seen in
three samples from the Upper Member.

Discussion
Although the results of these phytolith analyses are
preliminary, it is possible to identify some components of Barstow Formation vegetation at this stage.
The data recovered to date from the analyzed samples
do not allow robust estimates of open- vs. closedhabitat taxa, but some morphologies are diagnostic
of specific taxa, indicating that the plants from which
they derive were present in ecosystems of the Barstow
Basin.
At least six observed morphologies can be confidently identified to taxon. Echinate spheres and
bilobate GSSCs (Fig. 2) were the most common and
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most reliably identified morphologies in any of the
samples analyzed. Echinate spheres are derived
from the leaves and seeds of palms, and bilobates are
characteristic of grasses (Piperno, 2006). Polylobates,
rondels (Fig. 2), and crenates are also referable to
various grass clades; further characterization of the
precise morphologies will allow us to identify the
clades to which these phytoliths belong. Some globular bodies in these samples superficially resemble
druse spheres that are diagnostic of members of the
Zingiberales order (gingers and relatives). Phytoliths
referable to this clade are found in middle and late
Miocene samples from the Great Plains (Strömberg,
2005) and are strong indicators of humid, frost-free
conditions (Chen and Smith, 2013). These and other
spherical or globular phytolith morphologies in the
Barstow samples do not appear to be diagnostic of
any particular group and cannot be used to indicate climate. More work is necessary to describe
these morphologies and to determine if they can be
assigned to a particular taxonomic group or functional type.
Phytoliths through the MMCO
The two stratigraphically lowest samples in this study
that bear phytoliths are from the Little Borate and
Daggett Ridge sections (Fig. 1). It is difficult to correlate strata between Daggett Ridge and the Calico
Mountains, but the estimated ages of these samples
place them near and potentially before the onset
of the MMCO: the sample from Little Borate came
from lacustrine siltstone 28.5 m above a tuff dated at
17.6 Ma (Miller et al., 2013). The age of the Barstow
Formation at Daggett Ridge is not well constrained,
but the sample was collected below the level of a
fossil locality dated biostratigraphically at 16.0 Ma
(Reynolds et al., 2010). The phytolith morphologies
from Daggett Ridge and Little Borate have not been
described and cannot be assigned to a taxon. The rare
and indeterminate phytoliths from these sections
make it difficult to establish a pre- or early-MMCO
flora in the Barstow Formation.
In Owl Canyon, samples from the Owl Conglomerate Member were collected ~60 m below a prominent tufa layer that Cole et al. (2005) dated at 16.14
Ma. Phytolith morphologies from these samples
are referable to grasses, in particular the bilobates
and polylobates, which may indicate the presence
of grasses belonging to the Pooideae or PACCAD
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(Panicoideae, Centothecoideae, Chloridoideae, Arundinoideae, Danthonioideae, Aristidoideae) clades.
Grasses within these clades typically occur in open
or dry habitats (Strömberg, 2004). With continued
work, we may be able to identify to which of these
clades the morphotypes belong and potentially
distinguish between grasses using the C3 or C4 photosynthetic pathways (see Smiley et al., this volume).
Rare druse bodies from these samples are similar to
zingiberalean morphotypes, but globular morphotypes are commonly found in numerous plant types
and taxa, and cannot be referred to any clade. The
diverse identifiable GSSC morphotypes from the
sampled layer in the Owl Conglomerate Member
may indicate an open ecosystem rather than forest
or mixed-forest habitat. The facies from which these
samples were collected represent fine-grained interfluve or channel-proximal floodplain environments
that may have received too much active deposition
and disturbance to allow the establishment of woody
forest-dwelling taxa.
The stratigraphically highest samples from the
Barstow Formation were collected above the Hemicyon Tuff, dated at 14.0 Ma (MacFadden et al., 1990;
Woodburne et al., 1990). The paleosols in this part of
the Upper Member indicate well-drained floodplain
environments that may have experienced seasonal
changes in precipitation. The phytolith assemblages
from these moderately developed paleosols produce a
mixture of palm and grass bodies, and could suggest
the presence of a palm savanna-type ecosystem
during deposition of the uppermost Barstow
Formation.
Barstow environments during the MMCO
Few of the identified phytolith types are referable to
taxa used as paleoenvironmental indicators. Palm
phytoliths are abundant at the top of the section
(Table 2) and are robust indicators of warm, frostfree climates after 14.0 Ma, but their absence in all
other samples makes it difficult to compare these
conditions to those during the MMCO. It is unclear
whether grasses were present on the Barstow landscape by the beginning of the MMCO, but GSSC
morphotypes in the Owl Conglomerate and Upper
members show that grasses were present before deposition of the 16.14 Ma tufa of Cole et al. (2005). The
diversity of GSSC morphotypes is highest at the top
of the formation, which was deposited after the end
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of the MMCO. It is unclear at this stage whether the
increase in occurrence of grass phytoliths through
the section is related to progressive opening of environments with time or instead a taphonomic artefact.
Palms were reported as present in the Rainbow
Loop Flora in the Middle Member of the Barstow
Formation (Alf, 1970). Aquatic, riparian, woodland,
and upland floral communities are suggested by
this assemblage from the middle part of the MMCO
(Reynolds and Schweich, 2013). In their analysis of
the Rainbow Loop Flora, Reynolds and Schweich
(2013) expected the presence of grasses in the woodland community, and this prediction seems more
likely in light of the findings of this study. More
sampling is needed to demonstrate the presence
of grasses at the level of the Rainbow Loop Flora
and elsewhere within the Middle Member in order
to indicate how grass abundance may have varied
through the MMCO.

Conclusions
These initial results provide a glimpse into the
changing Barstow ecosystems during the MMCO
and add to our understanding of Barstow flora,
heretofore known only from the Rainbow Loop
Flora and Solomon Skyline localities. These initial
results indicate that siltstones and claystones preserve
phytoliths more readily than the sandstone, marl, or
ash layers sampled, although phytolith preservation
is highly variable. Paleosols in the Barstow seem to
have the highest potential of preserving phytoliths,
although the Upper Member sample from Owl
Canyon demonstrates that identifiable phytoliths can
be extracted from drab-colored facies. Continued
sampling and sample processing will potentially yield
more phytoliths and provide additional evidence
of vegetation composition in the Barstow Formation and how it may have changed in response to
changing Miocene climates.
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abstract—Lacustrine and fluvial volcaniclastic deposits of the Pickhandle Formation in the western Calico Mountains reveal clues about the nature of volcanism in the
Mojave Desert during the Miocene. Tuff deposits preserved in a lacustrine environment
of the Calico Hills provide an opportunity to study volcanic deposits that would have
otherwise been removed by erosion. These units reveal frequent explosive rhyolite eruptions that were contemporaneous with effusive dacite dome activity. The volcanic activity
generated thick layers of vitric tuff that were subsequently incorporated into debris flows
on the margin of the Miocene lakebed. Previous research shows that the domes were
likely surrounded by water-filled “moats” that supported aquatic gastropods with distinct
habitat requirements. Eventually the depositional environment transitioned from lacustrine to fluvial due to continued input of clastic sediment and volcanic material. This
research examines the recurrent volcanic activity recorded in debris flows throughout
the Pickhandle Formation, as well as the gradual transition from lacustrine to fluvial
deposition.

Introduction
The Mojave Desert has been volcanically active
since the beginning of Mojave and Basin and Range
extension approximately 22 Ma ago. Previous work
in the Pickhandle Formation (Dibblee, 1968; Dokka,
1986; Dibblee, 1994; Glazner and others, 2002;
Singleton & Gans, 2008) has established that the
Miocene Pickhandle Formation represents a period
of significant volcanic activity during deposition of
sediments from approximately 23.7-21.3 Ma (Fillmore, and Walker, 1996; Singleton, 2004).The extent
of Miocene explosive rhyolite eruptions is difficult to
constrain due primarily to the lack of preservation
of pyroclastic sequences. In many areas, subaerial
volcaniclastic sediments from the Miocene are only
locally preserved in the rock record, and a portion
of that record has been preserved in the lacustrine
and fluvial environment that is preserved in the
Pickhandle Formation. Despite the reworking of
these sediments, it is possible to gain further understanding of the nature of volcanism during deposition of the formation. Clasts in the debris flow
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deposits containing rock, pumice, and glass shard
fragments show that eruptions were large enough
to produce pyroclastic flows, and the eruptions
increased in volume and/or magnitude toward the
end of the deposition of the Pickhandle Formation.
It is possible, although difficult to show, that the
explosive rhyolite activity continued at a slower pace
during deposition of the Barstow Formation.
Description of study area and methods
The stratigraphic section for this study is located
in the northwestern Calico Mountains west of Fort
Irwin Road (Fig. 1). The northwest-trending volcaniclastic units are exposed on a crustal block that
is tilted 30° down to the southwest and bounded
unconformably at the base by Paleozoic metasedimentary rocks. The top of the unit is covered by
alluvium and the units are traceable along strike for
only a short distance of 1-2 km before either being
truncated by dacite domes or covered by alluvium.
The volcaniclastic units were mapped and documented by Clifford and Garrison (2012), and have
been previously mapped by T.H McCulloh (1960),
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Figure 1 Geologic map after Singleton and Gans (2008), showing
the rock units in the study area. The white area represents
covered sections. The study area is delineated by the rectangle.
The boundary between the Paleozoic metasedimentary rocks
and the Pickhandle Formation is an unconformable contact. The
field area is to the north of Barstow, as shown by the inset

Dibblee (1968) and Singleton & Gans (2008). Samples
were collected for geochemistry and analyzed using
x-ray fluorescence (XRF) analysis at the University of
Washington GeoAnalytical Laboratory. Thin sections
were made at Cal State University, Los Angeles
(CSULA) for petrographic analysis and photomicrographs. A large sample of fossiliferous siltstone was
collected from which the gastropods were removed
and analyzed.

suggests that the domes were erupted contemporaneously with deposition of the rhyolitic volcaniclastic
units. Geochemical data show that the dacite domes
have a different composition than the rhyolite and
therefore are not likely to be from the same source
(Clifford and Garrison, 2012). Tephra deposits
occur as breccia blocks throughout the intrabasinal
deposits, and fluvial sediments and sedimentary
structures indicate transition from lacustrine to
fluvial depositional environments that probably
resulted from continued input of clastic sediment
and volcanic material. The source of the volcanism is
presumed to be near the Calico Mountains, although
this is difficult to determine on the basis of the Pickhandle sediments alone. The units within the Pickhandle Formation record recurrent, explosive rhyolite
volcanism in the central Mojave Desert during the
early Miocene.

Structure
The type section of the Pickhandle Formation
at Pickhandle Pass in the northwestern Calico

Lithology
The Pickhandle Formation consists primarily of
volcaniclastic sedimentary rocks deposited in a
lacustrine and fluvial environment. Much of the
primary ash has been altered to clay and diagenesis
has reduced the porosity of the pumice, although
some of the original primary textures have preserved.
The base of the formation consists of fine-grained
volcanic ash deposits. These deposits are succeeded
by volcaniclastic breccia that contains pumice clasts
and large blocks of vitric tuff that represent debris
flows deposited in a lacustrine/fluvial setting. Debris
flow deposits near the top of the exposed section are
composed entirely of blocks of vitric tuff in an ash
matrix, suggesting that eruptions were ongoing and
large enough to produce thick deposits. Angular
clasts of dacite eroded from lava domes are found
throughout the Pickhandle Formation, and evidence
60

Figure 2. Stratigraphic column from the study area. The base
of the section is comprised of metasedimentary rocks that are
unconformably in contact with volcaniclastic siltstone. The top
of the section is not shown. The fossiliferous siltstone is a thin
unit several cm thick. Stratigraphic column from Clifford and
Garrison (2012).
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Mountains (McCulloh, 1960) records deposition of
volcanic ash in a rapidly extending basin synchronous with extension caused by movement along the
Waterman Hills detachment fault (Fillmore and
Walker, 1996).

Stratigraphy
The lowest unit in the study area records accumulation of ash and tephra in a lacustrine environment.
This three meter thick, white-colored, fine-grained
bed is primarily fine-grained volcanic material. The
ash layer grades upward into sequences of pumice
lapilli-rich siltstones and sandstones that contain
varying amounts of clastic sediment, and all have
been referred to as volcanic breccia by previous
researchers. These pumice clast-rich beds contain
pumice lapilli that range from 1–10 cm, and they

record repeated and continued eruptions of pumice
and ash from a local source. Within the fluvial
system are gastropods and traces of roots that were
previously not identified or recorded in the Pickhandle Formation and represent deposition during
a short period in a lacustrine system. The gastropods are tentatively identified as Lymnaea sp. and
Menetus? (Figure 3a, 3b, 4) that previously have been
described from the Barstow Formation (Taylor, 1954;
Plyley et al, 2013). The habitat requirement for both
genera is quiet to slow moving water with abundant
vegetation (Fig 5). The fossils occur in a bed of siltstone/mudstone a few cm thick that is continuous for
several meters and contains pristine crystals of biotite
and sanidine. Thin parallel laminations are consistent with this being a quiet, relatively deep lacustrine
environment. Immediately below the fossiliferous

Figure 3 a and b (above left and right): Lymnaea sp. freshwater gastropods.

Figure 4: Menetus? sp. freshwater gastropods.
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Figure 5: Water reeds with gastropods.
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unit is a coarse-grained arenite with oxidized laminations, and above this unit is a coarser grained (1
cm clasts) breccia deposit.
The euhedral crystals of biotite, sanidine and
quartz are likely related to eruptions of rhyolite
ash deposited fairly continuously throughout the
time these sediments were being deposited. The
pristine euhedral conditions indicate there was
only minor transport of these grains. The deposits
above the gastropod-bearing bed contain lapilli-size
volcanic material, and locally much larger pumice
and blocks of tuff up to 30 cm in diameter. These
beds were likely deposited on the edge of the basin
and collapsed into lake and river system. Above the
large-pumice block breccia, the deposits have characteristics of fluvial processes, including reworking
of clastic and volcanic sediment in a mud-supported
matrix. The youngest unit exposed in the field area is
a clast-supported deposit composed of pumice clasts
and ash-fall tuff blocks up to 14 cm in diameter. In
these youngest deposits, there was still mass wasting
of volcanic deposits into the expanding basin;
however, the role of water in the system appears to
have been minimal. Pickhandle volcanism between
23.7–21.3 Ma (Fillmore and Walker, 1996; Singleton,
2004) is older than the Barstow Formation to the
west in the Mud Hills and is well below the 16 Ma old
shoreline MSL and BPL marker units (Reynolds and
Miller, 2010; Reynolds and others, 2010). However,
volcanism was concurrent with eastern facies of
the Barstow Formation where distinctive shoreline
markers lie below the Peach Spring Tuff (Reynolds et
al., 2010) that has a revised age of 18.8 Ma (Ferguson
et al., 2013).

Conclusion
The distribution of ash among many beds in the
Pickhandle Formation and the size of the pumice
clasts in the tuff fragments in breccia units indicates
the volcanic source was close to the Calico Hills,
and that explosive eruptions produced repeated ash
deposits.
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abstract—Integrated biostratigraphic, radiometric, and magnetostratigraphic data,
although not consistently available, indicate some fossil land mammal assemblages previously regarded as temporal correlatives of the late Hemingfordian lower Sheep Creek
Fauna on one hand or the earlier Barstovian Green Hills Fauna on the other are actually intermediate but still earlier Barstovian in age. Such assemblages include the upper
Sheep Creek Fauna, the Rak Division Fauna, the middle Alvord Mountain Fauna, the
middle Lower Cajon Valley Fauna, the Lower West Dry Canyon Local Fauna, all but one
of which include a medium body-sized subspecies of the unusually tapir-like oreodontid
artiodactyl Brachycrus laticeps, and the Massacre Lake Local Fauna, which represents the
first North American appearance datum of proboscideans. Most of the faunas are from
magnetozones assignable to Chron C5Cn and, consequently, are no younger than 15.974
Ma in age, and/or overlie volcanic units no more than 16.64 Ma old. Therefore, the assemblages are considered correlatives herein. Based on the upper boundary stipulated for the
corresponding stratotype in the original definition the Hemingfordian North American
Land Mammal Age (NALMA) and use of the first North American appearance datum of
proboscideans in recognizing the Barstovian NALMA, those assemblages are all regarded
as earliest Barstovian in age. Accordingly, this paper suggests that the Hemingfordian–
Barstovian NALMA boundary is relocated downward to Sheep Creek Ash No. 3 and the
Rak Tuff in the respective type areas and 0.326–0.666 Ma back in time, thereby ensuring
compliance with the original definitions of the Hemingfordian and Barstovian NALMAs
and the principal “base defines boundary.”

Introduction
Wood et al. (1941) defined the Barstovian North
American Land Mammal Age (NALMA) partly
by the earliest North American occurrence of
proboscideans. The first North American appearance datum of proboscideans is in the Massacre
Lake Local Fauna from the Massacre Lake Beds
of the southeastern Columbia Plateau Province in
Washoe County, northwestern Nevada (Figure 1).
However, that assemblage has been regarded as late
Hemingfordian in age by all workers (e.g., Morea
2015 desert symposium

1981, Woodburne and Swisher 1995, Tedford et al.
2004, Tedford et al. 2004). On the other hand, that
assemblage appears to be a temporal correlative of
the middle Alvord Mountain Fauna on the basis of
radiometric data (see below). The Alvord Mountain
Fauna occurs in the Barstow Formation at Alvord
Mountain in the central Mojave Desert Province of
San Bernardino County, southeastern California.
Nevertheless, the latter assemblage has been considered early Barstovian in age and a correlative of the
Green Hills Fauna by Woodburne et al. (1982:fig. 3),
63
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Figure 1. Locations of some stratigraphic units discussed in
text. 1 = Unit 3, Cajon Valley Formation, southern and central
Cajon Valley, southwestern margin of Mojave Desert Province,
San Bernardino County; 2 = Dry Canyon, southeastern
Cuyama (Valley) Badlands, Ventura County, southern Coast
Ranges Province; 3 = lower part of middle member of Bopesta
Formation, Cache Peak area, southernmost Sierra Nevada
Province, Kern County; 4a = Green Hills Division (= lower
part of Resistant Breccia Member and middle part of Middle
Member) of Barstow Formation, Coon Canyon-Rainbow Basin
area of Mud Hills (First Division = Fossiliferous Tuff or Upper
Member = Barstovian NALMA stratotype), and 4b = lower
member of Barstow Formation, near northern corner of Alvord
Mountain, central Mojave Desert Province, San Bernardino
County, southern California; 5 = Massacre Lake Beds of High
Rock caldera complex, approximately 6 miles (10 kilometers)
west of Massacre Lake, southeastern Columbia Plateau Province,
Washoe County, northwestern Nevada. Abbreviations: Bk =
Bakersfield, Br = Barstow, LA = Los Angeles, M = Mojave, SBa
= Santa Barbara, SBe = San Bernardino, T = Tehachapi, Ve =
Ventura, Vi = Victorville.

Woodburne (1991), and Woodburne and Reynolds
(2010) because both contain the rather tapir-like
oreodontid artiodactyl Brachycrus buwaldi (= B.
laticeps on basis of similar cranial anatomies and
priority; Lander 1977, 1985, 1998, 2013a–b, Kelly
and Lander 1988) (Figure 1). Brachycrus laticeps
also occurs in the Sheep Creek and Lower Snake
Creek Faunas of the Sheep Creek and overlying
Olcott Formations in the Hemingfordian NALMA
type area of the central Great Plains Province of the
northwestern Nebraska Panhandle in Sioux County
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(Lander 1977, 1985, 1998, 2013a–b, Kelly and Lander
1988, Pagnac 2009) (Figure 1).
The Brachycrus biochron is characterized by
rapid changes in cranial anatomy (including evolution of an unusually tapir-like muzzle and conical
tympanic bulla) and P1–M3 length through time
(Figures 2–3). Such changes make the genus especially useful for refined long-range temporal correlation of assemblages and the fossil-bearing strata.
Although Brachycrus has been considered dominantly late Hemingfordian to early Barstovian in
age by most workers, the Brachycrus biochron was
regarded as early middle Hemingfordian to late
middle Barstovian by Lander (2013a–b), based on
integrated biostratigraphic, radiometric, and magnetostratigraphic data. However, he did not consider
the earliest late Barstovian, large-bodied record of the
genus that Lander (1998) and Tedford (1999, 2004)
referred to the Eubanks Fauna sensu lato from the
lower part of the Pawnee Creek Formation in the
central Great Plains Province of Weld County in
northeastern Colorado The purposes of this paper
are (1) to more rigorously document the ages and
temporal correlation of some assemblages containing
the genus and (2) to use the biostratigraphic record
of the genus in conjunction with radiometric and
magnetostratigraphic data to evaluate the placement of the Hemingfordian–Barstovian NALMA
boundary in the respective type areas of the northwestern Nebraska Panhandle and southeastern
California.

Abbreviations, acronyms, and initialisms
Institutional initialisms
AMNH = American Museum of Natural History
Division of Paleontology, CIT = California Institute of Technology (collection now at LACM), CM
= Carnegie Museum of Natural History, F:AM
= Frick:American Mammals (collection now at
AMNH), F–B:AM = Frick–Barbour collection (now
at AMNH), KUVP = University of Kansas Natural
History Museum, Vertebrate Paleontology Division,
LACM = Natural History Museum of Los Angeles
County Department of Vertebrate Paleontology,
UALP = University of Arizona Laboratory of Paleontology, UCMP = University of California Museum of
Paleontology, UCR = University of California, Riverside (collection now at UCMP), USGS = United States
Geological Survey, USNM = United States National
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Museum, Smithsonian Institution, UW = University
of Wyoming Geological Museum.
Abbreviations and other initialisms
1st Layer = First Layer above Rak or Third Division,
Ar/Ar = 40argon/39argon, km = kilometers, Ka-Ar =
40
potassium-40argon, m = meters, Ma = megannums/
mega-annums or million years, mm = millimeters,
NALMA = North American land mammal age, No.
= Number.

Methods
Except where noted otherwise, the data and resulting
conclusions presented below and in Figures 3–5 and
Table 1 are mostly after Lander (2013a, see fig. 3,
table 1, 2013b, see figs. G-1–G-2). However, some data
have been updated or added and the corresponding
conclusions revised as necessary. The Hemingfordian
and Barstovian NALMAs were originally defined
by Wood et al. (1941), but have been reviewed and
clarified, refined, or revised by a number of subsequent workers (e.g., McKenna 1965, Galusha et al.
1966, Woodburne et al. 1982, 1990, Woodburne and
Tedford 1982, Lander 1985, 2013a–b, Evander 1986,
Tedford et al. 1987, 2004, Kelly and Lander 1988,
Lindsay 1991, 1995, Pagnac 2009, Woodburne and
Reynolds 2010). Most of those authors concentrated
on the Barstovian NALMA type area (Figure 1), but
some focused at least in part on placement of the
Hemingfordian–Barstovian NALMA boundary in
the respective type areas. Unfortunately, opinions
have varied dramatically concerning the positions
of the boundary in both areas because of ambiguities in the original definitions of the two NALMAs.
Consequently, revisions of the two land mammal
ages are proposed herein, thus ensuring the ages
conform more closely to Wood et al. (1941) regarding
the stratigraphic levels of the boundary in both
type areas. Subdivisions of the two ages are based
primarily on the biochronology of Brachycrus and
also follow Lander (2013a, see fig. 3, 2013b, see fig.
G-1), but that, too, has been modified to reflect relocation of the Hemingfordian–Barstovian NALMA
boundary in the two type areas, as discussed later
and depicted in Figures 3–5. The ages (in Ma) of the
chron boundaries in the Geomagnetic Polarity Time
Scale are after Hilgen et al. (2012) and Ogg (2012).
The P1–M3 length of a Brachycrus specimen is the
distance from the anterior margin of the P1 (or anterior P1 root or alveolus if tooth broken or missing)
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to the base of the posterior edge of the M3 metastyle,
and roughly parallel to the occlusal surface of the
toothrow. That distance was measured using the
outer jaws of a dial Vernier caliper. As necessary, a
measurement was corrected for cracking and subsequent spreading of the toothrow using the internal
jaws of the caliper and subtracting the resulting
distance between adjacent teeth from the P1–M3
length. Whenever possible, mean P1–M3 lengths
were calculated and compiled for stratigraphically
and geographically restricted samples. Fluctuations in mean P1–M3 length through time appear to
correspond temporally to shifts in global temperature
during the Middle Miocene Climatic Optimum and
are regarded as phenotypic responses to a varying
resource base (Lander 2013a, see fig. 3, table 1).

Hemingfordian and Barstovian NALMA
stratotypes
Hemingfordian NALMA
The Hemingfordian and succeeding Barstovian
NALMA Ages provide a temporal framework for
evaluating the ages of those land mammal assemblages containing the oreodontid Brachycrus. Wood
et al. (1941) based the Hemingfordian NALMA
specifically and in part on the restricted or lower
Sheep Creek Fauna from the lower Sheep Creek Beds
of Cook and Cook (1933) (but showed Sheep Creek
Local Fauna instead of lower Sheep Creek Fauna in
their plate 1). The lower Sheep Creek Fauna is referred
to herein as the Middle Sheep Creek Local Fauna (=
Upper Sheep Creek Local Fauna of Lander 2013a–b)
of the Sheep Creek Fauna. However, Wood et al.
(1941) explicitly excluded any overlying assemblage
or unit from their definition of the land mammal age,
specifically citing those units included in the Sheep
Creek Formation as extended upward by Lugn (1939).
Nearly all the fossil occurrences from the Sheep
Creek Formation were found below Sheep Creek
Ash No. 3 (Skinner et al. 1977). The ash lies 6–9 feet
(1.8–2.7 m) below the top of the middle member
in the Aphelops Draw–Merychippus Draw area and
is 16.3–16.4 Ma old on the basis of Ar/Ar analyses
(Figure 4a; Skinner et al. 1977:figs. 4, 6, C.C. Swisher
III unpublished data in Woodburne et al. 1990,
Swisher 1992, Tedford et al. 2004, Izett and Obradovich 2001, but last determination is 16.64 Ma when
recalculated as prescribed therein). Consequently,
the Middle Sheep Creek Local Fauna occurs below
65
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Figure 2. Temporally superposed skulls of Brachycrus subtaxa
illustrating changes in cranial anatomy and average adult body
size through time. After Lander (2013a:fig. 3) and modified
from Schultz and Falkenbach (1940). Lateral views. Respective
specimen locality data provided in Table 1.

Sheep Creek Ash No. 3 and, therefore, that portion
of the middle member below the ash represents the
uppermost part of the Hemingfordian NALMA
stratotype (Figures 4a, 5). The Sheep Creek Fauna
includes the taxonomically similar assemblages (i.e.,
Lower Sheep Creek Local Fauna of Lander 2013a–b
and this report) from the disconformably underlying,
lower member of the Sheep Creek Formation (Figures
4a, 5; Skinner et al. 1977, Lander 2013a–b). The lower
member of the formation was not known to exist
until first documented by Skinner et al. (1977).
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H.J. Cook (personal communication in McKenna
1965) considered the upper Sheep Creek Beds to be
part of the Sheep Creek Formation. Remains of the
bird Crytonyx cooki collected by H.J. Cook in 1933
were stated to be from the upper Sheep Creek Beds
and above a “heavy ash layer” (= Sheep Creek Ash
No. 3) in the Aphelops Draw area (Skinner et al.
1977:342). In the Aphelops Draw–Merychippus Draw
area, the Sheep Creek Formation is unconformably
overlain by the Clarendonian to Hemphillian Snake
Creek Formation and Sheep Creek Ash No. 3 is the
only prominent tuff unit (see Skinner et al. 1977:fig.
6). Therefore and contrary to McKenna (1965), the
upper Sheep Creek Beds and the respective fauna (=
Upper Sheep Creek Local Fauna of this report) are
from the upper 6–9 feet (1.8–2.7 m) of the middle
member of the Sheep Creek Formation immediately
overlying Sheep Ash No. 3 in the Aphelops Draw–
Merychippus Draw area, not from the lower part of
the succeeding Lower Snake Creek Beds (= Olcott
Formation; Skinner et al. 1977) (Figure 4a).
Following Lander (2013a–b), (1) the Lower Sheep
Creek Local Fauna from the lower member of the
Sheep Creek Formation includes a medium bodysized subspecies of Brachycrus laticeps (i.e., B. laticeps wilsoni), the oldest record of the species, (2)
the Middle Sheep Creek Local Fauna in the lower
part of the middle member below Sheep Creek Ash
No. 3 contains a large bodied subspecies assigned
questionably to B. laticeps laticeps, and (3) the Lower
Snake Creek Fauna of the overlying Olcott Formation
includes secondarily small-bodied B. laticeps siouense
(Figures 2–3, 5, Table 1; Lander 1977, 1985:fig. 4,
2013a:fig. 3, table 1, 2013b:fig. G-1, Kelly and Lander
1988:fig. 4, table 1). Brachycrus laticeps wilsoni is
more derived than late middle Hemingfordian B.
Figure 3 (facing page). Brachycrus Curve exhibiting changes
in mean P1–M3 length through time. Updated from Lander
(2013a:fig. 3, table 1, 2013b:fig. G-2) (see text for specific
changes). Geomagnetic Polarity Time Scale (in Ma) after Hilgen
et al. (2012) and Ogg (2012). Respective specimen locality and
statistical data provided in Table 1. Refer to text for information
on radiometric age determinations. Abbreviations: 3WA =
No. 3 White Ash, 4WA = No. 4 White Ash, CA = California,
CFm. = Caliente Formation, FAST = Fine Ashy and Shaly Tuff,
Fm. = Formation, loc. = locality, mi. = mile, n. subsp. = new
subspecies, NE = Nebraska or northeast, NM = New Mexico,
NWA = Nambé White Ash, OT = Oreodont Tuff, SCA3 = Sheep
Creek Ash No. 3, sml.-bod. var. = smaller-bodied variety, SRF
= Split Rock Formation, SRT = Split Rock Tuff, VVT = Valley
View Tuff, WY = Wyoming. See text for other abbreviations.
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sweetwaterensis from the Split Rock Formation in the
Rocky Mountains Province of Fremont and Natrona
Counties, central Wyoming (Figure 2; Munthe and
Lander 1973, Lander 1977, 1985, 1998, 2013a–b, Kelly
and Lander 1988). The type and topotype specimens of large-bodied B. laticeps laticeps are from the
Flint Creek Beds east of New Chicago in the Rocky
Mountains Province of Granite County, southwestern Montana. In contrast to other formations
in southwestern Montana that have also produced
large-bodied B. laticeps (see Table 1), the Flint Creek
Beds have yielded no proboscidean remains. Consequently, the corresponding Flint Creek Local Fauna is
regarded herein as a probable temporal correlative of
the Middle Sheep Creek Local Fauna and, thus, late
Hemingfordian rather than early Barstovian in age,
contrary to Tedford et al. (1987, see fig. 6.2, 2004:fig.
6.2). Correspondingly, the Brachycrus record from
the middle member of the Sheep Creek Formation is
assigned questionably herein to B. laticeps laticeps.
Cook and Cook (1933) recorded Pronomotherium
siouense from the upper Sheep Creek Beds. That
record probably represents B. laticeps new subspecies
(medium body sized A)?, which is discussed below.
Mean P1–M3 length in B. laticeps siouense of the
Olcott Formation mostly increases from the lower
member to Mill Quarry in the Echo Quarry Paleovalley Fill (Figure 3, Table 1; Lander 2013a–b). Mill
Quarry produced the most derived mammal assemblage known from the Olcott Formation (Skinner et
al. 1977).
Based on data just provided and the upper limit
for the Hemingfordian NALMA stratotype specified by Wood et al. (1941), the Lower Sheep Creek
Local Fauna is regarded in this report as early late
Hemingfordian in age and the Middle Sheep Creek
Local Fauna is considered latest Hemingfordian,
whereas the Upper Sheep Creek Local Fauna is
viewed as earliest Barstovian in age (Figures 3, 5).
Correspondingly, the Hemingfordian–Barstovian
NALMA boundary (1) is situated at Sheep Creek
Ash No. 3 rather than between the Sheep Creek and
overlying Olcott Formations (contrary to Tedford
et al. 1987, see fig. 6.2, 2004:fig. 6.2) and (2) is as old
as 16.64 Ma in age (Figure 4a). Following Lander
(2013a, see fig. 3, 2013b:fig. G-1), the Lower Snake
Creek Fauna is regarded as middle Barstovian in
age because it contains Brachycrus laticeps siouense
(Figure 3, Table 1). Although Skinner et al. (1977)
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did not report any proboscidean remains from the
Olcott Formation and Tedford et al. (1987) noted
their apparent absence, Cook and Cook (1933) listed
the mammutid proboscidean Miomastodon (=
Zygolophodon; Lambert and Shoshani 1998) from the
Lower Snake Creek Beds (= Olcott Formation). If that
record and its provenance are correctly identified,
then the Lower Snake Creek Fauna is Barstovian in
age by definition and not Hemingfordian, contrary
to Wilson (1960), Schultz and Stout (1961), and
Evander (1986). Such an age assignment is supported
by the fauna’s stratigraphic position (i.e., above latest
Hemingfordian Middle Sheep Creek Local Fauna).
Barstovian NALMA—Barstow Formation of Mud
Hills
The Barstovian NALMA stratotype spans the Fossiliferous Tuff or Upper Member of the Barstow Formation in the Mud Hills (Figure 1), about 875 miles
(roughly 1,410 km) southwest of the Hemingfordian
stratotype. As recognized in the Mud Hills, the
Barstow Formation currently consists of a number of
successive units and assemblages, including (1) the
Red Division Quarry Local Fauna of the Red Division Fauna from the Red Division (= upper parts
of Tuff-Breccia and Owl Conglomerate Members),
(2) the Rak Division Fauna of the Rak Division (=
Fine Ashy and Shaly Tuff Member and lower part
of Middle Member), (3) the Green Hills Fauna from
the Green Hills Division (= lower part of Resistant
Breccia Member and middle part of Middle Member;
incorrectly labeled as Lower Member by Woodburne and Tedford 1982:fig. 4), (4) the Second Division Fauna of the Second Division (= upper parts of
Resistant Breccia and Middle Members), and (5) the
Barstow Fauna (= First Division Fauna of Pagnac
2009) from the First Division (= Fossiliferous Tuff
or Upper Member) (Figures 4a–5; Woodburne et al.
1990:fig. 2, Woodburne 1991:fig. 5). Although the
Green Hills Division and the corresponding fauna
have generally been acknowledged as extending from
Steepside Quarry upward to just below Valley View
Quarry, Galusha et al. (1966), in contrast to nearly
all later researchers, included the 60 feet (18.3 m) or
so of strata underlying Steepside Quarry. For that
reason, Lander (2013a, see fig. 3, table 1) correspondingly included taxonomically similar assemblages
from that basal interval (= First Layer above Rak or
Third Division) in the Green Hills Fauna (Figures
2015 desert symposium
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Figures 4a–b.
Stratigraphic columnar
sections for fossil land
mammal-bearing
units of middle
Hemingfordian to
middle Barstovian age,
southern California,
northwestern Nevada,
central Wyoming, and
northwestern Nebraska
Panhandle. Modified
from Lander (2013a:fig.
3, 2013b:fig. G-2).
Individual sections with
some modifications
from: A, Kelly and
Lander (1988:fig. 5) and
Prothero et al. (2008b:fig.
6), B, Woodburne
and Golz (1972:figs.
7–8) and Liu (1990:fig.
16), C, Woodburne
et al. (1990:figs. 4,
6), MacFadden et
al. (1990:fig. 7), and
Woodburne (1996:fig. 5),
D, Munthe (1979:table
3) and Liter et al.
(2008:fig. 4), E, Skinner
et al. (1977:fig. 6e), F,
Prothero et al. (2008a:fig.
4), and G, Quinn
(1987:plate 2) and Coles
et al. (1997:fig. 6). See
respective papers for
explanations to lithologic
fill patterns. Refer to
text for information
on radiometric age
determinations.
Geomagnetic Polarity
Time Scale (in Ma) after
Hilgen et al. (2012) and
Ogg (2012). Levels of
magnetostratigraphic
samples in section A
located only tentatively
(modified from Prothero
et al. 2008a:fig. 6).
Abbreviations: 1st Layer
= First Layer above
Rak or Third Division,
B = Brachycrus, C =
Copemys, FAD = first
appearance datum,
low. = lower, mbr. =
member, SCLF = Sheep
Creek Local Fauna, Z
= Zygolophodon. Refer
to text and Figure 3 for
additional abbreviations.
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4a–b). As also shown by Galusha et al. (1966), the
Green Hills Division extends upward to roughly 100
feet (30.5 m) below Valley View Quarry.
The Rak Tuff at the top of the Rak Division is
16.30 and 16.56 Ma old on the basis of K-Ar and Ar/
Ar radiometric dating analyses, respectively (Ar/
Ar determination = younger of two in bimodal
distribution) (Figures 4a–b; Woodburne et al. 1990,
MacFadden et al. 1990:489). The Oreodont Tuff lies
just a few feet (about a meter) below rather than
above Oreodont Quarry (contrary to Woodburne et
al. 1990:468; MacFadden et al. 1990:489, Tedford et
al. 1987:196, R.E. Reynolds 2013 personal communication to M.O. Woodburne in Lander 2013a).
Oreodont Quarry, in turn, sits about 180 feet (55 m)
above the base of the Green Hills Division (Galusha
et al. 1966). The Oreodont Tuff is 15.50–15.80 and
15.88 Ma in age on the basis of K-Ar and Ar/Ar
analyses, respectively (Figure 3; Woodburne et al.
1990, MacFadden et al. 1990). The Valley View Tuff
lies near the base of the Second Division and presumably, therefore, near the level of Valley View Quarry
(see Galusha 1966, Woodburne 1991:fig. 4, Pagnac
2009:fig. 3). The latter tuff is 15.27 Ma old (average
of two Ar/Ar determinations of 15.26 and 15.28 Ma)
(Figure 3; C.C. Swisher III 1991 personal communications in Woodburne 1991 and Woodburne and
Reynolds 2010).
All but the very top and bottom of the Red
Division consists of a reversed magnetozone (R2)
assigned to Chron C5Cr by Woodburne et al.
(1990:fig. 6) and MacFadden et al. (1990:figs. 7–8).
The next four overlying normal magnetozones
(N2–N5) and the three intervening reversed magnetozones (R3–R5) extend from just below the Rak
Tuff to a level just below Steepside Quarry (i.e., near
contact between Rak and Green Hills Divisions)
and were assigned to Chron C5Cn by those authors
(Figures 4a–b). Consequently, the contact between
the Rak and Green Hills Divisions is about 15.974
Ma in age (Figures 4a–b). In contrast to the latter
workers, Woodburne (1996:fig. 5) correlated magnetozones R6–R7 in the Green Hills and lower Second
Divisions with Chron C5Br rather than C5Br–C5ADr
(Figures 4a–b), regarding intervening magnetozone
N6 as representing an excursion during Chron C5Br
not recorded in the Geomagnetic Polarity Time
Scale.
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Wood et al. (1941) based the Barstovian NALMA
specifically on the assemblages (i.e., Barstow Fauna)
from the Fossiliferous Tuff or Upper Member.
However, they noted that (1) strata of Barstovian age
might include units older than the Barstow Formation and (2) the Barstovian NALMA might include
assemblages older than the Barstow Fauna and any
other assemblage then known from the formation,
and (3) the uppermost part of the Hemingford Group
(as represented incorrectly in their plate 1 by Box
Butte Member, now known to precede Sheep Creek
Formation; Galusha 1975) was probably of Barstovian age. The Barstovian NALMA was defined partly
by the occurrence of (1) index taxa then thought to
have been restricted to that land mammal age, some
of which were founded on type specimens from the
Upper Member (e.g., ursid or hemicyonid carnivore
Hemicyon [or Plithocyon; i.e., P. barstowensis], tayassuid artiodactyl Dyseohyus fricki), and (2) other taxa
that first appeared during the interval, some of which
were also recorded from the Upper Member (e.g.,
proboscideans) (Galusha et al. 1966, Woodburne
1969, Woodburne et al. 1982, 1990, Woodburne and
Tedford 1982, and subsequent authors). However,
earlier occurrences of those taxa from below the
Upper Member were not yet known when the Barstovian NALMA was defined by Wood et al. (1941).
Since then, P. barstowensis and D. fricki have been
found very near the base of the underlying Green
Hills Division of the Barstow Formation at Steepside
Quarry (Figures 4a–b; Galusha et al. 1966, Woodburne 1969, Woodburne et al. 1982, 1990, Woodburne and Tedford 1982, Pagnac 2009:fig. 3, and
other recent workers). Moreover, some of the assemblages designated as principal correlatives of the
Barstovian NALMA by Wood et al. (1941) were actually temporal correlatives of the Green Hills Fauna
rather than the overlying type Barstovian Barstow
Fauna (Tedford et al. 1987). At least partly for
those reasons, Woodburne (1969), Woodburne and
Tedford (1982), Woodburne et al. (1982), and most
subsequent researchers have followed Galusha et al.
(1966) in extending the concept of the Barstovian
NALMA downward to include the Green Hills Fauna
at Steepside Quarry. Therefore and perhaps again
following Galusha et al. (1966), most later workers
beginning with Woodburne (1969) and Woodburne
and Tedford (1982) (e.g., Tedford et al. 1987, see fig.
6.2, 2004, see fig. 6.2) have regarded the Barstow
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Fauna as late Barstovian in age. Correspondingly,
those authors have also considered the Green Hills
Fauna (and coeval Lower Snake Creek Fauna from
northwestern Nebraska Panhandle) early Barstovian
because (1) some Barstovian index taxa are members
of the Green Hills Fauna and (2) several of the principal correlatives of the Barstovian NALMA (e.g.,
Deep River Fauna of southwestern Montana, Virgin
Valley Fauna of northwestern Nevada, Mascall Fauna
of north-central Oregon) are actually temporal
correlatives of the Green Hills Fauna rather than the
type Barstovian Barstow Fauna. Lander (2013a–b)
also viewed the assemblages from the First Layer or
lower 60 feet (18.3 m) of the Green Hills Division
underlying Steepside Quarry (i.e., basal or lowermost
Green Hills Fauna) as early Barstovian in age, not
latest Hemingfordian (Figures 3–4b).
Galusha et al. (1966) combined those taxa later
assigned to the Red Division and Rak Division
Faunas in their Faunal Unit C, which they considered latest Hemingfordian in age. The Red Division
Quarry Local Fauna occurs at Red Division Quarry,
which lies about 100 feet (30.5 m) below the Rak Tuff
at the top of the Red Division and, therefore, below
the top of the reversed magnetozone correlated with
Chron C5Cr (i.e., the assemblage is greater than
16.721 Ma old) (Figures 4a–b; Woodburne 1991,
Woodburne and Reynolds 2010; see Woodburne
et al. 1990:fig. 6, MacFadden et al. 1990:figs. 7–8).
Virtually all workers beginning with Woodburne et
al. (1982, 1990) and Woodburne and Tedford (1982)
have regarded the Red Division Local Fauna as late
or latest Hemingfordian in age. On the other hand,
Lander (2013b) noted the assemblage, rather than
being a temporal correlative of the late Hemingfordian Lower and Middle Sheep Creek Local Faunas
from the top of the Hemingfordian NALMA stratotype in the northwestern Nebraska Panhandle,
might instead be middle Hemingfordian in age and
a correlative of the upper Split Rock Local Fauna of
central Wyoming on the basis of biostratigraphic,
radiometric, and magnetostratigraphic data (Figures
4a, 5). The Red Division Quarry Local Fauna includes
the oreodontid Merychyus fletcheri, which might be
a junior synonym of early late Hemingfordian to
middle Barstovian M. relictus, and the equid perissodactyl Parapliohippus carrizoensis (Schultz and
Falkenbach 1947, Galusha et al. 1966, Woodburne
et al. 1982, 1990, Woodburne and Tedford 1982,
2015 desert symposium

Woodburne 1991, Woodburne and Reynolds 2010,
Lander 2013b).
The Rak Division Fauna has also been considered late or latest Hemingfordian in age by nearly
all researchers beginning with Woodburne et al.
(1990). However, Lindsay (1991, 1995) extended the
Barstovian NALMA age downward into the lower
part of the Rak Division and a level approximately
865 feet (265 m) below Steepside Quarry, based on
the lowest local occurrence of the cricetid rodent
Copemys (i.e., C. pagei) at UALP locality 9009 (Figure
4a). Correspondingly, he regarded the upper Rak
Division Fauna as earliest Barstovian in age. Previously, the record of the genus from Steepside Quarry
had been accepted as the first local occurrence of
the genus and was used by Woodburne et al. (1990)
and Tedford et al. (1987 but not 2004) to define the
beginning of the Barstovian NALMA. Based on the
new record of Copemys, Tedford et al. (2004:fig. 6.2)
rejected continued use of that genus to mark the
commencement of the Barstovian NALMA, but did
continue using the first local appearance of Plithocyon at Steepside Quarry to define the start of the
land mammal age. Copemys was not included in the
original definition of the Barstovian NALMA age.
On the other hand, radiometric age determinations of 16.30–16.56 Ma for the Rak Tuff at the
base of the Rak Division are virtually the same as
those (16.30–16.64 Ma) for Sheep Creek Ash No.
3 at the top of the Hemingfordian NALMA stratotype, suggesting the two units are nearly coeval
(Figure 4a). Thus, (1) the Rak Division Fauna and the
earliest Barstovian Upper Sheep Creek Local Fauna,
which immediately overlies Sheep Creek Ash No.
3, are probably temporal correlatives and, accordingly, (2) the Rak Division Fauna is also considered
earliest Barstovian in age herein rather than latest
Hemingfordian (Figures 4a, 5). Consequently, the
Hemingfordian–Barstovian NALMA boundary is
relocated in this report (1) roughly 860 feet (260 m)
downward, from 60 feet (18.3 m) above the base of
the Green Hills Division at Steepside Quarry to the
Rak Tuff at the base of the Rak Division, and, based
on radiometric and magnetostratigraphic data, (2)
about 0.326–0.666 Ma back in time (Figures 4a–b).
Doing so is in complete compliance with the definitions for the Hemingfordian and Barstovian NALMA
by Wood et al. (1941) and the principal “base defines
boundary.” Correspondingly, the overlying lower
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Green Hills Fauna is considered late early Barstovian
in age in this contribution, contrary to Lander (1985),
who regarded the fauna as late Hemingfordian and a
temporal correlative of the Lower and Middle Sheep
Creek Faunas (Figure 5). The absence of Plithocyon,
Dyseohyus fricki, proboscideans, and other Barstovian first occurrences and index taxa from the
taxonomically depauperate Rak Division Fauna is
not considered temporally significant herein because
other taxa (e.g., oreodontid Brachycrus, equid Parapliohippus) found in correlative assemblages from
southern California, northwestern Nevada, and the
northwestern Nebraska Panhandle are also missing.
Following Lander (2013a, see fig. 3, 2013b:fig. G-1),
the late early Barstovian, lower Green Hills Fauna
from 960–1,060 feet (295–325 m) below the Skyline
Tuff includes three successive larger-bodied subspecies of Brachycrus laticeps. Those taxa include (1)
large-bodied, early late early Barstovian B. laticeps
altiramus? from the First Layer above the Rak or
Third Division in the lower 60 feet (18.3 m) of the
Green Hills Division, (2) medium body-sized, middle
late early Barstovian B. laticeps buwaldi? from 60
feet (18.3 m) above the base of the division at Steepside Quarry, and (3) secondarily large-bodied, latest
early Barstovian B. laticeps new subspecies (largebodied)? from 100 feet (30.5 m) above the base at
Sunset Quarry (Figure 3, Table 1; distances approximate; see Galusha et al. 1966). If, on the other hand,
Steepside Quarry is at the base of the Green Hills
Division, then (1) the specimens from the First Layer
(including specimen from 40 feet [12.2 m] above
Rak Division) would be from about the same level as
Sunset Quarry rather than below Steepside Quarry
and (2) the Sunset Quarry specimen, accordingly,
would also be assignable questionably to B. laticeps
altiramus (see Lander 1985:fig. 4, Kelly and Lander
1988:fig. 4).
The type specimen of large bodied Brachycrus
laticeps mooki (= B. laticeps altiramus on basis of
priority and similar cranial anatomies, body size,
and geologic age; Lander 2013a:table 1) is from the
Deep River Formation in the White Sulfur Springs
area of the Rocky Mountains Province in Meagher
County, southwestern Montana (Table 1). The type
specimens of large-bodied Brachycrus altiramus (= B.
laticeps altiramus; Lander 2013a) and of B. elrodi and
B. madisonius are from the Madison Valley Formation in the nearby lower Madison Valley in Gallatin
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County (Table 1). Both formations have also yielded
the mammutid Zygolophodon (Lambert and Shoshani
1998, Tedford et al. 2004), although the occurrence
from the Madison Valley Formation might be as
young as early Clarendonian in age (Prothero et al.
2008a). The Deep River Formation was designated
as a Barstovian principal correlative by Wood et al.
(1941). Based on the records of B. laticeps altiramus
and Zygolophodon, the corresponding Deep River
and Madison Valley Faunas are regarded herein as
late early Barstovian in age. Questionably assigned
to B. laticeps altiramus are the similarly large-bodied
records of Brachycrus laticeps from the First Layer
above the Rak or Third Division at the base of the
Green Hills Division (Figure 4, Table 1). However, the
large individual from Sunset Quarry slightly higher
in the lower part of the division instead of those
from the First Layer might be assignable to B. laticeps altiramus?. On the other hand, even an earliest
late Barstovian age assignment for the Deep River
and Madison Valley Faunas cannot be discounted
because a large-bodied individual of Brachycrus is
also found in the Eubanks Fauna sensu lato from
the lower part of the Pawnee Creek Formation in the
Chalk Bluffs of the central Great Plains Province in
Weld Colorado, northeastern Colorado (see Lander
1998, Tedford 1999, 2004). Unfortunately, B. elrodi
and B. madisonius are based on partial dentaries
taxonomically indeterminate at the specific level.
Nevertheless, both type specimens appear to represent smaller-bodied individuals of B. laticeps (see
Schultz and Falkenbach 1940:table 1). Consequently,
the respective species likely would have priority over
B. laticeps buwaldi, B. laticeps siouense, or B. laticeps
riograndensis. If coeval, B. madisonius would also
have page priority of B. elrodi. Brachycrus madisonius
might be the taxon Tedford et al. (2004:190) assigned
incorrectly to middle Hemingfordian B. rusticus,
which is too old and primitive to be a member of the
Madison Valley Fauna.
The type specimen of Brachycrus laticeps buwaldi
is from 800–1,000 feet (245–305 m) below the Skyline
Tuff. Based on such information and the P1–M3
lengths for that specimen and the type specimen of
its possible junior synonym, B. buwaldi barstowensis
from the First or Second Layer above the Third (=
Rak) Division (see Figure 3, Table 1), the two individuals are probably from an interval extending from
as low as Steepside Quarry to one as high as Deep
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Figure 5. Brachycrus biochron and correlation of some Brachycrus-bearing assemblages from western half of United States of
America (modified from Lander 2008:fig. 2). Assemblages containing Brachycrus indicated with bold type. Data for radiometric age
determinations: 1 = Split Rock Tuff, which is bracketed by Split Rock Fauna from Split Rock Formation in central Wyoming (Lander
2013a) (Ar/Ar analysis; upper value from Izett and Obradovich 2001, whereas lower one is same determination after recalculation
as specified therein); 2 = Sheep Creek Ash No. 3, which is bracketed by Middle and Upper Sheep Creek Local Faunas in middle
member of Sheep Creek Formation in northwestern Nebraska Panhandle (Ar/Ar analyses; upper value from C.C. Swisher III
unpublished data in Woodburne et al. 1990, whereas lower one recalculated from original determination of 16.4 Ma, as specified by
Izett and Obradovich 2001); 3 = Oreodont Tuff, which lies several feet (about a meter) below Oreodont Quarry and is bracketed by
upper Green Hills Fauna from Green Hills Division of Barstow Formation in Mud Hills of south-eastern California (A/Ar analysis,
but K-Ar determinations of 15.50–15.80 Ma, as well [not shown]; MacFadden et al. 1990); 4 = Valley View Tuff, which overlies Green
Hills Fauna at Camp Quarry and underlies Second Division Fauna at Valley View Quarry in Barstow Formation of Mud Hills (Ar/
Ar analysis, average of two determinations of 15.26 and 15.28 Ma; C.C. Swisher III 1991 personal communication in Woodburne
1991); 5 = tuff associated with Eubanks Fauna sensu lato in first fining-upward sequence of Pawnee Creek Formation at Davis
Ranch locality in Chalk Bluffs (Ar/Ar analysis; Tedford 1999, 2004); 6 = tuff associated with Eubanks Fauna sensu lato in third or
fourth fining-upward sequence of Pawnee Creek Formation at Davis Ranch locality in Chalk Bluffs (K-Ar analysis; C.C. Swisher
unpublished data in Tedford 1999, 2004). Abbreviations: CO = Colorado, KS = Kansas, LF = Local Fauna, Mtn. = Mountain. See
text and Figure 3 for other abbreviations.

Quarry (= Lower Green Hills Quarry; R.L. Evander
written communication June 19, 2013) (level of Deep
Quarry follows Pagnac 2009:fig. 1, not Galusha et
al. 1966 or Lander 2013a:fig. 3, 2013b:fig. G-1). For
that reason, the assignment of the Steepside Quarry
sample to B. laticeps buwaldi is queried and the
taxonomic status of B. buwaldi barstowensis remains
unresolved.
Again following Lander (2013a, see fig. 3,
2013b:fig. G-1), the middle Barstovian, upper Green
Hills Fauna from 450–910 feet (135–275 m) below
the Skyline Tuff includes three successive smallerbodied subspecies of Brachycrus laticeps, including
(1) medium body-sized, early middle Barstovian B.
laticeps new subspecies (medium body-sized B)? from
150 feet (45 m) above the base of the Green Hills
Division at Lower Green Hills (= Deep) Quarry, (2)
small-bodied, middle middle Barstovian B. laticeps siouense (smaller-bodied variety) from 180 feet
(55 m) above the base of the division at Oreodont
Quarry, and (3) small-bodied, late middle Barstovian
2015 desert symposium

B. laticeps riograndensis from 620 feet (185 m) above
the base (Figure 3, Table 1; distances approximate;
see Galusha et al. 1966, Pagnac 2009:fig. 1). The
P1–M3 lengths of the specimens from Lower Green
Hills Quarry are greater than that for any specimen
from the lower, middle, or upper member of the
Olcott Formation, whereas the length for the occurrence from Oreodont Quarry is very near the mean
of that parameter for the sample from the lower
member (Figure 3, Table 1). Consequently, that
portion of the Lower Snake Creek Fauna from the
lower member of the Olcott Formation postdates
the assemblages from Steepside, Sunset, and Lower
Green Hills Quarry (Figures 3, 5). On the other hand,
mean P1–M3 lengths for the B. laticeps siouense
samples from the Olcott Formation increases from
the lower member to the Echo Quarry Paleovalley
Fill at Mill Quarry, which contains medium bodysized B. laticeps siouense (larger-bodied variety)
(Figure 3, Table 1). Therefore, the Lower Snake Creek
Fauna probably predates the assemblage from Camp
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Quarry and, correspondingly, is regarded herein
as middle middle Barstovian in age (Figure 3). The
type and perhaps the probable topotype specimens
of B. laticeps riograndensis are from between the No.
3 and 4 White Ashes in the Skull Ridge Member of
the Tesuque Formation in the southern Basin and
Range Province of Santa Fe County, north-central
New Mexico. The ashes are 15.4 and 15.3 Ma old,
respectively, on the basis of Ar/Ar analysis (Izett and
Obradovich 2001; determinations are 15.62 and 15.5
Ma when recalculated as prescribed therein). Those
determinations suggest the latter two individuals are
younger than those from Oreodont Quarry and older
than any assemblage from the Second Division at or
near the Valley View Tuff, which is 15.27 Ma in age,
based on Ar/Ar analysis (Figure 3; C.C. Swisher III
1991 personal communications in Woodburne 1991
and Woodburne and Reynolds 2010). Accordingly,
the Camp Quarry assemblage is about the same age
as the type and topotype specimens of B. laticeps
riograndensis, to which the Camp Quarry sample of
B. laticeps is assigned (Figure 3, Table 1).

Age of proboscidean first North American
appearance datum
The Massacre Lake Local Fauna occurs in the
Massacre Lake Beds of the Columbia Plateau Province in Washoe County, northwestern Nevada
(Figure 1). The Massacre Lake Local Fauna has been
considered late Hemingfordian in age by all workers
(e.g., Morea 1981, Swisher 1992, Woodburne and
Swisher 1995, Tedford et al. 2004, Prothero et al.
2008a), despite representing the earliest North American appearance of proboscideans (i.e., mammutid
Zygolophodon at UCMP locality V6161). The first
North American occurrence of proboscideans is
one of the criteria defining the Barstovian NALMA
(Wood et al. 1941).
The Massacre Lake Local Fauna occurs in a
reversed magnetozone bracketed by the underlying Massacre Lake Basalt and overlying Tuff of
Big Basin, which are 16.328 and 16.474 Ma in age,
respectively, on the basis of A/Ar radiometric dating
analysis (Swisher 1992, Tedford et al. 2004, Prothero
et al. 2008a:fig. 4). Consequently, the magnetozone
is correlated with Chron C5Cn.1r or C5Cn.2r in
this report (Figure 4b). The radiometric age determinations are similar to those for Sheep Creek Ash
No. 3 and the Rak Tuff, which are 16.30–16.4 and
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16.30–16.56 Ma old, respectively, on the basis of
K-Ar and Ar/Ar analyses (Figure 4a; C.C. Swisher III
unpublished data in Woodburne et al. 1990, Swisher
1992, Tedford et al. 2004, Izett and Obradovich 2001,
but latter determination for Sheep Creek Ash No. 3
is 16.64 Ma when recalculated as prescribed therein).
Radiometric and magnetostratigraphic data suggest
the Massacre Lake Local Fauna is (1) no older than
16.543 Ma in age and, therefore, (2) slightly younger
than the latest (type) Hemingfordian Middle Sheep
Creek Local Fauna from just below Sheep Creek Ash
No. 3 in the lower part of the middle member of the
Sheep Creek Formation (i.e., at the top of Hemingfordian NALMA stratotype) in the northwestern
Nebraska Panhandle. Accordingly, the Massacre
Lake Local Fauna is correlated in this report with
the earliest Barstovian Upper Sheep Creek Local
Fauna from immediately above the ash in the upper
6–9 feet (1.8–2.7 m) of the middle member, and
a portion of the coeval Rak Division Fauna from
one of the three thin reversed magnetozones representing Chron C5Cn in the Rak Division, which
overlies the Rak Tuff of the Barstow Formation in the
Barstovian NALMA type area of the Mud Hills in
southeastern California (Figures 4a–b; Skinner et al.
1977:fig. 6, Woodburne et al. 1990:fig.6, MacFadden
et al. 1990:figs. 7–8). Because Wood et al. (1941) (1)
excluded fossil land mammal assemblages younger
than the lower Sheep Creek Fauna (= Middle Sheep
Creek Local Fauna herein) from their definition of
the Hemingfordian NALMA and (2) specified the
first appearance of proboscideans as a basis for recognizing the Barstovian NALMA, they probably would
have regarded the Massacre Lake Local Fauna as
earliest Barstovian rather than latest Hemingfordian
in age, irrespective of its presumed correlation.

Additional records of Brachycrus laticeps
from southern California
Barstow Formation at Alvord Mountain
Alvord Mountain is situated in the central Mojave
Desert Province of San Bernardino County (Figure
1). Brachycrus (i.e., B. laticeps new subspecies
[medium body sized A]?) was found about 165 feet
(50 m) below the top of the lower member of the
Barstow Formation at USGS locality “D319” (not
nearby USGS locality D319 in tuffaceous middle
member, contrary to Byers 1960; R.H. Tedford
unpublished data in Woodburne et al. 1982,
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Woodburne 1991, and Woodburne and Reynolds
2010). USGS locality “D319” lies near the northern
corner of Alvord Mountain and roughly 490 feet
(150 m) above the lower of three basaltic flows in
the lower member near Clews Ridge at the eastern
corner of Alvord Mountain (Figure 3, Table 1; Byers
1960, Lewis 1968, Woodburne et al. 1982, Lander
1985, Woodburne 1991, Woodburne and Reynolds
2010, R.H. Tedford unpublished data in Woodburne
et al. 1982, R.H. Tedford personal communications
in Woodburne 1991 and Woodburne and Reynolds
2010). Brachycrus laticeps new subspecies (medium
body sized A)? is a member of the middle Alvord
Mountain Fauna (Figure 5). The lower basaltic flow
is 16.47 Ma in age on the basis of Ar/Ar analysis
(C.C. Swisher III 1991 personal communications
in Woodburne 1991 and Woodburne and Reynolds 2010). That radiometric age determination and
K-Ar and Ar/Ar determinations of 16.30–16.56 and
16.30–16.64 Ma for the Rak Tuff and Sheep Creek
Ash No. 3, respectively, indicate the assemblage from
USGS locality “D319” is somewhat younger than the
Red Division Quarry and Middle Sheep Creek Local
Faunas, which underlie the two tuff units. Instead,
the assemblage from USGS locality “D319” might
be the same age as (1) the earliest Barstovian Upper
Sheep Creek Local Fauna from immediately above
Sheep Creek Ash No. 3 in the uppermost part of the
middle member of the Sheep Creek Formation in the
northwestern Nebraska Panhandle, and (2) the Rak
Division Fauna from the Rak Division of the Barstow
Formation in the Mud Hills (see Figure 4a). Magnetostratigraphic data suggest the depauperate Rak
Division Fauna, which does not contain Brachycrus,
is no younger than 15.974 Ma in age (Figures 4a–b).
Consequently, the record of medium body-sized B.
laticeps from USGS locality “D319” might be the
same subspecies as and coeval with the one presumed
to occur in the Upper Sheep Creek Local Fauna
(Figure 5). Unfortunately, magnetostratigraphic data
are not available for the Barstow Formation at Alvord
Mountain.
Cajon Valley Formation
The Cajon Valley Formation (included in Punchbowl
Formation by Woodburne and Golz 1972) is exposed
in central and southern Cajon Valley along the southwestern margin of the Mojave Desert Province in San
Bernardino County (Figure 1). A medium body-sized
2015 desert symposium

individual of Brachycrus laticeps was found at UCR
locality 6766 in southern Cajon Valley (Woodburne
and Golz 1972, Lander 1977, 2013b, Kelly and Lander
1988) and is a member of the middle Lower Cajon
Valley Fauna. UCR locality RV6766 lies (1) approximately 500 feet (150 m) above the local base of Unit
3, but (2) roughly 600 feet (185 m) above the base of
the unit when projected into the composite stratigraphic columnar section of central Cajon Valley
(Figure 4a; Woodburne and Golz 1972:53, fig. 8). If
projected accurately, then the fossil-bearing level at
UCR locality RV6766 is laterally equivalent to one
lying immediately below the top of the upper of two
normal magnetozones in Unit 3 that Liu (1990:figs.
15–16) assigned to Chron C5Dn (i.e., the Brachycrus record is slightly older than 15.974 Ma old)
(Figure 4a). Consequently, the middle Lower Cajon
Valley Fauna is probably a temporal correlative of
the uppermost Rak Division Fauna from the upper
of four normal magnetozones in the Rak Division
and earliest Barstovian in age (Figure 4a). On the
other hand, the middle Lower Cajon Valley Fauna
is probably younger than the middle Alvord Mountain Fauna from the lower member of the Barstow
Formation at USGS locality “D319” on Alvord
Mountain. The latter locality has produced earliest
Barstovian B. laticeps new subspecies (medium body
sized A)? and lies roughly 490 feet (150 m) above a
basaltic flow that is 16.47 Ma old on the basis of Ar/
Ar analysis (see above; C.C. Swisher III 1991 personal
communications in Woodburne 1991 and Woodburne and Reynolds 2010). However, a p1–m3 length
of approximately 139 mm or slightly more suggests
UCR 10877 (partial right dentary with p1–m3 [p1–2
roots] figured by Woodburne and Golz 1972:plate 7)
represents a larger individual than that represented
by the specimen from USGS locality “D319,” but
one perhaps comparable in body size to the smallest
example of B. laticeps altiramus? from the First Layer
above the Rak or Third Division at the base of the
Green Hills Division of the Barstow Formation in the
Mud Hills (see Figure 3, Table 1). Consequently, UCR
10877 probably represents a record transitional in
time and body size between B. laticeps new subspecies (medium body sized A)? and B. laticeps altiramus?. If, instead, UCR locality RV6766 is actually
from the lowermost part of the overlying reversed
magnetozone that Liu (1990:figs. 15–16) assigned
to Chron C5Br, then UCR 10877 would likely be
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referable to late early Barstovian B. laticeps altiramus?
or B. laticeps buwaldi?, which occur in the lower part
of the Green Hills Division of the Barstow Formation
(i.e., in First Layer above Rak or Third Division and
at Steepside Quarry) in the Mud Hills (Figure 4a).
Caliente Formation
The Caliente Formation is found in the southern
Coast Ranges Province, including the Dry Canyon
area of the Cuyama (Valley) Badlands in Ventura
County (Figure 1).As indicated by Lander (2013b),
the Dry Canyon stratigraphic columnar section
of Prothero et al. (2008b:fig. 6) does not match the
corresponding section in Kelly and Lander (1988:fig.
5) or Lander (2013b:fig. G-2). For example, stratigraphic intervals between successive fossil localities
in Prothero et al. (2008b:fig. 6) were illustrated with
markedly different thicknesses compared to their
depictions in Kelly and Lander (1988:fig. 5) and
Lander (2013b:fig. G-2) (e.g., section between units
containing UCMP localities V5674 and V6763, etc.,
7.5 times thicker). Moreover, some localities were
(1) shown occurring in different lithologic units
(e.g., UCMP locality V5674 shown in comparatively
resistant coarse-grained unit instead of overlying
finer-grained and less resistant interval), (2) associated with clusters of localities from different units
(e.g., LACM localities 5604, 5824, and 5827 from two
levels in same unit were grouped with UCMP localities V5670, etc., and V5823, etc., from two horizons
in an overlying unit, (3) shown separately from others
in the same cluster and at the same level (e.g., LACM
locality 5609 shown above rather than at same level
as UCMP localities V6763–V6764), (4) assigned to the
wrong magnetozone (e.g., UCMP locality V5674; see
below), (5) misnumbered (e.g., UCMP locality V5825
should have been V5826), or (6) not shown at all (e.g.,
LACM localities 5605–5606). Furthermore, declination and/or inclination data for many magnetostratigraphic samples in table 1 of Prothero et al. (2008b)
(e.g., samples 4–5) bear little resemblance to the
respective plots in their figure 6, and the polarities
identified for some samples appear to be incorrect.
Consequently, adding magnetostratigraphic data and
sampling site locations to the Dry Canyon section
in Figure 4a was difficult and, therefore, levels of
magnetozone boundaries and magnetostratigraphic
sampling sites should be considered tentative.
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Much of the following discussion is based on
James (1963), Kelly and Lander (1988, see fig. 5),
Prothero et al. (2008b, see fig. 6), Lander (2013a, see
fig. 3, table 1, 2013b, see fig. G-2), and on the appropriate stratigraphic columnar section (A) in Figure
4a. The lowest local occurrence of Brachycrus, most
likely B. laticeps new subspecies (medium body sized
A)? (UCMP 80396, dentary with dentition), is from
UCMP locality V6766, which is in a comparatively
thin and nonresistant claystone–mudstone unit that
probably occurs at about the same level as sampling
site 18. Additional records of the genus were found
from slightly higher in the same unit at LACM localities 5607–5608 (localities shown too high in section
by Prothero et al. 2008b:fig. 6), which likely lie at the
same horizon as sampling site 19. The claystone–
mudstone interval just mentioned (1) produced the
upper Lower West Dry Canyon Local Fauna of the
West Dry Canyon Fauna and (2) is separated from
the next overlying and much thicker claystone–
mudstone/fine-grained sandstone sequence by a
comparatively thin but resistant and coarse-grained
sandstone unit. The latter claystone–mudstone
sequence contains (1) LACM localities 5605–5606,
(2) the respective Upper West Dry Canyon Local
Fauna of the West Dry Canyon Fauna, and (3)
perhaps sampling site 20. Brachycrus laticeps new
subspecies (medium body sized A)? occurs at LACM
locality 5605–5606, an uncataloged LACM skull
with dentition having been found at LACM locality
5606 (Figure 3, Table 1). The last unit, in turn, is
separated from the next such interval containing
LACM locality 5604, the Lower Dome Spring Fauna,
and maybe sampling site 21 near its base by another
rather thin, resistant, coarse-grained sandstone unit.
Lander (1013a) regarded the Upper West Dry
Canyon Local Fauna as latest Hemingfordian in age.
Unfortunately, Prothero et al. (2008b) did not include
the respective localities (i.e., LACM localities 5605–
5606; Lander 2013b), the corresponding claystone–
mudstone/fine-grained sandstone sequence, and one
of the two bracketing resistant coarse-grained sandstone units in their figure 6. However, the magnetostratigraphic sample from site 20, which lies at a level
between assemblages of latest Hemingfordian and
earliest Barstovian age (i.e., between LACM localities
5607–5608 and 5604, which produced upper Lower
West Dry Canyon Local Fauna and Lower Dome
Spring Fauna, respectively), was of normal polarity,
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as were all of the samples down to site 10, well below
the interval containing LACM locality 5609 and
UCMP localities V6763–V6764, which yielded the
lower Lower West Dry Canyon Local Fauna. Presumably, therefore, the unit containing the Upper West
Dry Canyon Local Fauna is from near the top of the
same normal magnetozone, which represents Chron
C5Cn (i.e., the West Dry Canyon Fauna is 15.974–
16.721 Ma old). If so, then biostratigraphic, radiometric, and magnetostratigraphic data indicate the
West Dry Canyon Fauna is likely a temporal correlative of (1) the middle Lower Cajon Valley Fauna
from the middle part of Unit 3 of the Cajon Valley
Formation at UCR locality RV6766 in southern Cajon
Valley, (2) the Rak Division Fauna from the Rak
Division of the Barstow Formation in the Mud Hills,
and (3) the middle Alvord Mountain Fauna from the
middle member of the Barstow Formation at USGS
locality “D319” on Alvord Mountain. Therefore, the
West Dry Canyon Fauna is regarded herein as earliest
Barstovian rather than early late or latest Hemingfordian in age, contrary to Kelly and Lander (1988),
Prothero et al. (2008b), and Lander (2013a–b). The
P1–M3 length for the Brachycrus laticeps specimen
from LACM locality 5606 is the same as that for the
record of B. laticeps new subspecies (medium body
sized A)? from USGS locality “D319” (Figure 3, Table
1), but both specimens appear to represent smaller
individuals than the dentary from UCR locality
RV6766, which was shown lying very near the top of
the upper normal magnetozone zone in Unit 3 of the
Cajon Valley Formation by Liu (1990:figs. 15–16). On
the other hand, if future research indicates LACM
locality 5606 is actually in the lower part of the
overlying reversed magnetozone, then the B. laticeps
record from that locality would likely represent (1)
middle late early Barstovian B. laticeps buwaldi?,
which occurs at Steepside Quarry, or (2) early middle
Barstovian B. laticeps new subspecies (medium body
sized B)? from overlying Deep (= Lower Green Hills)
Quarry, both quarries occurring in the Green Hills
Division of the Barstow Formation in the Mud Hills
(Figure 3, Table 1).
UCMP locality V 5824 occurs near the top of
the claystone–mudstone unit that contains LACM
locality 5604, which might be at the same level as
magnetostratigraphic sampling site 21. That interval
is separated from the next similar one by still another
comparatively thin but resistant coarse-grained
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sandstone unit. The assemblages from the two claystone–mudstone sequences constitute the earliest
Barstovian Lower Dome Spring Fauna and are
found in the lower part of a reversed magnetozone
correlated with Chron C5Br. Brachycrus laticeps is
recorded from both localities in the lower claystone–
mudstone unit. The last local occurrences of Brachycrus are from UCMP localities V5670 and V6414
and UCR locality RV7067 (= UCMP locality V5673),
which are near the top of the upper unit and at the
same level as sampling site 22. Additional remains
of the species were found slightly lower in the latter
sequence at UCMP locality V6768. p1–m3 lengths of
119–124 mm for the dentaries from UCMP localities V5824, V5670, and V6768 suggest they represent
small-bodied individuals similar in size to the middle
middle Barstovian, smaller-bodied variety of B.
laticeps siouense from Oreodont Quarry and similarly small-bodied, late middle Barstovian B. laticeps
riograndensis from overlying Camp Quarry in the
upper part of the Green Hills Division of the Barstow
Formation. Consequently, the Lower Dome Spring
Fauna is regarded herein as a temporal correlative
of the upper Green Hills Fauna and middle middle
to late middle Barstovian in age instead of earliest
Barstovian, following Lander (2013a). Correlation
with the Camp Quarry assemblage assumes Woodburne (1996:536–537, fig. 5) was correct in concluding
the lowest normal magnetozone (i.e., N6) in the
Green Hills Division was an excursion during Chron
C5Br not recorded in the Geomagnetic Polarity Time
Scale.
Bopesta Formation
The Bopesta Formation is exposed in the southernmost Sierra Nevada Province of Kern County
(Figure 1). In the stratotype columnar section of
Coles et al. (1997:fig. 6), a thin, basally unbounded,
reversed magnetozone occurs at the base of the lower
member of the formation and is overlain by a thick
normal magnetozone that extends well into the
middle member and in turn is overlain by a thick
reversed magnetozone assigned to C5Br (Figure 4b;
Coles et al. 1997:figs. 6–7, table 1, Lander 2013b: fig.
G-2). The first local occurrence of Brachycrus (i.e.,
B. laticeps) is from CIT locality 498, which lies in
the lower part of the middle member and near the
middle of the normal magnetozone (Quinn 1987:30,
fig. 31, Coles et al. 1997:fig. 6, Lander 2013b:fig.
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G-2). The corresponding specimen (LACM 34179)
is a left m2 with an anteroposterior length of 27.4
mm, suggesting a comparatively large individual
of B. laticeps. (i.e., B. laticeps altiramus?, B. laticeps buwaldi?, or B. laticeps new subspecies [large
bodied]?). Biostratigraphic, radiometric, and magnetostratigraphic data suggest the assemblage from CIT
locality 498 is a temporal correlative of the late early
Barstovian lower Green Hills Fauna from the lower
part of the Green Hills Division (includes First Layer
above Rak or Third Division at base) of the Barstow
Formation at Steepside and Sunset Quarries in the
Mud Hills (Figure 4b).
On the other hand, the last local occurrence of
Brachycrus (uncataloged LACM skull with dentition) is from LACM locality 4900, which lies about
120 feet (35 m) higher in the middle member and the
reversed magnetozone than CIT locality 498 (Quinn
1987:30, fig. 31, Coles et al. 1997:fig. 6). The level of
LACM locality 4900 relative to CIT locality 498 and
the top of the magnetozone, as well as the small body
size indicated by the skull (P1–M3 length = 111 mm;
Table 1), suggest the specimen is assignable to smallbodied, middle middle Barstovian B. laticeps siouense
or similarly small-bodied, late middle Barstovian B.
laticeps riograndensis. The specimen also represents
the smallest known individual of the species and one
of the smallest-bodied records of the genus (Figure
3, Table 1). The two subspecies are members of the
upper Green Hills Fauna and from Oreodont and
Camp Quarries, respectively.

Summary
Radiometric and/or magnetostratigraphic data
indicate the Upper Sheep Creek Local Fauna from
immediately above the Hemingfordian NALMA stratotype, the Rak Division Fauna from far below the
Barstovian NALMA stratotype, the middle Alvord
Mountain Fauna, the middle Lower Cajon Valley
Fauna, the Upper West Dry Canyon Local Fauna,
and the Massacre Lake Fauna are approximately
coeval. Because the latest Hemingfordian Upper
Sheep Creek Local Fauna is from that part of the
Sheep Creek Formation explicitly excluded from the
underlying Hemingfordian stratotype by Wood et al.
(1941) and the Rak Division Fauna underlies the early
Barstovian Green Hills Fauna, the six assemblages
are regarded herein as earliest Barstovian rather
than latest Hemingfordian in age. Thus, the presence
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of a proboscidean in the Massacre Lake Fauna is
not necessary to establish such an age assignment.
Further studies might document other taxa with
earliest Barstovian biochrons or first appearance
datums. On the other hand, some taxa thought to
have had Barstovian biochrons or first appearance
datums might be found to occur in assemblages of
Hemingfordian age. Consequently, the definitions
of the Hemingfordian and/or Barstovian NALMAs
would have to be modified.
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Appendix 1: Table 1
Table 1. Upper cheek tooth-row (P1–M3) lengths and sample means (millimeters) for Brachycrus. See Figure 3. Updated from Lander
(2013a). Abbreviations: M = sample mean, mi. = mile, N = sample size, NE = Nebraska, OR = observed range, uncat. = uncataloged.
California—Barstow, Bopesta, and Caliente Formations
Barstow Formation, Green Hills Division = lower Resistant Breccia or middle Middle Member—Green Hills Fauna
Brachycrus laticeps altiramus?, First Layer above Rak or Third Division: F:AM 42374 (137), 42377 (130); 40 feet (12.2 meters) above Rak Division:
uncat. F:AM specimen (144) (M = 137.0, OR = 130–144, N = 3).
B. laticeps buwaldi, UCMP locality 2057 (800–1,000 feet [244–305 meters] below Skyline Tuff): UCMP 21350 (type specimen) (126).
B. laticeps buwaldi? (possible topotype specimens), upper level of F:AM Steepside Quarry: F:AM 34466 (131), 34467 (129), uncat. F:AM specimens
(123, 136) (M = 129.8, OR = 123–136, N = 4).
B. laticeps buwaldi? (probably includes at least some of following records as topotype specimens): F:AM Ness Quarry: F:AM 42372 (135); First or
Second Layer above Rak or Third Division: F:AM 42402 (B. buwaldi barstowensis type specimen) (125); lower Green Hills Division: uncat. F:AM
specimen (131).
B. laticeps new subspecies (large bodied)?: F:AM Sunset Quarry: uncat. F:AM specimen (139).
B. laticeps new subspecies (medium body sized B)?, F:AM Lower Green Hills Quarry (= F:AM Deep Quarry; R.L. Evander written communication
June 19, 2013) (just below Oreodont Quarry rather than just below Camp Quarry, contrary to Galusha 1966 and Lander 2013a:fig. 3, 2013b:fig.
G-1; Pagnac 2009:fig. 1): F:AM 42379 (123), uncat. F:AM specimen (124) (M = 123.5, OR = 123–124, N = 2).
B. laticeps siouense (smaller-bodied variety), F:AM Oreodont Quarry: uncat. F:AM specimen (116).
B. laticeps riograndensis, F:AM Camp Quarry: uncat. F:AM specimens (114, 116, 117) (M = 115.7, OR = 114–117, N = 3).
B. laticeps siouense (smaller-bodied variety) or B. laticeps riograndensis, F:AM Green Hills Quarry: uncat. F:AM specimens (112, 117) (M = 114.5,
OR = 112–117, N = 2).
Barstow Formation, lower member—middle Alvord Mountain Fauna
Brachycrus laticeps new subspecies (medium body sized A)?, USGS locality “D319”: uncat. USGS specimen (126).
Bopesta Formation, middle member, “Merychippus intermontanus” Local Range Zone—Cache Peak Fauna
Brachycrus laticeps siouense or laticeps riograndensis, LACM locality 4900: uncat. LACM specimen (111).
Caliente Formation—West Dry Canyon Fauna, Upper West Dry Canyon Local Fauna
Brachycrus laticeps new subspecies (medium body sized A)?, LACM locality 5606: uncat. LACM specimen (126).
Montana—Bozeman Group, Sixmile Creek Formation and/or lateral equivalents
Brachycrus laticeps laticeps, Flint Creek Beds = lower Sixmile Creek Formation—Flint Creek Local Fauna: CM 796 (type specimen) (141), F:AM
34482 (134) (M = 137.5, N = 2).
B. laticeps altiramus, Madison Valley Formation—Madison Valley Fauna: AMNH 9746 (type specimen) (150).
B. laticeps altiramus?, Deep River Formation—Deep River Fauna: F:AM 21321 (B. laticeps mooki type specimen) (145).
Nebraska—Ogallala Group
Ogallala Group undifferentiated
Brachycrus ?vaughani vaughani, F-B:AM Ginn Quarry: uncat. F:AM specimens (124, 132) (M = 128, OR = 124–132, N = 2).
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Sheep Creek Formation—Sheep Creek Fauna
Brachycrus laticeps wilsoni, lower member—Lower Sheep Creek Local Fauna: F:AM Greenside Quarry: F:AM 34202 (type specimen) (140), uncat.
F:AM specimen (126); F:AM Long Quarry: F:AM 33574 (B. wilsoni longensis type specimen) (128), 34203 (128), 34205 (137) (M = 131.8, OR =
126–140, N = 5).
B. laticeps laticeps?, middle member (= Horizon A or Merychippus primus Zone)—Middle Sheep Creek Local Fauna: F:AM Hilltop Quarry: F:AM
36188 (139); 1922–1923 AMNH Sheep Creek Quarry of Matthew (1924) (= F:AM Thomson Quarry; Skinner et al. 1977): AMNH 18344 (134),
F:AM 34201 (143), uncat. F:AM specimen (145) (M = 140.3, OR = 134–145, N = 4).
Olcott Formation (= Lower Snake Creek Beds)—Lower Snake Creek Fauna
Brachycrus laticeps siouense (smaller-bodied variety), lower member: 1921 AMNH Sheep Creek Quarry and 1932 AMNH Sinclair Quarry 4 (=
F:AM Trojan Quarry; Skinner et al., 1977): AMNH 18338 (120), F:AM 33576 (113) (M = 116.5, OR = 113–120, N = 2).
B. laticeps siouense (larger-bodied variety), middle member: F:AM West Sand Quarry: uncat. F:AM specimen (119).
B. laticeps siouense (larger-bodied variety), upper member: 1921 AMNH Quarry B (= F:AM Far Surface Quarry; Skinner et al. 1977): AMNH
18333 (119); F:AM Version Quarry: F:AM 34212 (121), uncat. F:AM specimen (120) (M = 120.0, OR = 119–121, N = 3) (note: Quarry B might
instead be same as Camel Quarry in lower member; Skinner et al. 1977).
B. laticeps siouense (larger-bodied variety), Olcott Formation undif. in West Sinclair Draw: F:AM 37267 (127).
B. laticeps siouense (larger-bodied variety), Olcott Formation undif.: F:AM Humbug Quarry: F:AM 42422 (116), 42424 (122), 42426 (126), 42427
(119), 42460 (118), 42461 (130), 42462 (132), 42463 (126), 42467 (122), uncat. F:AM specimens (114, 115, 118, 122, 124, 125, 129, 129) (M = 123.1,
OR = 114–129, N = 16).
B. laticeps siouense (larger-bodied variety), Echo Quarry Paleovalley Fill, F:AM Echo Quarry: F:AM 24513 (128), 33554 (127), 33572 (120), 35550
(121), 36109 (118), 36111 (117), 36112 (121), 36113 (124), 36114 (125), 36115 (121), 36116 (119), 36117 (126), 36118 (124), 36119 (120), 36120 (124),
36122 (116), 36124 (125), 36125 (120), 36126 (119), 36127 (120), 36128 (115), 36131 (118), 36132 (115), 36135 (117), 36139 (123), 36140 (124), 36141
(121), 36147 (120), 36152 (118), 36153 (118), 36169 (122), 36171 (120), 36176 (118), 36185 (124), 36186 (113), 37552 (116), 37553 (117), 37554 (118),
37555 (118), 37556 (117), 37558 (121), 37559 (115), 42317 (125), uncat. F:AM specimens (112, 113, 114, 115, 116, 116, 118, 118, 118, 120, 120, 121,
122, 123, 124, 124, 124, 126, 129) (M = 120.0, OR = 112–129, N = 60).
B. laticeps riograndensis, Echo Quarry Paleovalley Fill, F:AM Mill Quarry: uncat. F:AM specimen (124).
Sand Canyon Formation
B. laticeps siouense (larger-bodied variety), 45 feet (13.7 meters) above black ash bed: uncat. F:AM specimen (125).
Colorado—upper Troublesome Formation
Brachycrus laticeps siouense (larger-bodied variety), USGS locality D696: uncat. USNM specimen (127).
New Mexico—Tesuque Formation, Nambé, Skull Ridge, and Chama-El Rito Members
Brachycrus laticeps new subspecies (large bodied)?, Nambé Member or lowermost part of Skull Ridge Member below No. 3 White Ash, F:AM East
Cuyamunque locality: uncat. F:AM specimen (141).
B. laticeps siouense (larger-bodied variety), 20–25 feet (6.1–7.6 meters) above No. 3 White Ash, lower (but not lowermost) part of Skull Ridge
Member: uncat. F:AM specimen (127).
B. laticeps siouense (larger-bodied variety), lower part of Chama-El Rito Member: F:AM 72328 (B. vaughani rioosoensis type specimen) (124).
B. laticeps riograndensis, lower (but not lowermost) part of Skull Ridge Member: 25 feet (7.6 meters) below Ash F (= 47 feet [14.3 meters] above No.
3 White Ash): F:AM 72326 (type specimen) (113); probably between No. 3 White Ash and Ash F: uncat. F:AM specimen (119) (M = 116, OR =
113–119, N = 2).
Wyoming— Split Rock Formation, Upper Porous Sandstone Sequence—Split Rock Fauna
B. rusticus new subspecies (small bodied), 1/3 Mi. NE Locality of Robinson (1968) = UW locality V48013: UW 3163 (99).
B. rusticus rusticus (genotype species), F:AM Exposure 2A, ca. 10 feet (3.0 meters) above base of Second Bench of Robinson (1968) (P.O. McGrew
personal communication to J. Munthe; Lander 2013a): CM 13592 (UW exchange; probable topotype specimen) (104); Sweetwater River (=
type) locality: USNM 145 (type specimen) (105) (M = 104.5, OR = 104–105, N = 2).
B. vaughani new subspecies (small bodied) (= new genus and species of Lander 2013a:62, fig. 3, 2013b:fig. G-1): F:AM Exposure 2A: F:AM 36105
(112); KUVP locality WY-075 (several feet [about a meter] above bottom of Third Bench of Robinson 1968 based on personal communication
from C.C. Black to J. Munthe; Lander 2013a) (P1–M3 lengths suggest both specimens from top of Second Bench): 16476 (109) (M = 110.5, OR =
109–112, N = 2).
B. vaughani new subspecies (medium body sized): F:AM Exposure 1A: F:AM 34499 (120), 361061 (125); F:AM Exposure 2B = UCMP locality
V77149: UCMP 165899 (118), 165900 (123) (M = 121.5, OR = 118–125, N = 4).
B. vaughani vaughani, F:AM Exposure 2A: F:AM 34492 (type specimen) (129), 36101 (126), 37583 (127), 37586 (126), 37589 (127), KUVP 16481
(several feet [about a meter] above base of Third Bench) (125), UCMP 162477 (bottom of Third Bench = UCMP locality V69190) (124) (M =
126.3, OR = 124–129, N = 6).
B. sweetwaterensis new subspecies (smaller bodied), top of Third Bench = UCMP locality V69190: UCMP 163023 (130).
B. sweetwaterensis sweetwaterensis, F:AM Exposure 1: F:AM 34493 (134), 34494 (137), 34495 (133), 34498 (type specimen) (143), 34500 (140) (M =
137.4, OR = 133–143, N = 5).
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Mediochoerus (Mammalia, Artiodactyla,
Oreodontidae, Ticholeptinae) from the
Barstow and Hector Formations of the central
Mojave Desert Province, southern California,
and the Runningwater and Olcott Formations
of the northern Nebraska Panhandle—Implications of changes in average adult body size
through time and faunal provincialism
E. Bruce Lander

Paleo Environmental Associates, Inc., 2248 Winrock Avenue, Altadena, CA 91001-3205, paleo@earthlink.net, and Research
Associate, Natural History Museum of Los Angeles County Vertebrate Paleontology Department, 900 Exposition Boulevard, Los
Angeles, CA 90007-4057

abstract— The earliest and most primitive record of the ticholeptine oreodontid genus
Mediochoerus is M. johnsoni. The type and topotype specimens of the species are from
the upper part of the Runningwater Formation in the central Great Plains Province of
the north-central Nebraska Panhandle. The respective individuals are members of the
late early Hemingfordian upper Runningwater Fauna. A referred specimen was most
recently assigned to Ustatochoerus cf. U. leptoscelos, a constituent of the correlative Logan
Mine Local Fauna from the upper part of the Hector Formation in the southwestern
Cady Mountains of the central Mojave Desert Province, southern California. The skull of
larger-bodied M. blicki is more derived and tapir like than that of M. johnsoni in having
a substantially longer rostral premaxillary suture and a considerably more retracted
external narial opening. Mediochoerus blicki is a member of the middle middle Barstovian Lower Snake Creek Fauna from the upper member of the Olcott Formation in the
northwestern Nebraska Panhandle. A dentary from near the base of the Fossiliferous
Tuff or Upper Member (= First Division) of the Barstow Formation at New Year Quarry
in the Mud Hills of the central Mojave Desert Province in southern California represents
an indeterminate species of Mediochoerus and the largest individual of the genus. The
specimen was previously referred to Brachycrus laticeps, but, in contrast to that genus, the
horizontal ramus of the dentary is shallower in Mediochoerus and lacks a prominence at
the posteroventral end of the mandibular symphysial suture. The corresponding species
is a member of the earliest late Barstovian, lowermost Barstow Fauna. The type specimen
of secondarily smaller-bodied M. mohavensis is from the Hemicyon Stratum or near
the top of the lower part of the Fossiliferous Tuff Member (i.e., below Hemicyon Tuff)
in the Mud Hills, perhaps at Hemicyon Quarry. The species, originally subsumed under
Ustatochoerus medius as a subspecies, is a constituent of the late early late Barstovian,
upper lower Barstow Fauna. The type specimen represents the last definitive record of the
genus. Associated tooth fragments from the upper part of the Fossiliferous Tuff Member
(i.e., above Hemicyon Tuff), if correctly identified as an oreodontid, would represent a
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ticholeptine and the last local occurrence of the family group from the Barstow Formation. That occurrence is a member of the middle late Barstovian, upper Barstow Fauna.
Latest Arikareean to middle Clarendonian oreodontid assemblages from the central
Mojave Desert Province were noticeably depauperate taxonomically compared to correlative assemblages in the central Great Plains Province. Some lineages never reached
California or were present only intermittently, whereas they nearly always had long
dense continuous records in the central Great Plains Province. In an unusual departure
from that generality, Mediochoerus was restricted to the central Mojave Desert Province
during the early late Barstovian North American Land Mammal Age (NALMA), whereas
the other three ticholeptine genera (i.e., Merychyus, Ticholeptus, and Brachycrus) did
not occur in California during that interval. Disjunct geographic ranges and increasing
average adult body size through successive generations of Mediochoerus, Merychyus, and
Brachycrus from the middle middle or late middle to earliest late Barstovian NALMA
suggest those phenomena accompanied significant climatic and environmental (e.g.,
vegetational) shifts immediately after Peak 2 of the Middle Miocene Climatic Optimum,
a period of global warming. Increasing body size in those lineages is considered a nonevolutionary or strictly phenotypic response to the progressive, geographically widespread, and comparatively long-term growth in their respective resource bases or food
supplies during a period of moderating climate, when summer drought did not occur
and, consequently, the availability of forage was less of a factor limiting adult body size.
Conversely, the apparent extinctions of Brachycrus and Mediochoerus during the earliest
late and late early late Barstovian NALMA, respectively, and the secondarily smaller
body size represented by that last occurrence of Mediochoerus might have resulted from
reductions in their resource bases. Such resource-dependent changes in body size are
referred to as the Haws-Berkeley Effect. On the other hand, conflicting correlations
between changes in global temperature and body size in several diacodexid and oreodontid artiodactyl lineages during the Wasatchian and Orellan NALMAs (increasing size
correlated with global warming and cooling, respectively), indicates conclusive documentation of any consistent and direct correspondence between those two parameters as
an example of Bergmann’s Rule remains elusive.

Introduction
Ticholeptinae Schultz and Falkenbach 1941 (1940
nomen nudum) is the only oreodontid artiodactyl
subfamily recorded from the Mojave Desert Province in southern California, where members of the
subfamily are represented in numerous fossil land
mammal assemblages of latest Arikareean to earliest
Hemphillian age (Lander 1998, 2008). Subordinate
taxa of one ticholeptine genus, late early Hemingfordian to late early late Barstovian Mediochoerus
Schultz and Falkenbach 1941, have had complex and
controversial taxonomic histories. As recognized
by Lander (1985, 1998, 2013a), the genus occurs in
assemblages from the Hector and Barstow Formations of the Mud Hills and southwestern Cady
Mountains in the central Mojave Desert Province of
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San Bernardino County, southern California, and the
Runningwater and Olcott Formations in the central
Great Plains Province of the northern Nebraska
Panhandle (Figure 1). Unfortunately, correlation
of those faunas has been hampered by the lack of
consistent taxonomic identifications for some of the
specimens assigned herein and by Lander (1985,
1998, 2013a) to Mediochoerus.
The purposes of this study are to (1) review and
update the systematics of Mediochoerus and its
subordinate taxa, (2) briefly describe the various
records of the lineage, particularly those from the
central Mojave Desert Province, and (3) determine
the taxonomic and temporal relations of the latter
records to previously recognized species of the genus
from the Nebraska Panhandle. This contribution
2015 desert symposium
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Figure 1. Locations of fossil-bearing strata in central Mojave
Desert Province of San Bernardino County in southern
California that yielded remains of Mediochoerus. 1 = lower part
of Fossiliferous Tuff or Upper Member (= First Division and
Barstovian NALMA stratotype) of Barstow Formation (contains
early late Barstovian, lower [type] Barstow or First Division
Fauna), Mud Hills, and 2 = upper part of Hector Formation
(contains late early Hemingfordian Logan Mine Local Fauna),
southwestern Cady Mountains. Abbreviations: B = Barstow, LA
= Los Angeles.

also discusses possible causes for (1) late Barstovian
endemism in and extinction of Mediochoerus and
(2) fluctuating adult body size through successive
samples of that and the other ticholeptine lineages
during the middle to late Barstovian North American
Land Mammal Age (NALMA).
Several ticholeptine genera and at least as many
species are recorded from the Barstow Formation
of the Mud Hills (Figure 1). The formation has been
divided into three or four superposed members, each
of which is restricted to the Mud Hills and characterized by one or two, taxonomically distinctive faunas.
The middle Hemingfordian Red Division Quarry
Local Fauna from the upper part (= Red Division)
of the Lower or Owl Conglomerate Member of the
Barstow Formation at Red Division Quarry contains
comparatively primitive and small-bodied Merychyus
fletcheri (Figure 2; Lander 2013b, 2015). The overlying late early to late middle Barstovian Green Hills
Fauna from the Green Hills Division (= lower part of
Resistant Breccia Member or middle part of Middle
2015 desert symposium

Member) includes M. relictus and as many as six
successive subspecies of relatively large-bodied and
unusually derived or tapir-like Brachycrus laticeps
(Figure 2; Lewis 1968, Lander 2013a–b, 2015). The
late Barstovian fauna from the Fossiliferous Tuff or
Upper Member (= First Division) (i.e., Barstow or
First Division Fauna) was specifically identified as
the basis for the Barstovian NALMA by Wood et al.
(1941, see plate 1).
Only two or three oreodontid specimens are
recorded from the Fossiliferous Tuff Member. The
two, previously reported fossil occurrences are from
the lower part of the member (i.e., below Hemicyon
Tuff) and their respective taxa are members of the
early late Barstovian, lower Barstow or First Division
Fauna. Both specimens were assigned to medium
body-sized Mediochoerus by Lander (1998, 2013a).
The upper occurrence comprises the type specimen
for Mediochoerus mohavensis (Schultz and Falkenbach 1941) and the last definitive record of the genus
(Figure 2). The lower occurrence represents the first
appearance of the genus in the Barstow Formation and was assigned to M. mohavensis by Lander
(2013a) (Figure 2). Late Barstovian occurrences of
Mediochoerus are known only from the Fossiliferous
Tuff Member. No other oreodontid genus is recorded
from the member. A third, previously unpublished
specimen identified as an oreodontid is from the
upper part of the Upper Member (i.e., above Hemicyon Tuff). If correctly identified, that individual, a
member of the middle late Barstovian, upper Barstow
or First Division Fauna, would represent the last
occurrence of the tylopod artiodactyl family Oreodontidae Leidy 1869 (= Merycoidodontidae Thorpe
1923; Lander 1977, McKenna and Bell 1997) from the
Barstow Formation.
Very small-bodied, latest Arikareean Merychyus
calaminthus is a component of the Black Butte
Mine Local Fauna in the lower part of the Hector
Formation in the southwestern Cady Mountains
(Figures 1–2; Woodburne et al. 1974, Woodburne
1998, Woodburne and Reynolds 2010). For reasons
presented below, M. calaminthus (includes M. crabilli;
Lander and Lindsay 2011) is regarded herein as the
earliest and most primitive ticholeptine and the basal
stock from which all other members of Ticholeptinae
arose (Lander and Lindsay 2011; see Lander 1998:fig.
27.5). Medium body-sized, late early Hemingfordian
Mediochoerus johnsoni Schultz and Falkenbach 1941
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Figure 2. Ticholeptine biochrons and correlation of some
ticholeptine-bearing fossil land mammal assemblages from
western half of United States of America (modified from
Lander, 2008:fig. 2). Abbreviations: AZ = Assemblage Zone,
C. = Copemys, CO = Colorado, F = Fauna, KS =Kansas, LF =
Local Fauna, me. = medius, NE = Nebraska, OK = Oklahoma,
Q = Quarry, s.l. = sensu lato, SD = South Dakota, subsp.
= subspecies, TX = Texas, WY = Wyoming. Assemblages
containing Mediochoerus indicated with bold type. Data
for radiometric age determinations: 1 = Peach Springs Tuff
(Ar/Ar determination; Nielson et al. 1990), clasts of which
underlie Logan Mine Local Fauna in upper part of Hector
Formation in southwestern Cady Mountains of southern
California (Woodburne 1998); 2 = Split Rock Tuff, which is
bracketed by Split Rock Fauna from Split Rock Formation
in central Wyoming (Lander 2013a) (Ar/Ar analysis; upper
value from Izett and Obradovich 2001, whereas lower one is
same determination after recalculation as specified therein);
3 = Sheep Creek Ash No. 3, which is bracketed by Middle
and Upper Sheep Creek Local Faunas in middle member of
Sheep Creek Formation in northwestern Nebraska Panhandle
(Skinner et al. 1977) (Ar/Ar analyses; upper value from C.C.
Swisher III unpublished data in Woodburne et al. 1990,
whereas lower one recalculated from original determination
of 16.4 Ma, as specified by Izett and Obradovich 2001); 4 =
Oreodont Tuff, which lies several feet (about a meter) below
Oreodont Quarry and is bracketed by upper Green Hills Fauna
from Green Hills Division of Barstow Formation in Mud
Hills of southern California (Lander 2015) (A/Ar analysis, but
K-Ar determinations of 15.50–15.80 Ma, as well [not shown];
MacFadden et al. 1990); 5 = Valley View Tuff, which overlies
Green Hills Fauna at Camp Quarry and underlies Second
Division Fauna at Valley View Quarry in Barstow Formation
of Mud Hills (Lander 2015) (Ar/Ar analysis, average of two
determinations of 15.26 and 15.28 Ma; C.C. Swisher III 1991
personal communication in Woodburne 1991); 6 = Dated Tuff,
which immediately overlies New Year Quarry Local Fauna of
lowermost Barstow Fauna in lower part of First Division of
Barstow Formation in Mud Hills (Woodburne 1991) (upper
determination based on K-Ar analysis, whereas lower value
based on Ar/Ar analysis; MacFadden et al. 1990); 7 = Hemicyon
Tuff, which immediately overlies Hemicyon Quarry Local
Fauna of upper lower Barstow Fauna from Hemicyon Stratum
at Hemicyon Quarry, and lies at top of lower part of First
Division of Barstow Formation (Woodburne et al. 1990) (upper
determination based on Ar/Ar analysis, whereas lower value
is average of two K-Ar determinations of 13.99 and 14.08 Ma;
MacFadden et al. 1990); 8 = Hurlbut Ash, which is bracketed
by Norden Fauna from Cornell Dam Member of Valentine
Formation in north-central Nebraska (Skinner and Johnson
1984) (Ar/Ar determination; Swisher 1992, Tedford et al. 2004);
9 = Lapilli Sandstone, which immediately overlies lower upper
Barstow Fauna and lies near middle of upper part of First
Division of Barstow Formation in Mud Hills (Woodburne et al.
1990) (K-Ar analysis, average of two determinations of 13.20
and 13.54 Ma; MacFadden et al. 1990); 10 = Cronese Tuff, which
lies above Cronese Local Fauna of Barstow Formation in West
Cronese Lake area (Tedford et al. 2004) (Ar/Ar analysis; Swisher
1992, Tedford et al. 2004).
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is a constituent of the Logan Mine Local Fauna from
the local upper part the Hector Formation (Figure 2;
Lander 1985).

Abbreviations and initialisms
Institutional initialisms—AMNH = American
Museum of Natural History Division of Paleontology,
F:AM = Frick:American Mammals (collection now at
AMNH), UCMP = University of California Museum
of Paleontology, UCR = University of California,
Riverside (collection now at UCMP).
Abbreviations and other initialisms—AIC =
anterior intermediate crest, ALC = anterolingual
cusp, Ar/Ar = 40argon/39argon, ENO = external nares
or narial opening, indet. = indeterminate, Ka-Ar =
40
potassium-40argon, M = sample mean, Ma = megannums/mega-annums or million years, N = sample
size, N‑O, narial-orbital, N‑O/P1–M3, N‑O length/
P1–M3 length, NALMA = North American land
mammal age, NMN = nasomaxillary notch, NMS =
nasomaxillary suture, RPMS = rostral premaxillary
suture, RPMS/P1–M3 = rostral premaxillary suture
length/P1–M3 length.

Methods
The length of a complete upper cheek toothrow
(i.e., P1–M3) is considered perhaps the most reliable
indicator of adult body size in oreodontids because
the parameter is strongly correlated with skull
length, which, in turn, is proportional to adult body
size (Lander 1977, 2008, Stevens and Stevens 1996).
However, P1–M3 length is regarded as a more trustworthy parameter than skull length for estimating
original body size in fossil land mammal specimens
because it is less affected by ontogenetic changes and
postmortem deformation (MacFadden 1986). Moreover, oreodont maxillae with complete cheek tooth
series are preserved far more frequently as fossil specimens than entire skulls. Consequently, such dental
remains provide larger, more statistically significant
samples. For those reasons, the P1–M3 length of a
Mediochoerus individual is used herein as a proxy for
the specimen’s original adult body size.
The P1–M3 length of an oreodontid specimen
is the distance from the anterior margin of the P1
(or anterior P1 root or alveolus if tooth broken or
missing) to the base of the posterior edge of the
M3 metastyle, and roughly parallel to the occlusal
surface of the toothrow (Figure 3). That distance
87

e. bruce lander | mediochoerus … implications of changes in average adult body size

for stratigraphically and
geographically restricted
samples. Means for the
parameter rose at least 26.7%
in Mediochoerus from the
late early Hemingfordian
to late early late Barstovian NALMAs (Table 1,
in appendix), indicating
average adult body size in
Mediochoerus increased
rather substantially during its
biochron.
Like Merychyus Leidy
1859 (imprint 1858), Brachycrus, and (unpublished data)
probably Ticholeptus, the
evolution of Mediochoerus is
characterized most notably
by the posterior migration or
retraction of its ENO (Schultz
and Falkenbach 1941, Lander
1977, 1998). The ENO extends
from the posterodorsal end
of the RPMS posterodorsally
to the anterior ends of the
paired nasal bones (Figure 3).
Two parameters were used in
this study to determine the
Figure 3. Skulls of ticholeptine oreodontid Merychyus showing cranial and dental features
degree of ENO retraction.
discussed in text and parameters used to develop statistical data presented in Table 1. A,
Merychyus calaminthus, F:AM 45384a (skull, M. crabilli type specimen), latest Arikareean
One such parameter involves
West Morava Ranch Local Fauna (new), Harrison Formation, F:AM West Morava Ranch
N‑O length, which is the
locality, north-central Nebraska Panhandle. Left lateral view. B–D, Merychyus new species,
distance from the posterior
F:AM 34220 (skull), early late Clarendonian Xmas-Kat Quarries LF, Kat Channel, middle
part of Merritt Dam Member of Ash Hollow Formation, F:AM Line Kat Quarry, Brown
or apical end of the NMN (at
County, north-central Nebraska. A, left lateral view; B, dorsal view of left side (reversed);
anterior end of NMS) to the
and C, ventral view of left side (reversed). After Schultz and Falkenbach (1941:fig. 9, 1947:fig.
inner edge of the anterior rim
6). Abbreviations: ALC = anterolingual cusp, ATSac = auditory tube saccate structure, ATss
of the orbit (Figure 3). That
= auditory tube sensu stricto, BO = basioccipital, EAM = external auditory meatus, ENO
= external narial opening, LF = lacrimal fossa, MAX = maxilla, MS = M3 metastyle, N =
parameter is an indication
nasal, N O = narial-orbital, NMN = naso-premaxillary notch, NMS = naso-premaxillary
of the degree to which the
suture, PGP = postglenoid process, PM = premaxilla, POP = paroccipital process, RPMS,
dorsal margin of the maxilla,
rostral premaxillary suture, TB = tympanic bulla, TB-A = apex of tympanic bulla, TB-B =
dorsomedial basin of tympanic bulla.
the paired nasal bones, and
the intervening NMS had
was measured using the outer jaws of a dial Vernier
shortened
as
their
respective
anterior ends migrated
caliper. As necessary, a measurement was corrected
posteriorly in concert with posterior retraction of the
for cracking and subsequent spreading of the
ENO. N–O length was measured using the outer jaws
toothrow using the internal jaws of the caliper and
of a Vernier caliper. Like P1–M3 length, N‑O length
subtracting the resulting distance between adjais more easily acquired and less influenced by postcent teeth from the P1–M3 length. Where possible,
mortem deformation than most other dimensions
mean P1–M3 lengths were calculated and compiled
of the skull. N‑O length was standardized for each
88
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specimen to compensate for differences in individual
body size by dividing that parameter by the specimen’s P1–M3 length. The resulting N‑O/P1–M3
ratio is the parameter providing the most accurate
estimate concerning the degree of ENO retraction
in a specimen and, consequently, is the parameter in
Mediochoerus best suited for distinguishing species
in the respective evolutionary sequence. The N‑O/
P1–M3 ratio is inversely proportional to the degree
of ENO retraction and the mean of that parameter in Mediochoerus, much like mean N‑O length,
decreases through successive samples (Table 1).
The other parameter used as a measure of ENO
retraction in Mediochoerus involves RPMS length,
which is useful when N‑O length is not available.
RPMS length is the distance from the suture’s anteroventral end in the notch between the first upper
incisors to its posterodorsal terminus at the apex of
the acutely V-shaped notch forming the anteroventral end of the ENO (Figure 3). That dimension was
measured along the midline of the rostrum using
the outer jaws of a Vernier caliper. The RPMS/P1–
M3 ratio, unlike the N‑O/P1–M3 ratio, is directly
proportional to the degree of retraction and usually
increases through successive samples of the genus
(Table 1). Lengthening of the RPMS caused the anterior end of the ENO to shift posteriorly.
The Hemingfordian, Barstovian, and Clarendonian NALMAs are after Wood et al. (1941). Subdivisions of those ages are after Lander (2013a–b
as updated 2015) and Lander and LaGarry (2014)
(Figure 2).

Systematics
Subfamily Ticholeptinae Schultz and Falkenbach
1941
In accord with Schultz and Falkenbach (1941, 1968)
but contrary to Stevens and Stevens (2007), Mediochoerus was regarded as a ticholeptine by Lander
(1977, 1998) because it shared a number of synapomorphic traits with the other genera he also assigned
to subfamily Ticholeptinae—Merychyus (type genus
of subfamily Merychyinae Simpson 1945 (includes
Metoreodon Matthew and Cook 1909 and Ustatochoerus Schultz and Falkenbach 1941 [type genus for
subfamily Ustatochoerinae Stevens and Stevens 2007]
[Lander 1985, 1998, 2008]), Ticholeptus (type genus),
and Brachycrus (type genus for subfamily Brachycrurinae Stevens and Stevens 2007). Such traits are all
2015 desert symposium

developed as autapomorphies in small-bodied, latest
Arikareean Merychyus calaminthus (includes type
and topotype specimens of M. crabilli from Harrison
Formation of north-central Nebraska Panhandle
at the West Morava Ranch locality in western Box
Butte County; Lander and Lindsay 2011) (Figure
2). Those features distinguish Ticholeptinae from
its ancestral stock, the earlier-appearing subfamily
Phenacocoelinae. Most notable among the characters are (1) a postglenoid process that is extremely
thin anteroposteriorly but quite wide transversely
(process much thicker and somewhat narrower in
phenacocoelines), and (2) a bipartite auditory tube, in
which the external auditory meatus is situated at the
end of a somewhat inflated cylindrical structure (i.e.,
auditory tube sensu stricto) that is continuous with
but projects posterodorsally and somewhat laterally
from a vertically highly distended, grossly inflated,
saccate or bladder-like structure that completely fills
the space between the postglenoid and paroccipital
processes (Figure 3; Lander 1977, 1998).
The latter structure is not completely developed
in any other oreodontid, but its immediate and
less derived (i.e., unipartite) structural precursor,
the rather inflated auditory tube sensu stricto, is
observed in phenacocoelines (e.g., similarly smallbodied, earliest Arikareean Oreodontoides oregonensis [genotype species], as well as monotypic,
comparatively small-bodied, early late Arikareean
Phenacocoelus typus and latest Arikareean Paroreodon parvus). A uniformly shallow and broadly
flat-bottomed lacrimal fossa is found in all ticholeptines except Brachycrus, in which that fossa has been
lost as the result of the autapomorphic development
of an extremely large, deep maxillary or facial fossa
on either side of the muzzle. The uniformly shallow,
flat-bottomed lacrimal fossa is a synapomorphy
found elsewhere only in P. parvus (includes P. marshi
and Oreodontoides [Paroreodon] stocki; Lander 1998),
the sister taxon and a contemporary of M. calaminthus, but P. parvus still retains a thick postglenoid
process and unipartite auditory tube, both of which
are phenacocoeline plesiomorphies (Lander 1977,
1998). In contrast, the fossa is round bottomed and
deeper posteriorly in all other phenacocoelines.
Moreover, the P3 AIC is usually more transversely
oriented in ticholeptines than in phenacocoelines
and, when so oriented, nearly parallels the anterior
cingulum (Figure 4). On the other hand, the AIC
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Formation in the north-central Nebraska Panhandle
(Figure 2), the ventral surface of the tympanic bulla
is concave (incorrectly stated to be convex by Lander
1998 because of lapsus calami) and slopes progressively more steeply anterodorsomedially from a
posterolateral apex to the level of the bulla’s medial
contact with the basioccipital in later ticholeptines, whereas the bulla is still greatly inflated and
globular (i.e., ventral surface extremely convex) in
M. calaminthus (Figure 3), much as it is in O. oregonensis, P. typus, and some individuals of P. parvus
(Lander 1998, see fig. 27.5, Lander and Lindsay
2011). Oreodontoides oregonensis was ancestral to the
other three species and their respective genera (see
Lander 1998:fig. 27.5). The tympanic bulla of earliest
Hemingfordian Merychyus arenarum is less inflated
than in M. calaminthus and has a more flattened
ventral surface, but one less flattened than in M.
elegans (Lander and Lindsay 2011).

Figure 4. P1–4 of ticholeptines Merychyus medius, M. relictus,
Ticholeptus zygomaticus, Brachycrus laticeps, Mediochoerus
mohavensis, and M. blicki, and phenacocoeline Merycoides
harrisonensis. Occlusal views. After Schultz and Falkenbach
1941:figs. 10 and 17b–g. Abbreviations: AIC = anterior
intermediate crest, ALC = anterolingual cusp.

in phenacocoelines extends diagonally from the
parametacone rather than from a position located
more anteriorly on the preparametacrista, to the
anteromedial corner of the tooth or, in contrast to
ticholeptines, a point situated just labially of the
corner (Figure 4). Rotation of the AIC from a diagonal to a more nearly transverse orientation perhaps
reflects anteroposterior shortening of the anterior
half of the tooth. Additionally and beginning with
middle early to late early Hemingfordian Merychyus
elegans (includes M. verrucomalus = probable male
individuals of M. elegans) from the Runningwater
90

Merychyus Leidy 1859 (includes Ustatochoerus
Schultz and Falkenbach 1941)
Merychyus comprises the earliest and most primitive
ticholeptines (Lander 1977, 1998). The genus includes
Ustatochoerus, which was considered no more than
a later (i.e., early late Barstovian to early late Hemphillian), larger-bodied, and more derived segment
of the Merychyus lineage by Lander (1985, 1998,
2008), Morgan et al. (2009), and Lander and LaGarry
(2014). In rejecting Ustatochoerus, Lander (1985,
1998, 2008) transferred most of its subordinate taxa
to Merychyus. Those taxa included Ustatochoerus
medius (Leidy 1859, imprint 1858), U. major (Leidy
1859, imprint 1858), the indeterminate genotype
species, U. profectus (Matthew and Cook 1909), and
nearly all of their respective subspecies, but not U.
medius mohavensis Schultz and Falkenbach 1941, U.?
schrammi Schultz and Falkenbach 1941, or U. leptoscelos (Stevens 1969) (Figure 2; see below), although
Lander (2008) incorrectly resurrected U.? schrammi
as an unusually early and primitive subspecies of
Merychyus medius. In contrast to other contemporaneous ticholeptines, a prominent ALC replaces the
AIC in (1) 50–75% of individuals representing late
Hemingfordian to middle middle Barstovian Merychyus relictus and (2) all examples of the earliest and
most primitive records of Merychyus medius Leidy
1859 (imprint 1858) previously referred to U. medius
by Schultz and Falkenbach (1941) (i.e., F:AM 33696
2015 desert symposium
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and 37225) (Figures 2, 4; Lander 1985, 1998, 2008,
Morgan et al. 2009). The latter two specimens were
assigned to late early late Barstovian, medium bodysized Merychyus medius new subspecies by Lander
and LaGarry (2014). Members of the latter taxon
are also the most primitive examples of M. medius,
based on their larger N–O/P1–M3 ratios (i.e., more
primitive or less retracted ENOs; Table 1) (Lander
and LaGarry 2014). Merychyus medius new subspecies is even somewhat more primitive in terms of
ENO retraction than the earliest, most primitive, and
smallest-bodied variety of M. medius medius (Table
1; Lander and LaGarry 2014). That variety is based
on F:AM 105002 (misprinted as 105001 by Skinner
and Johnson 1984:fig. 6) (complete skull with I1–M3
and mandible with i1–m3). F:AM 105002 is from 5
feet (1.5 meters) below the top of the Cornell Dam
Member of the Valentine Formation in north-central
Nebraska, and its respective individual is a constituent of the middle late Barstovian Norden Fauna
(Figure 2; Skinner and Johnson 1984, Lander 2008).
Merychyus medius new subspecies is a constituent
of (1) the late early late Barstovian Keota Fauna
from the upper part of the Pawnee Creek Formation in northeastern Colorado, (2) the Paleo Quarry
Local Fauna from the “Paleo Quarry” Beds of the
north-central Nebraska Panhandle (F:AM 37225),
and (3) the Densmore South Local Fauna from the
“Valentine” Formation of northwestern Kansas
(F:AM 33696) (Figure 2; Lander and LaGarry 2014).
AMNH 9835 (right maxilla with P1–M3 [P3 alveoli]),
a specimen not considered by Schultz and Falkenbach (1941), might be a record Tedford (1999, 2004)
assigned to Ustatochoerus medius and the Eubanks
Fauna sensu lato, which occurs in the lower part of
the Pawnee Creek Formation (Figure 2). If so, then
that specimen, with a P1-M3 length of only 104
millimeters (Table 1), would represent an even earlier
(i.e., earliest late Barstovian) and slightly smallerbodied subspecies of M. medius than the sample
from the upper part of the Pawnee Creek Formation, or perhaps even a new species only slightly
more primitive than M. medius. AMNH 9835, the
smallest individual of M. medius, is from 5 miles (8.0
kilometers) northeast of Pawnee Buttes. Because it is
regarded herein as directly ancestral to M. medius?
new subspecies from the Eubanks Fauna sensu lato,
M. relictus is clearly not the last record of its genus,
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contrary to Schultz and Falkenbach (1947, 1968) and
Stevens and Stevens (2007).
Ustatochoerus? schrammi is based on a partial
right dentary with p1–m3 (m3 broken) (UNSM
21-8-23H = 52582) from the Fort Randall Formation at UNSM locality Bd-107 near Lynch in Boyd
County, northeastern Nebraska. Although the cheek
toothrow is incomplete and the taxonomically diagnostic skull and P1–3 are not preserved, the specimen
appears to represent an individual somewhat smaller
than presumably contemporaneous (i.e., earliest late
Barstovian) individuals of Merychyus medius? new
subspecies, but one similar in size to larger, middle
Barstovian to middle Clarendonian individuals of
Ticholeptus. Following Lander (1985, 1998, but not
2008), U?. schrammi is regarded in this report as an
early late Barstovian species of Ticholeptus. However,
the referred specimens of M. medius schrammi
Lander (2008) used to compile his table 1 were all
assigned to U. medius by Schultz and Falkenbach
(1941) and are the same individuals on which Lander
and LaGarry (2014) based M. medius new subspecies.
Ticholeptus schrammi (Schultz and Falkenbach 1941)
is a member of the Lynch Local Fauna (new) (Figure
2).
Mediochoerus Schultz and Falkenbach 1941
Mediochoerus was a comparatively tapir-like ticholeptine (Lander 1998). As in other oreodontids that
developed rather tapir-like skulls (e.g., ticholeptines Merychyus and Brachycrus, merycochoerine
Merycochoerus, and phenacocoeline Hypsiops), the
ENO in Mediochoerus extended and shifted increasingly farther posteriorly as (1) the RPMS lengthened
progressively posterodorsally (but not in Hypsiops),
consuming ever more of the anterior end of the ENO
as it did so, (2) the anterior ends of the dorsal margin
of the maxilla, the paired nasal bones, and the intervening NMS gradually migrated farther posteriorly,
and, correspondingly, (3) the latter three elements of
the skull were dramatically shortened anteroposteriorly (see Figure 3). Such changes occurred essentially in unison. Mediochoerus was larger bodied and
later species, in particular, were much more derived
with respect to posterior retraction of the ENO
and lengthening of the RPMS than contemporary
species of two other ticholeptine genera, Merychyus
and Ticholeptus (Lander 1998). On the other hand,
Mediochoerus was smaller bodied and much more
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Mediochoerus johnsoni Schultz and
Falkenbach 1941—Mediochoerus
johnsoni, the earliest and most
primitive member of the genus, is
based on a partial skull with rather
worn I1–M3 (UNSM 2-11-8-36NP)
from the Runningwater Formation at UNSM locality Dw-103,
about 300 feet (90 meters) north
of Hemingford Quarry 24 in the
north-central Nebraska Panhandle
of Dawes County (Figure 5;
Schultz and Falkenbach 1941, see
fig. 16). The late early Hemingfordian oreodontid Merycochoerus
proprius from the upper part of
the Runningwater Formation was
collected at Hemingford Quarry
24 (Schultz and Falkenbach 1940).
Because UNSM locality DW-103 is
so close to Hemingford Quarry 24
and Merycochoerus magnus from
the lower part of the Runningwater Formation is not reported
as occurring in the immediate
vicinity of the quarry, UNSM 2-118-36NP is presumably also from
the upper part of the formation
Figure 5. Mediochoerus johnsoni, late early Hemingfordian NALMA. A, UNSM
and
late early Hemingfordian in
2-11-8-36NP (skull, type specimen), upper Runningwater Fauna, upper part of
Runningwater Formation, 300 feet (90 meters) north of UNSM Hemingford Quarry
age (Figure 2). The taxa, including
24, Dawes County, north-central Nebraska Panhandle. Ventral view of left side. After
M. johnsoni, from the upper part
Schultz and Falkenbach (1941:fig. 16). B–C, UCR 10918 (skull and mandible, referred
of the Runningwater Formaspecimen), Logan Mine Local Fauna, upper part of Hector Formation, southwestern
tion are members of the late early
Cady Mountains, San Bernardino County, southern California. After Woodburne et
al. (1974:fig. 6). B, right lateral view of skull (reversed). C, lateral view of right dentary
Hemingfordian, upper Running(reversed). Abbreviation: PGP = postglenoid process.
water Fauna. Unfortunately,
UNSM 1-11-8-36NP is missing the
primitive than contemporaneous members of the
taxonomically diagnostic ENO, lacrimal fossa, and
far more tapir-like ticholeptine lineage Brachycrus,
tympanic bulla, and the worn P3 lacks any occlusal
particularly in regards to the former’s (1) substanstructure. A previously unpublished specimen of
tially less retracted ENO, (2) much shorter RPMS,
the same species (F:AM 24439, complete skull with
and (3) lack of a deep maxillary or facial fossa on
I1–M3 and partial right dentary with m1-3; Figure 6)
either side of the muzzle (Lander 1998). Late early
is from the Runningwater Formation at the Warren
Hemingfordian Mediochoerus johnsoni, middle
Barnum Ranch locality, also in Dawes County, and
middle Barstovian M. blicki Schultz and Falkenbach
likely from the upper part of the formation, as well.
1941, and late early late Barstovian M. mohavensis
The canid Paracynarctus kelloggi is from the upper
are the only named species of the genus recognized
part of the formation at the same locality (Wang et
herein, following Lander (1977) and Stevens and
al. 1999). Consequently, F:AM 24439 is probably a
Stevens (2007) (Figure 2).
topotype specimen of M. johnsoni. Because it was
not preserved in the M. johnsoni type specimen,
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Lander (1985:131, 140) relied on the
basicranium of F:AM 24439 when
comparing that taxon with UCR
10918 and Brachycrus rusticus, which
are discussed below. The P1–M3
length of F:AM 24439 is nearly the
same as that for UNSM 2-11-836NP and, although somewhat less,
its RPMS/P1–M3 ratio is perhaps
comparable to that for UNSM 2-11-836NP, too (Table 1).
F:AM 24439 might be the specimen M.S. Stevens (1966 personal
communication in Woodburne
1998) seems to have regarded as
representing the last appearance
datum of Ustatochoerus leptoscelos
(i.e., Ustatochoerus cf. U. leptoscelos).
That specimen might also be the one
subsequently referred to simply as of
Ustatochoerus species by Stevens and
Stevens (2007:166, fig. 12.6). However,
the P3 of F:AM 24439 still retains
the AIC (P3 occlusal structures
obliterated by wear in UNSM 2-118-36NP) (Figures 5–6). In contrast,
the P3 of earliest late Barstovian
Figure 6. Mediochoerus johnsoni, F:AM 24439 (skull and right dentary, referred
Merychyus medius? new subspecies
specimen), late early Hemingfordian upper Runningwater Fauna, upper part of
(AMNH 9835), has the autapomorRunningwater Formation, F:AM Warren Barnum Ranch locality, Dawes County,
phic ALC, as does its immediate
north-central Nebraska Panhandle. A, lateral view of right side of skull (reversed). B,
ancestor, late Hemingfordian to
ventral view of skull. C, lateral view of right dentary (reversed).
middle middle Barstovian Merychyus
at UCR locality RV6611 in the southwestern Cady
relictus (Figures 2, 4; see above). Merychyus medius
Mountains of the central Mojave Desert Province
was the oldest and least derived species Schultz
in San Bernardino County, southern California
and Falkenbach (1941, 1968) referred confidently
(Figure 1). The corresponding taxon was regarded as
to Ustatochoerus, as they recognized the genus (see
a member of the Logan Mine Local Fauna. Woodabove). Consequently, the individual represented
burne (1998) considered the local fauna a correlative
by F:AM 24439 is too primitive dentally (compared
of the middle early and late early Hemingfordian
to M. relictus) to have been ancestral to M. medius.
Runningwater Fauna from the lower and upper parts
Finally, the ventral surface of the tympanic bulla in
of the Runningwater Formation, respectively (Figure
F:AM 24439 is highly concave and most like those
2). UCR locality RV6611 lies above a unit containing
of early middle Hemingfordian Brachycrus rusticus,
reworked clasts of the Peach Springs Tuff, which has
the earliest and most primitive record of its genus,
been determined to be 18.51 Ma old on the basis of
and M. relictus, but unlike those of M. medius and
Ar/Ar radiometric dating analysis (Figure 2; Nielson
later species of the genus in not being dorsomedially
et al. 1990, Woodburne 1998). That determination
basined (bulla not preserved in Mediochoerus johnsuggests the Logan Mine Local Fauna is slightly older
soni type specimen) (Figures 2–3, 6).
than the early middle Hemingfordian lower Split
Woodburne et al. (1974) reported oreodontid
Rock Local Fauna from the Split Rock Formation
remains from the upper part of the Hector Formation
2015 desert symposium
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of central Wyoming (Figure 2). In the latter unit,
Brachycrus rusticus brackets the Split Rock Tuff,
which has been determined to be 17.00 and 17.65
Ma in age on the basis of K-Ar and Ar/Ar analyses
(Figure 2; Munthe 1979, Izett and Obradovich 2001
[corrected as prescribed therein], Lander 2013a–b).
On the other hand, the North Wall Local Fauna
from the Johnson Canyon Member of the John Day
Formation of north-central Oregon (1) contains
earliest Hemingfordian Merychyus arenarum (Figure
2) and (2) brackets the Across-the-River Tuff, which
has been determined to be 22.1 Ma in old, based
on Ar/Ar analysis (C.C. Swisher III 1993 personal
communications in Fremd et al. 1994 and Fremd
2010, Lander and Lindsay 2011, Lander 2013b).
Biostratigraphic and radiometric data corroborate
Woodburne’s (1998) correlation of the Logan Mine
Local Fauna with the Runningwater Fauna.
M.S. Stevens (in Woodburne et al. 1974, see fig.
6) referred the oreodontid specimen from UCR
locality RV6611 (UCR 10918, skull with I3–M3 and
attached mandible with i3–m3) to Phenacocoelus
cf. P. leptoscelos (Stevens 1969) (Figure 5). Because
Stevens and Stevens (1989) later reassigned the
species to Ustatochoerus, Woodburne (1998) accordingly referred to UCR 10918 as Ustatochoerus cf.
U. leptoscelos. On the other hand, Lander (1977,
1985) assigned the type and topotype specimens of
latest Arikareean U. leptoscelos (= Hypsiops leptoscelos Stevens 1969) to latest Arikareean Merycoides
kayi (Schultz and Falkenbach 1950). Ustatochoerus
leptoscelos is a member of the Castolon Local Fauna
from the lower member of the Delaho Formation in
the Big Bend region of Trans-Pecos or western Texas
(Figure 2). Lander (1998) subsequently synonymized
U. leptoscelos, M. kayi, and Merychyus siouxensis
Loomis 1924 with the early late to latest Arikareean
phenacocoeline Merycoides harrisonensis (Peterson
1907) (genotype species for Paramerychyus Schultz
and Falkenbach 1947), based on their similar P1–M3
lengths and dental and cranial anatomies. Schultz
and Falkenbach (1947) distinguished Paramerychyus from Merychyus (including M. siouxensis) on
the basis of its lower or dorsoventrally flatter skull.
Stevens and Stevens (2007) continued to recognize P.
harrisonensis. However, Lander (1977, 1998) rejected
Paramerychyus because the taxonomically diagnostic
shape of the skull in the type specimen for its genotype species (CM 1431), unlike that of M. siouxensis
94

(AMNH 13774), was actually an artifact of preservation and resulted from postmortem vertical crushing
(Lander and Lindsay 2011; compare Peterson 1907:fig.
7 with Loomis 1924:fig. 21).
The M. harrisonensis and M. siouxensis type specimens are from the Lower Harrison Beds (= Harrison
Formation) along Van Tassel Creek in Niobrara
County, southeastern Wyoming, and west of Agate
in the adjacent northwestern Nebraska Panhandle of
western Sioux County, respectively (Peterson 1907,
Loomis 1924). The latest Arikareean oreodontid
Merycochoerus vantasselensis also occurs in the
Harrison Formation (Lander 1977, 1985, 1998, 2013b,
see fig. E-1, Lander and Lindsay 2011, see fig. 4). The
type and topotype specimens of M. kayi are from 4
miles (6.4 kilometers) east and 2 miles (3.2 kilometers) south of Lusk, also in Niobrara County. The
latter locality is at or near the base of the overlying
Upper Harrison Beds (= Anderson Ranch Formation)
(Hunt and Skolnick 1996) and has produced the last
record of Oreodontoides, too (Lander 1998:locality
CP51A). The lower part of the Anderson Ranch
Formation in the central Great Plains Province
contains M. vantasselensis, as well (Lander 1977,
1985, 1998, 2013b, see fig. E-1, Lander and Lindsay
2011, see fig. 4). The mean P1–M3 length for the
type and topotype specimens of M. kayi (M = 89.5
millimeters, N = 2; Table 1) is somewhat greater than
that for M. harrisonensis (roughly 80 millimeters),
but comparable to that for the type and topotype
specimens of U. leptoscelos (M = 92.8 millimeters,
N = 6; Stevens 1977:table 8). Consequently, M. kayi
(including U. leptoscelos) is regarded herein as a
later (i.e., late latest Arikareean) and larger-bodied
subspecies of early latest Arikareean M. harrisonensis harrisonensis and, therefore, is referred to as
M. harrisonensis kayi (Schultz and Falkenbach 1947)
new rank. Earlier records of M. harrisonensis harrisonensis are found with early late Arikareean Merycochoerus carrikeri in the upper part of the Monroe
Creek Beds (= Monroe Creek Formation), which
underlie the Harrison Formation (Lander 1977, 1985,
1998, 2013b, see fig. E-1, Lander and Lindsay 2011,
see fig. 4).
Merycoides harrisonensis and its junior synonyms
are all characterized by (1) a round-bottomed
lacrimal fossa that deepens posteriorly, (2) an anteroposteriorly thick postglenoid fossa, (3) a comparatively uninflated, unipartite auditory tube, and (4) a
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diagonal P3 AIC, symplesiomorphic traits that typify
phenacocoelines, but not late early late Barstovian
to earliest Hemphillian specimens of Merychyus
that Schultz and Falkenbach (1941, 1968) assigned
to Ustatochoerus, except U. medius mohavensis
and U.? schrammi, which lacks a skull (see above,
Figure 4, and appropriate illustrations in Schultz and
Falkenbach 1941, 1947, 1950, 1968, and Stevens 1969,
1977). Moreover, the tympanic bulla in late early late
Barstovian to latest Clarendonian Merychyus (1) has
a highly concave ventral surface that slopes steeply
anterodorsomedially, (2) correspondingly bears a
prominent posterolateral apex, and (3) is broadly
basined dorsomedially beyond or above the level
of the bulla’s medial contact with the basioccipital
(Figure 3), whereas the bulla in M. harrisonensis and
its junior synonyms is highly inflated (i.e., ventral
surface extremely convex) and rather kidney shaped
(see Lander 1985, 1998, and applicable illustrations in
Schultz and Falkenbach 1941, 1947, 1950, 1968, and
Stevens 1977). Accordingly, late latest Arikareean U.
leptoscelos is too primitive in lacking (1) synapomorphic traits involving the lacrimal fossa, postglenoid
process, and auditory tube already found in geologically only slightly older (i.e., early latest Arikareean)
Merychyus calaminthus, and (2) the P3 ALC of
late Hemingfordian to middle middle Barstovian
M. relictus to have been ancestral to late early late
Barstovian Merychyus medius new subspecies (Figure
2).
Unfortunately, the skull of UCR 10918 (i.e., early
but not earliest Hemingfordian Ustatochoerus cf.
U. leptoscelos) has been laterally crushed as a result
of postmortem compression, the upper cheek
toothrows are highly worn, and the basicranium
had not been fully prepared when the specimen was
originally described by M.S. Stevens in Woodburne
et al. (1974). As a consequence, most taxonomically
diagnostic features of the skull and dentition have
been damaged, lost to wear, or were not initially
exposed for examination. Nevertheless, the specimen
does not resemble late latest Arikareean Merycoides
harrisonensis kayi, the coeval U. leptoscelos type
and topotype specimens included therein by Lander
(1998), or any other phenacocoeline. Although the
N–O/P1–M3 ratio of UCR 10918 is comparable to the
mean of that value for the M. harrisonensis kayi type
and topotype specimens, its P1–M3 length indicates
UCR 10918 represents a somewhat larger individual
2015 desert symposium

(Table 1; see above, Figure 5, and Schultz and Falkenbach 1950:fig. 1). Moreover, the latter specimen has a
few synapomorphic ticholeptine traits not found in
M. harrisonensis kayi or U. leptoscelos. For example,
UCR 10918 has (1) a RPMS/P1–M3 ratio more than
2.5 times that for the M. harrisonensis kayi type
specimen (Table 1), (2) a lacrimal fossa that, although
damaged, seems to have been uniformly very shallow
and flat bottomed, and, based on additional preparation of the basicranium by the author in 1978, (3) the
tympanic bulla, despite also being damaged, appears
to have had a very concave ventral surface, a prominent posterolateral apex, and a dorsomedial basin
that projected a bit beyond or above the level of the
bulla’s medial contact with the basioccipital (Lander
1985). Morphologic criteria clearly demonstrate UCR
10918 is not assignable to either M. harrisonensis kayi
or U. leptoscelos (Lander 1985, 1998).
Similarly, UCR 10918 does not represent an
individual or taxon ancestral to Merychyus medius.
Despite having a dorsomedially basined tympanic
bulla as in the latter taxon, the N–O/P1–M3 ratio of
UCR 10918 is already a bit less (i.e., the ENO is more
retracted or derived) than in late early late Barstovian
M. medius new subspecies (Table 1). Moreover, the
autapomorphic development of a P3 ALC indicates
late Hemingfordian to middle middle Barstovian
Merychyus relictus was ancestral to M. medius. Merychyus relictus, in turn, was ultimately derived from
middle early to late early Hemingfordian Merychyus
elegans, a substantially smaller-bodied contemporary of the taxon represented by UCR 10918 (Figure
2). Merychyus elegans is both the ancestor and sister
taxon of Mediochoerus johnsoni.
The type specimen of the phenacocoeline Hypsiops
breviceps (CM 1191, skull with I1–M3 and mandible
with i1–m3) is from the Cabbage Patch Beds (=
Sixmile Creek Formation) of Silver Bow County,
southwestern Montana. Although its P1–M3 length
is virtually the same as that for UCR 10918, CM 1191
lacks several synapomorphic traits typical of ticholeptines, including (1) a transversely oriented P3 AIC,
(2) a uniformly shallow and flat-bottomed lacrimal
fossa, and (3) an anteroposteriorly very thin postglenoid process, but (4) the N–O/P1–M3 ratio is actually
much less (i.e., the ENO is more retracted or derived)
than in UCR 10918 and the topotype specimen of
Mediochoerus johnsoni (Table 1; see Figures 5–6
and Schultz and Falkenbach 1950:120, figs. 4–6).
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Additionally, (1) the ventral surface of the tympanic
However, morphologic criteria show UCR 10918 is
bulla is decidedly flattened (i.e., it lacks a distinct
not assignable to Hypsiops, either.
posterolateral prominence) but still very slightly
On the other hand, UCR 10918 (1) represents a
convex in Hypsiops (includes Pseudomesoreodon and
somewhat larger individual than those represented
Submerycochoerus; Lander 1977, 1998), and (2) a crest by the type and topotype specimens of M. johnextends along the anteromedial edge of the bulla
soni, based on its greater P1–M3 length, (2) has a
(Lander 1998). Hypsiops breviceps (1) is much smaller comparatively shorter (i.e., less derived) RPMS, but
bodied than H. bannackensis (genotype species for
(3) a slightly more retracted (i.e., more derived) ENO
Submerycochoerus) and, contrary to Lander (1977,
compared to the topotype specimen (F:AM 24439),
1998) and Stevens and Stevens (2007), (2) perhaps
whereas (4) the lacrimal fossa appears to have been
slightly more derived than in terms of ENO retracuniformly very shallow and flat bottomed as in the
tion (Table 1), and presumably, therefore, (3) reprelatter specimen, and (5) the tympanic bulla seems
sents the last record of the genus. Along Grasshopper to have had a very concave ventral surface and a
Creek and in the North Boulder Valley of southprominent posterolateral apex, but, in contrast to
western Montana, H. bannackensis probably overlies
F:AM 24439, a dorsomedial basin that projected a
H. brachymelis, which (1) occurs in the lower part of
bit beyond or above the level of the bulla’s medial
the fossil-bearing sequences, (2) is more primitive
contact with the basioccipital (see above and Table
than H. bannackensis in terms of ENO retraction and 1; Lander 1985). However, tympanic bullae with
lengthening of its RPMS (Table 1), (3) occurs with the and without a dorsomedial basin are both found in
latest Arikareean oreodontid
Merycochoerus vantasselensis
in the Harrison Formation
and perhaps the lower part
of the overlying Anderson
Ranch Formation in the
central Great Plains Province
(Lander 1977, 1998, 2013b,
see fig. E-1, Lander and
Lindsay 2011, see fig. 4) and,
therefore, (4) is the oldest and
most primitive record of the
genus. Hypsiops bannackensis
is likely associated with the
phenacocoeline Merycoides
longiceps (includes Phenacocoelus stouti; Lander 1977,
1998) in the North Boulder
Valley. The latter species,
in turn, is associated with
earliest Hemingfordian
Merycochoerus matthewi
in the upper part of the
Anderson Ranch Formation
(Lander and Lindsay 2011,
Lander 2013b). Thus, H.
Figure 7. Mediochoerus blicki, F:AM 43172 (skull, type specimen), middle middle Barstovian,
breviceps might have been a
contemporary of Mediochoerus Lower Snake Creek Fauna, upper member of Olcott Formation, F:AM New Surface Quarry,
Sioux County, northwestern Nebraska Panhandle. A, left lateral view (composite of left
johnsoni and the individual
and right sides). B, ventral view of left side. C, dorsal view of left side. After Schultz and
represented by UCR 10918.
Falkenbach (1941:fig. 16).
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early middle Hemingfordian B. rusticus, the earliest
and most primitive species of Brachycrus that, like
middle middle Barstovian Mediochoerus blicki, is
a direct descendant of M. johnsoni (Lander 1977,
1985, 2013a). In terms of its cranial anatomy, P1–M3
length, and geologic age, UCR 10918 is most like
the type and topotype specimens of M. johnsoni, to
which it is assigned herein, following (Lander 1985).
Consequently, UCR 10918 represents only the third
record of M. johnsoni. In contrast, Lander (1998)
regarded the specimen as representing a new, relatively large-bodied species of Mediochoerus. Woodburne (1998) considered the corresponding Logan
Mine Local Fauna a correlative of the early (but not
earliest) Hemingfordian Runningwater Fauna from
the Runningwater Formation. Based on the shared
occurrences of M. johnsoni, the Logan Mine Local
Fauna is regarded in this report as a correlative of the
upper rather than lower Runningwater Fauna and,
therefore, late early instead of middle early Hemingfordian in age (Figure 2).

johnsoni, as indicated by its much greater N–O/
P1–M3 and RPMS/P1–M3 ratios and P1–M3 length
(Table 1; Schultz and Falkenbach 1941, Lander 1977,
1985). Because of a lapsus calami, Lander (1985:133)
incorrectly stated that M. blicki had a less retracted
ENO than M. johnsoni. Mediochoerus blicki is a
member of the middle middle Barstovian Lower
Snake Creek Fauna (Figure 2). The species resembles
early middle Hemingfordian Brachycrus rusticus,
the earliest and most primitive member of its genus
and the sister taxon of M. blicki, both species having
arisen from M. johnsoni (see above; Lander 1977,
1985, 2013a).
Mediochoerus species indeterminate—AMNH
144554 is a nearly complete right dentary with p1–
m3 from New Year Quarry (incorrectly identified as
New Quarry by Kelly and Lander 1988:14) (Figure
8). New Year Quarry lies (1) high on the western
side of the divide between Coon Canyon to the west
and Rainbow Basin to the east, and (2) only about
10–65 feet (3–20 meters) above the Skyline Tuff at
the base of the Upper or Fossiliferous Tuff Member
(= First Division) of the Barstow Formation in the
Mud Hills of the central Mojave Desert Province in
San Bernardino County, southern California (Figure
1; Galusha et al. 1966, Evander 1986, Woodburne et
al. 1990:fig. 3, Pagnac 2009). Lander (1985, 1998) and

Mediochoerus blicki Schultz and Falkenbach 1941
(genotype species)—Mediochoerus blicki comprises
just three specimens, all apparently from the upper
member of the Olcott Formation in the northwestern
Nebraska Panhandle of Sioux County (Figure 2).
Those records include the type specimen (F:AM
43172, skull with I3–M3; Figure
7) from the upper member of the
formation at New Surface Quarry
(Figure 2; Schultz and Falkenbach 1941, see fig. 16, Skinner et
al. 1977). The two referred specimens (F:AM 43172, 43252) were
collected at Quarry 2 by J. Wilson
and associates of the F:AM in 1938
(Schultz and Falkenbach 1941).
If, as suggested by Skinner et al.
(1977:334), Quarry 2 is the same site
as the one identified with that name
by Osborn (1936:fig. 392), then the
latter two specimens were recovered from the upper member at Far
Surface Quarry and, therefore, are
topotype specimens of M. blicki.
Figure 8. Mediochoerus species indeterminate, AMNH 144554 (right dentary),
Mediochoerus blicki is substantially earliest late Barstovian, lowermost Barstow or First Division Fauna, lowermost part
of Fossiliferous Tuff or Upper Member (= First Division) of Barstow Formation,
larger-bodied and more derived
F:AM New Year Quarry, Mud Hills, San Bernardino County, southern California. A,
than late early Hemingfordian M.
occlusal view. B, lateral view (reversed).
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Kelly and Lander (1988) referred AMNH 144554 to
Brachycrus laticeps or B. laticeps siouense, regarding
that specimen rather than the ones from high in the
underlying Green Hills Division at Camp Quarry
as the last local occurrence of the genus. However,
Lander (2013a) reassigned the specimen to Mediochoerus mohavensis, considering it to represent an
earlier and slightly larger-bodied individual of the
species than the type specimen, which is discussed
below. In contrast to Brachycrus, (1) the horizontal
ramus of AMNH 114554 is shallower (Lander 2013a)
and (2) slopes less steeply posteroventrally, whereas
(3) the mandibular symphysis is more procumbent
and (4) the posteroventral end of the symphysial

suture lacks a large prominence (Figure 8; see appropriate illustrations in Schultz and Falkenbach 1940,
1968). In those respects, the specimen resembles the
dentaries from the two examples referred above to
M. johnsoni, the only other dentaries known for the
genus (see Figures 5–6 and Woodburne et al. 1974:fig.
6). AMNH 114554 represents (1) a much larger
individual than those of contemporary Merychyus
medius? new subspecies and Ticholeptus schrammi,
both of which are members of the earliest late Barstovian Eubanks Fauna sensu lato from the lower part of
the Pawnee Creek Formation in northeastern Colorado, but (2) one much smaller than the individual of
Brachycrus from the same fauna. Unfortunately, the
specimen lacks taxonomically diagnostic
cranial remains. Therefore, AMNH 144554
is considered in this report to represent
the only record of (1) an endemic, largerbodied subspecies of Mediochoerus blicki or
M. mohavensis, or (2) an as-yet unnamed,
earliest late Barstovian species of the genus.
The Dated Tuff lies (1) just above the New
Year Quarry level, (2) roughly 35–100 feet
(10–30 meters) above the Skyline Tuff, but
(3) about 55–60 feet (17–18 meters) above
the latter tuff in Rainbow Basin, and (4) is
14.80 and 14.81 Ma old on the basis of K-Ar
and Ar/Ar radiometric dating analyses,
respectively (Woodburne et al. 1982, 1990,
Woodburne and Tedford 1982, MacFadden
et al. 1990, Woodburne and Reynolds 2010).
Consequently, the New Year Quarry Local
Fauna (new) of the earliest late or type
Barstovian, lowermost Barstow or First
Division Fauna is slightly less than 14.80–
14.81 Ma in age (Figure 2).

Mediochoerus mohavensis (Schultz and
Falkenbach 1941)—The type and perhaps
only specimen of Ustatochoerus medius
mohavensis, F:AM 34464, is the ventral
portion of a skull with I1–3 alveoli and C–
M3 (P1 roots) from the Hemicyon Stratum
Figure 9. Mediochoerus mohavensis, F:AM 34464 (ventral portion of skull,
(Figure 9; Schultz and Falkenbach 1941,
type specimen), late early late Barstovian, upper lower Barstow or First
see fig. 16). The Hemicyon Stratum lies very
Division Fauna, Hemicyon Stratum, upper lower part of Fossiliferous Tuff
or Upper Member (= First Division) of Barstow Formation, F:AM Hemicyon near the top of the lower part of the Upper
Quarry, Mud Hills, San Bernardino County, southern California. A, right
or Fossiliferous Tuff Member (= First Divilateral view (reversed). B, ventral view. C, anterodorsal view. Abbreviations:
sion) of the Barstow Formation (i.e., below
AIC = anterior intermediate crest, IOF = infraorbital foramen, RPMS =
rostral premaxillary suture.
Hemicyon Tuff) in the Mud Hills (Figure 1;
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Woodburne et al. 1990:fig. 4). The Hemicyon Stratum
lies around 10–100 feet (3–30 meters) below the
Hemicyon Tuff, which, in turn, is situated roughly
245–295 feet (75–90 meters) above the Skyline Tuff
at the base of the Fossiliferous Tuff Member (Woodburne et al. 1990, MacFadden et al. 1990). Galusha
et al. (1966) and Pagnac (2009) indicated the source
of the specimen as Hemicyon Quarry, which lies in
the Hemicyon Stratum. Hemicyon Quarry is located
near the top of the divide northwest of Coon Canyon
(Woodburne et al. 1990:figs. 3–4). The Hemicyon Tuff
is 14.05 Ma (average of two determinations) or 14.00
Ma old on the basis of K-Ar and Ar/Ar analyses,
respectively (MacFadden et al. 1990). Therefore,
F:AM 34464 and the late early late or type Barstovian
Hemicyon Stratum Local Fauna (new) of the upper
lower Barstow or First Division Fauna are slightly
older than 14.00–14.05 Ma in age (Figure 2).
Although Schultz and Falkenbach (1968:497)
continued to recognize U. medius mohavensis, but as
a species rather than a subspecies of Ustatochoerus,
all subsequent workers, beginning with Lander
(1977, based on 1973 written and verbal communications from M.F. Skinner and R.H. Tedford,
respectively), Woodburne (1978), and Skinner and
Johnson (1984:259, footnote 11), have since assigned
the subspecies to Mediochoerus. Mediochoerus
mohavensis (specific name misspelled as mojavensis
by Pagnac 2009:55, 59) appears to represent a secondarily smaller-bodied form of the genus intermediate
in body size between smaller-bodied M. blicki and
larger-bodied M. species indeterminate (Table 1;
Lander 2013a). A number of morphologic criteria
separate F:AM 34464 and, therefore, M. mohavensis
from Merychyus medius, which Schultz and Falkenbach (1941, 1968) recognized as the earliest and most
primitive species of Ustatochoerus. For example, the
RPMS/P1–M3 ratio of F:AM 34464 is approximately
50% greater than in M. medius new subspecies, a
probable contemporary of M. mohavensis from the
north-central Nebraska Panhandle and northwestern
Kansas (Figures 2, 9, see Table 1). Moreover, the P3
of F:AM 34464 lacks the autapomorphic ALC of
M. medius new subspecies (Figure 4). Mediochoerus
mohavensis represents the latest definitive and
perhaps most derived species of the genus (however,
see below), even with the RPMS/P1–M3 ratio for its
type specimen being somewhat (13.2%) less than
in the type specimen (F:AM 43172) of the ancestral
2015 desert symposium

and genotype species, middle middle Barstovian
Mediochoerus blicki from the Olcott Formation of
the northwestern Nebraska Panhandle (see Table 1).
F:AM 34464 is clearly not Brachycrus because the
right infraorbital foramen is situated on the lateral
surface of the maxilla (Figure 9), indicating the
specimen never had the deep facial or maxillary fossa
that characterizes the latter genus. F:AM 34464 also
represents a much larger individual than contemporary examples of Ticholeptus schrammi.
Mediochoerus mohavensis and M. blicki were
regarded as synonyms by Skinner and Johnson
(1984:259, footnote 11) and Lander (1998). However,
both species are retained herein because the M.
mohavensis type specimen, contrary to Lander
(1985), is so incomplete it cannot be determined if the
degree of ENO retraction in that specimen is similar
to or greater (i.e., more derived) than in the M. blicki
type specimen. Consequently, it is not possible to
determine if M. mohavensis and M. blicki represent the same species. Should additional specimens
allow conclusive synonymy of the two species, M.
mohavensis would have page priority and the record
from New Year Quarry would be assignable to that
species, too.
Ticholeptinae, genus and species undetermined—
UCR 23090 comprises twelve associated tooth
fragments recovered from the Barstow Formation
at UCR locality RV68158 in the Mud Hills by M.O.
Woodburne and subsequently identified questionably
as Brachycrus by D. Pagnac. Unfortunately, recent
searches did not locate the specimen in the UCR
collection at the UCMP. UCR locality RV68158 is
in the upper part of the Fossiliferous Tuff or Upper
Member (= First Division) of the formation (i.e.,
above Hemicyon Tuff; interval locally and informally
referred to as Hemicyon Member by Woodburne
1978, Woodburne et al. 1990:fig. 4, and MacFadden
et al. 1990:fig. 7). The fossil-bearing level is roughly
130 feet (40 meters) above the Hemicyon Tuff and
equivalent to one below the Lapilli Sandstone, which
lies roughly 100–205 feet (30–63 meters) above
the Hemicyon Tuff (see Woodburne et al. 1990, see
fig. 4, Rodent Hill Basin [section 3a] north limb,
MacFadden et al. 1990, see fig. 7, Rodent Hill Basin
[section 3] north limb) (M.O. Woodburne written
communication November 24, 2014). The Hemicyon
Tuff has been determined to be 14.05 and 14.0 Ma
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old on the basis of K-Ar and Ar/Ar analyses, respectively (see above), whereas the Lapilli Sandstone is
13.37 Ma in age, based on K-Ar analysis (MacFadden
et al. 1990). Those determinations suggest the upper
Barstow or First Division Fauna is (1) 14.0–13.37
Ma old, (2) middle late Barstovian in age, and (3) a
correlative of the Norden Fauna from the Cornell
Dam Member of the Valentine Formation in northcentral Nebraska (Figure 2). The Norden Fauna
includes small-bodied Merychyus medius medius
(see above) and brackets the Hurlbut Ash, which has
been found to be 13.55 Ma old on the basis of Ar/Ar
analysis (Figure 2; Swisher 1992, Tedford et al. 2004).
UCR 23090, if correctly identified as an oreodontid,
might represent (1) the latest record of Mediochoerus
(2) the final occurrence of Brachycrus, (3) an individual of M. medius medius coeval with the occurrence in the Norden Fauna, or (4) a comparatively
late record of Ticholeptus, another member of the
Norden Fauna.

Faunal provincialism and changes in adult
body size through time—Phenomena in
search of a cause
Contemporaneous oreodontid species often had
markedly disjunct or non-overlapping and widely
separated geographic ranges during the latest
Arikareean to middle Clarendonian NALMAs. For
example, Mediochoerus johnsoni is found only in (1)
the Logan Mine Local Fauna from the upper part of
the Hector Formation in the central Mojave Desert
Province of southern California and (2) the correlative, late early Hemingfordian, upper Runningwater
Fauna from the upper part of the Runningwater
Formation in the central Great Plains Province of the
Nebraska Panhandle (see above and Figure 2; Schultz
and Falkenbach 1941, Lander 1977, 1985, 1998).
However, a common taxonomic element of the upper
Runningwater Fauna, the large-bodied and unusually
tapir-like merycochoerine oreodontid Merycochoerus
proprius (Schultz and Falkenbach 1940, 1968, Lander
1977, 1985, 1998, 2013b, Lander and Lindsay 2011),
is not recorded from California. Likewise, middle
Hemingfordian Merychyus fletcheri, Ticholeptus
calimontanus (includes T. tooheyi; Lander 1977),
and Brachycrus vaughani are all members of the Box
Butte Fauna from the Red Valley Member of the Box
Butte Formation in the Nebraska Panhandle (Figure
2; Galusha 1975, Lander 1985, 1998, 2013a–b, Kelly
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and Lander 1988). Brachycrus is not known outside
of the Nebraska Panhandle and central Wyoming
during that period, whereas T. calimontanus is not
found in the Mojave Desert Province.
Similarly, Merychyus relictus, Ticholeptus zygomaticus, Mediochoerus blicki, and secondarily smallbodied Brachycrus laticeps siouense are all members
of the middle middle Barstovian Lower Snake Creek
Fauna from the Olcott Formation of the Nebraska
Panhandle, but only M. relictus and B. laticeps
siouense are also recorded from the contemporaneous upper Green Hills Fauna from the upper part
of the Green Hills Division (= middle part of Resistant Breccia Member) of the Barstow Formation in
the central Mojave Desert Province (Figure 2; Schultz
and Falkenbach 1940, 1941, Lewis 1968, Lander 1977,
1985, 1998, 2013a, 2015, Skinner et al. 1977, Kelly and
Lander 1988). In contrast, Mediochoerus species indeterminate, the largest record for the genus, is found
just in the earliest late Barstovian, lowermost Barstow
or First Division Fauna from the lower part of the
Fossiliferous Tuff or Upper Member (= First Division) of the Barstow Formation, whereas Ticholeptus
schrammi, Merychyus medius? new subspecies, and
the last record of Brachycrus all occur in the coeval
Eubanks Fauna sensu lato from the lower part of the
Pawnee Creek Formation in the central Great Plains
Province of northeastern Colorado (see above and
Figure 2; Schultz and Falkenbach 1941, Lander 1998,
2013a, 2015, Tedford 1999, 2004). The replacement
of middle middle Barstovian forms of Merychyus
(Table 1), Mediochoerus, and Brachycrus by substantially larger-bodied, earliest late Barstovian forms of
the same genera has significant paleoenvironmental
implications.
Secondarily small-bodied Mediochoerus
mohavensis represents the last definitive record of
the genus (see above; Lander 2013a). Like M. species
indeterminate, M. mohavensis is also endemic,
occurring only in the late early late Barstovian, upper
lower Barstow or First Division Fauna from the upper
lower part of the Fossiliferous Tuff or Upper Member
(= First Division) of the Barstow Formation, whereas
T. schrammi and a larger-bodied form of Merychyus
medius new subspecies are found in the correlative Keota Fauna from the upper part of the Pawnee
Creek Formation (see above and Table 1; Schultz
and Falkenbach 1941, Lander 1998, 2008, 2013a,
Tedford 1999, 2004, Lander and LaGarry 2014).
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After a possible slight decrease in body size from
the late early late to middle late Barstovian NALMA
(as documented between M. medius new subspecies
and M. medius medius in the Norden Fauna from
the Cornell Dam Member of the Valentine Formation in north-central Nebraska; Table 1), Merychyus
increased dramatically in body size from the middle
late Barstovian to the latest Clarendonian NALMAs
(Lander 2008). Ticholeptus is last recorded with M.
medius santacruzensis (largest-bodied and most
derived form of species) in the middle Clarendonian
Big Spring Canyon Fauna of the central Great Plains
Province in southwestern South Dakota (unpublished
data).
Latest Arikareean to middle Clarendonian
oreodontid assemblages from southern California,
particularly those of the central Mojave Desert
Province, were noticeably depauperate taxonomically compared to correlative assemblages in the
central Great Plains Province (Figure 2). Some
lineages never reached California (e.g., Merycochoerus and Hypsiops) or were present only intermittently, whereas they nearly always had long dense
continuous records in the central Great Plains
Province. In an unusual departure from that generality, Mediochoerus was restricted to the central
Mojave Desert Province during the early late Barstovian NALMA, whereas the other three ticholeptine
genera did not occur in California at all during that
interval. Disjunct geographic ranges and increasing
average adult body size through successive generations of Mediochoerus, Merychyus, and Brachycrus
from the middle middle or late middle to earliest
late Barstovian NALMA suggest those phenomena
accompanied significant climatic and environmental
(e.g., vegetational) shifts immediately after Peak 2 of
the Middle Miocene Climatic Optimum, a period of
global warming (see Lander 2013a:fig. 3, 2013b:fig.
G-1).
Lander (1977, 1984, 1988, 1989, 1998, 2008,
2013a–b), Lander and Hanson (2006), and Morgan et
al. (2009) regarded fluctuating body size in various
oreodontid and agriochoerid oreodontoid (= oreodont) lineages as a non-evolutionary or strictly
phenotypic response to a progressive, geographically wide-spread, and comparatively long-term
change in a taxon’s resource base or food supply.
An increasingly seasonal climate characterized by
summer drought was considered the primary cause
2015 desert symposium

of a deteriorating food supply and the subsequent
reduction in body size (i.e., stunting), with the fullgrowth potential of an immature individual not
being realized because of the reduced availability of
forage during that time of year when the individual
would normally have achieved much or most of its
adult body size (Lander 1977, 1984, 1988, 1989, 1998,
2013a–b, Morgan et al. 2009). The apparent extinctions of Brachycrus and Mediochoerus during the
earliest late and late early late Barstovian NALMA,
respectively, and the secondarily small body size
represented by that last occurrence of Mediochoerus
might have resulted from such changes in their
resource bases. In contrast, increasing body size
would have reflected a corresponding growth in the
taxon’s food supply during a period of moderating
climate, when summer drought diminished or did
not occur and, therefore, the amount of available
forage was less of a factor limiting adult body size
(Lander 2013a–b). Consequently, average adult body
size in an oreodont population during a comparable
period would have been greater than in its immediate
ancestors and/or descendants, who existed under
more severe climatic regimes. Earlier (i.e., early to
middle Barstovian) resource-dependent changes in
body size were referred to informally as the HawsBerkeley Effect by Lander (2013a–b).
On the other hand, variations in body size might
also or instead reflect Bergmann’s Rule (Bergmann
1847), which, as currently accepted, is based on the
observation that smaller bodied populations of a
modern, comparatively large-bodied mammalian
species inhabiting northern North America, in
contrast to larger-bodied populations of the same
species, live in areas where the climate is warmer
(i.e., they are found at lower latitudes or elevations)
(Blackburn and Hawkins 2004). D’Ambrosia et al.
(2013) attributed diminishing body size between
stratigraphically successive samples of the hyracotheriine equid “Hyracotherium” and the diacodexid
artiodactyl Diacodexis to global warming, which
resulted from increased atmospheric carbon dioxide
during Eocene Thermal Maximum 2 (i.e., early
Wasatchian NALMA). On the other hand, dwarfing
documented by Lander (1977, 1998) in similarly
superposed samples of the miniochoerine oreodontids Prodesmatochoerus and Miniochoerus from
the late Chadronian to early Orellan NALMAs was
ascribed to global cooling and the accompanying
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increase in seasonality and decrease in mean annual
precipitation by Prothero (1999). Contradictory
conclusions indicate a more definitive determination
for the ultimate causes of diminishing body size and,
therefore, extinction remains elusive.
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Appendix: Table 1
Table 1. Statistical data for specimens and taxa cited in text. P. = Pseudomesoreodon.
See text regarding other abbreviations.

Taxon, Formation,
& Specimen Number

P1–M3

RPMS

RPMS/

N–O/

P1–M3

P1–M3

Ratio

N–O

Ratio

0.05

49

0.55

Comment

Merycoides harrisonensis kayi
Anderson Ranch Formation, lower part, Wyoming
F:AM

33660a

F:AM

33660b

89

4.5

90
M=

47

89.5

0.051

type

0.52
0.536

Hypsiops brachymelis
Medicine Lodge Beds, Montana
F:AM

34335

100

56

0.56

F:AM

34401

103

58

0.56

F:AM

44882

105

66

0.63

F:AM

44948a

109

66

0.61

M=

6.8

104.3

0.06
0.062

P. rooneyi type

0.589

Sixmile Creek Formation, Montana
AMNH

9731

106

12.1

0.11

60

0.57

AMNH

9734

111

10.4

0.09

56

0.50

F:AM

uncataloged

109

60

0.55

F:AM

uncataloged

102

57

0.56

M=

8.3

107.0

0.08
0.096

type

0.545

H. bannackensis
Medicine Lodge Beds, Montana
F:AM

34317

118

14.7

0.12

60

0.51

56

0.47

Sixmile Creek Formation, Montana
AMNH
F:AM

9737

119

44883

118
M=

118.5

0.471

H. breviceps
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Sixmile Creek Formation, Montana
CM

1191

101

13.1

0.13

46

0.46

45

0.61

type

Merychyus relictus
Olcott Formation, Nebraska
F:AM

37542

79

F:AM

43078

75

F:AM

43079

74

F:AM

43219

76

F:AM

43238

77

F:AM

43370

74
M=

75.8

0.608

M. medius? new subspecies
Pawnee Creek Formation, lower part, Colorado
AMNH

9835

104

M. medius new subspecies
Pawnee Creek Formation, upper part, Colorado
F:AM

33501

111

F:AM

33693

107

F:AM

33694

115
M=

111.0

“Paleo Quarry” Beds, Nebraska
F:AM

37225

115

24.5

0.21

65

0.57

108

24.0

0.22

61

0.56

15.8

0.15

56

0.53

51

0.58

“Valentine” Formation, Kansas
F:AM

33696

M. medius medius
Valentine Formation, Cornell Dam Member
F:AM

105002

106

Ticholeptus calimontanus
Box Butte Formation, Red Valley Member, Nebraska
UNSM

1-15-9-36SP

88

9.4

0.11

83

10.0

0.12

T. tooheyi type

Caliente Formation, California
CIT

2543

type

T. zygomaticus
Olcott Formation, Nebraska
AMNH

14065

89

F:AM

43043

95

14.8

0.16

F:AM

43044

99

15.2

0.15

F:AM

43045

92

F:AM

43073

87

14.7

F:AM

uncataloged

57

0.60

0.17

48

0.55

0.159

51.0

0.576

87
M=

93.2

Mediochoerus johnsoni
Runningwater Formation, upper part, Nebraska
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F:AM
UNSM

24439

91

13.6

0.15

2-11-8-36NP

89

15.3

0.17

M=

90.0

50

0.55
type

0.161

0.549

Hector Formation, upper part, California
UCR

10918

100

13.0

0.13

52

0.52

37.4

0.36

35

0.33

38

0.37

M. blicki
Olcott Formation, upper member, Nebraska
F:AM

43172

105

F:AM

43173

103
M=

104.0

0.356

type

0.351

M. mohavensis
Barstow Formation, Upper Member, California
F:AM
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114

36.0

0.32
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Review of peccaries from the
Barstow Formation of California
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Introduction
The North American record of peccaries (Tayassuidae) extends from the extant genus Tayussu to
Perchoerus, the oldest known peccary from late
Eocene (Chadronian) strata (Wright, 1998; Harris
and Li-Ping, 2007; Prothero, 2009). Peccaries are
relatively rare in middle Miocene vertebrate assemblages from the Barstow Formation (Figure 1) and
only three taxa have been reported, Dyseohyus
fricki, Cynora occidentale, and Hesperhys (Woodburne, 1969; Pagnac, 2005, 2009). Fossils representing Dyseohyus fricki and Cynorca occidentale
were described by Woodburne (1969), but specimens tentatively identified as Hesperhys have not
been described. The known peccary record from
the Barstow Formation based on dental material is reviewed and specimens of Hesperhys are
described. Also, during the analysis of Barstow
Formation peccaries, two specimens that could not
be referred to Dyseohyus fricki, Cynorca occidentale,

or Hesperhys indicate that a fourth peccary taxon
is present in the Barstow Formation, which is also
described.

Abbreviations
ACM, Amherst College Museum, Amherst, Massachusetts; AMNH, American Museum of Natural
History, New York, New York; Ba1, Barstovian
Biochron 1; Ba2, Barstovian Biochron 2; CIT, California Institute of Technology, Pasadena, California
(collections now at LACM); CM, Carnegie Museum
of Natural History, Pittsburgh, Pennsylvania; FAM,
Frick Laboratory Collections, American Museum of
Natural History, New York, New York; LACM, Los
Angeles County Museum, Los Angeles, California;
NALMA, North American Land Mammal Age;
RAM, Raymond M. Alf Museum of Paleontology,
Claremont, California; SBCM, San Bernardino
County Museum, Redlands, California; UCMP,
University of California Museum of Paleontology,
Berkeley, California.

Dyseohyus fricki
Dyseohyus fricki is rarely found
in the Barstow Formation and
most specimens are housed at the
AMNH because of the collecting
efforts of Frick Laboratory crews
(Woodburne 1969; Pagnac 2005,
2009). The holotype of Dyseohyus
fricki (LACM 2039), the genotypic
species, was found by R. Alf and
W. Webb in 1936 and presented to
C. Stock at CIT shortly thereafter
(Stock, 1937; Lofgren and Anand,
2010). After Stock’s death in the
1950’s, the CIT vertebrate paleontology collections were sold to the
Figure 1. Location of the Barstow Formation within the Mud Hills, Mojave Desert,
California (adapted from Steinen 1966).
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2015 desert symposium

lofgren, hess, hernandez & todd | review of peccaries from the barstow formation

LACM, including the holotype of D. fricki. Fossils
2005), palate with right and left P2–M3, symphasis
from the Barstow Formation referred to Dyseohyus
and right dentary with i1–3, c, p2–m3 and left
fricki by Woodburne (1969) are from the middle and
dentary with i1 and c, Valley View Quarry (middle
upper members and these specimens include:
member), collected in 1933.
LACM (CIT) 2039 (holotype), nearly complete
Hesperhys vagrans
skull with fragments of mandible, from LACM
The holotype of Hesperhys vagrans is CM 748, a
locality (CIT) 288 (upper member), about 200 feet
left dentary with i2–3, c, p2–3, broken p4, and m1,
above the Skyline Tuff.
and a right dentary with broken p2, p3–4, m1–2,
FAM 73670, skull and dentaries, Upper Steepside
and posterior 2/3 of m3, from the Flint Creek Beds
Quarry (middle member), collected in 1936.
(Middle Miocene), near New Chicago, Montana
FAM 73673, left dentary with left m1–2 and ante(Douglass, 1903). Thus, CM 748 has a fairly complete
rior half of m3, Hemicyon Strata (upper member),
lower dentition that includes at least one representacollection date unknown.
tive of all lower teeth except the first incisor (DougFAM 73672, right dentary with m1–2, site
lass, 1903; fig. 17). Three other similar tayassuids,
unknown, collected in 1923.
FAM 73671, right dentary with m2–3 and dp3 and Thinohyus siouxensis (holotype CM 1423, nearly
dp4, Hemicyon Quarry (upper member), collected in complete skull and lower jaws; Peterson, 1905),
1931.
Table 1. Measurements in mm of the holotypes of “Thinohyus” siouxensis (CM
UCMP 311295, right P4, UCR
1423) “Desmathyus” pinensis (AMNH 12936), Hesperhys vagrans (CM 748) and
locality 6401 (middle member),
“Pediohyus” ferus (ACM 2047), and five specimens of Hesperhys from the Barstow
collected around 1964.
Formation in the AMNH collections.

Cynorca occidentale
Four species of Cynorca have been
described C. sociale, C. protera, C,
hesperia, and C. occidentale, but only
a single specimen is known from the
Barstow Formation, the holotype of
C. occidentale (FAM 73660) (Woodburne, 1969). The concept of Cynorca
as diagnosed by Woodburne (1969)
has been retained by McKenna and
Bell (1997), Pagnac (2005), and Harris
and Li-Ping (2007). However, Cynorca
may be polyphyletic as specimens
representing C. sociale and C. occidentale were placed into sister groups,
Hesperhys/“Cynorca” sociale clade
and Tayassuinae, based on a phylogenetic analysis by Wright (1998; fig.
26.4). If this is accepted, “Cynorca”
sociale would be more closely related
to Hesperhys than to Cynorca occidentale, the latter of which is thought to
be most closely related to Dyseohyus
(Wright, 1998).
FAM 73660: holotype of Cynorca
occidentale, only known specimen of
the species (Woodburne, 1969; Pagnac,
2015 desert symposium
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Pediohyus ferus (holotype ACM 2047,
partial skull with jaws; Loomis, 1910)
and Demathyus pinensis (holotype
AMNH 12936, skull with part of
a dentary; Matthew, 1907), were
described shortly after Hesperhys
vagrans. The close similarity of these
taxa later became problematic. As
noted by Simpson (1945:85), “it is
strange that Peterson, Matthew, and
Figure 2. Occlusal view of FAM 143837, left and right dentaries with right i1–2, c,
Loomis, and others have repeatedly
p2–4, m1–3 and left i1–2, c, p2, p4, m1–3.
published on animals of this stage,
Matthew and Loomis each giving a
new generic name, without noting
that Douglass had already well
described, figured, and named a good
specimen evidently of this generic
group.” Thus, it is not surprising that
Desmathyus, Pediohyus and Thinohyus (in part) are now widely considered junior subjunctive synonyms of
Hesperhys (Simpson, 1945; McKenna
and Bell, 1997; Wright, 1998; Harris
and Li-Ping, 2007). Analysis of this
Figure 3. Palatal view of FAM 143838, skull fragment with right I1, C and dC, P1,
synonymy is beyond the scope of
DP2–4, M1, erupting M2 and left I1, C, P1, dP2–3, M1.
this paper, but the dentition of the
holotypes of the three genera and
the AMNH sample of Hesperhys are
similar in size (Table 1), with the only
notable dental difference being the
absence of P1 in Pediohyus (Matthew,
1907; Loomis, 1910). The holotype of
Hesperhys vagrans does not include
an upper dentition (Douglass, 1903),
Figure 4. Occlusal view of FAM 143839, right dentary with c, p2, dp3–4, m1 and
but SBCM L1816-5831, referred
erupting m2.
here to Hesperhys vagrans, has a P1.
Sunder Ridge Quarry (middle member), collected in
All currently known specimens of
1937.
Hesperhys vagrans from the Barstow Formation are
BAR 240: refers to an uncatalogued AMNH right
from the middle member and they include:
maxilla fragment with M1–2, from a site five miles
FAM 143837: left and right dentaries with right
east of Yermo (middle member?), collected in 1932
i1–2, c, p2–4, m1–3 and left i1–2, c, p2, p4, m1–3
(BAR 240 refers to the box number this specimen was
(Figure 2), from Green Hills (middle member),
shipped in when it was sent to the Frick Laboratory).
collected in 1930.
BAR 233: refers to an uncatalogued AMNH
FAM 143838: skull palette of a juvenile with right
fragmentary right and left P4 and M2, and left M1,
I1, C, dC, P1, dP2–4, M1, and erupting M2; left I1,
all probably from one individual, from lower horizon
C, P1, dP2–3, M1 (Figure 3), Sunder Ridge Quarry
of the Second Division (middle member), collected
(middle member), collected in 1937
in 1932 (BAR 233 refers to box the number this
FAM 143839: partial right dentary of a juvenile
with c, p2, dp3–4, m1 and erupting m2 (Figure 4),
110
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the same size, have a similar level of wear
on the deciduous premolars and first
molar, have erupting second molars, and
were collected in the same year. In FAM
143838, the permanent incisors and
canines have just erupted and the incisors have serrated enamel on the apex
of their crowns. Directly lingual and
parallel to the orientation of the large
right canine is a small deciduous canine
which rests partly upon the permanent
canine. This deciduous canine is very
small, about 10 percent the size of the
permanent canine. The left deciduous
Figure 5. Palatal view of skull of SBCM L1816-5831, showing right I1–P3 and left canine is missing, presumably lost before
fossilization. Positioned postero-lingual
I1–C and P2–3.
to the canines is P1, which is separated
from dP2 by a small diastema. Molariform dP3–4 are present, each with two
moieties, with dP4 closely resembling
M1 in shape and location of major cusps
(Figure 3). The dP3 is less molariform as
its anterior moiety is not as developed
as in dP4. Deciduous premolars (dP2–4)
and M1s of FAM 143838 and the M1–2 of
uncatalogued FAM specimen BAR 233

Figure 6. Palatal view of skull of SBCM L1816-5831,
showing right C–M3 and left C, P2–M3.

specimen was shipped in when it was sent to
the Frick Laboratory).
SBCM L1816-5831, skull with partial
mandibles (Figures 5–7), from a site in the
middle member about 30 meters below the
Sunder Ridge Quarry, collected in 2013.
Description: Like all peccaries reported
from the Barstow Formation, the sample of
Hesperhys is sparse, but of the six known specimens, four preserve major parts of the juvenile
and permanent dentition. A juvenile palette
(FAM 143838) and juvenile right dentary (FAM
143839) were both collected from Sunder Ridge
Quarry in 1937. They probably were from one
Figure 7. Occlusal view of partial dentaries of SBCM L1816-5831, left
individual as they represent an animal of about dentary with m1–3 (left), and right dentary with p4–m3 (right).
2015 desert symposium
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are all relatively low crowned, moderately bunodont,
with well-developed cingula.
A spectacular specimen of Hesperhys (SBCM
L1816-5831) was collected in 2013 that preserves
nearly the entire upper dentition (Figures 5–6). First
upper incisors of SBCM L1816-5831 are large and are
moderately worn (Figure 5), so it’s unknown if their
apexes were originally serrated like the incisors in
FAM 143838. First upper incisors of SBCM L18165831 are relatively larger than those of FAM 143838.
Upper incisors 2–3 and the canines are present in
SBCM L1816-5831, but are heavily damaged, and the
left P1 is positioned close to the posterolingual edge
of the canine. In the same position in relation to the
right canine is a small alveolus, which marks the
location of the missing right P1 (Figure 5). The P2 of
SBCM L1816-5831 has a large paracone positioned
anterio-labial to the protocone, a 45 degree rotation from the usual transverse orientation of these
cusps. The same 45 degree rotation cusp orientation
is seen in P3 except the paracone is positioned more
labial to the protocone than in P2 (Figure 6). In P4,
the paracone and protocone are nearly transverse.
Upper molars have four large cusps orientated in two
parallel moieties (paracone–protocone and metacone–hypocone). The M3 is elongated by the presence
of a small moiety composed of two cusps located
posterior to the hypocone and metacone. Strong
cingula ring P3–M3, except for the labial part of
P3–4 (Figure 6). In size and morphology, the upper
dentition of SBCM L1916-5831, AMNH BAR 233,
and FAM 143838 are very similar and clearly represent a single species of Hesperhys.
Only the p4–m3 of the lower dentition of SBCM
L1816-5831 is preserved (Figure 7) and these teeth
almost exactly match the morphology and size of
the p4–m3 in FAM 143837. The m2 of the juvenile
dentary (FAM 143839) from Sunder Ridge Quarry
is of the same size and morphology as m2s in FAM
143837 and SBCM L1816-5831 (Figures 2, 4, 7). FAM
143837 has a molariform dp4 with three cusp lobes,
making it longer than m1 (Figure 4).
The p4s in FAM 143837 and SBCM L1816-5831
have elevated trigons, with large metaconids and
protoconids and low talonids with small entoconids and hypoconids (Figures 2, 7). Lower molars
are moderately bunodont with four major cusps of
about the same size and height, with m3 elongated
by the presence of two smaller cusps posterior to
112

the hypoconid and entoconid. Cingula development
is widespread on the lower molars, but it is not as
strong as seen in the upper molars. Measurements of
the teeth of Hesperhys from the Barstow Formation
are provided in Table 2.
The lower dentition of the holotype of Hesperhys
vagrans (CM 748) is partially complete. The one
incisor present, left i2, is very similar in size and
morphology to the i2 in FAM 143837. Both i2s are
high crowned and have a lingual enamel surface that
is distinctly concave. Also, the premolars and molars
of CM 748 are similar in cusp arrangement and
development of cingula to those of FAM 143837 and
SBCM L1816-5831. The only notable difference is that
the dentition of CM 748 is slightly larger than that
of FAM 143837 and SBCM L1816-5831 (tables 1–2).
Thus, the Barstow Formation sample of Hesperhys
appears to represent Hesperhys vagrans.
Upper and lower molars of Hesperhys vagrans
from the Barstow Formation are easily distinguished
from those of Cynorca and Dyseohyus, as the latter
have much weaker cingula, more expanded lingual
bases, and are more bunodont. Also, the major cusps
of the upper cheek teeth of Hesperhys project vertically to a greater degree than their counterparts in
Cynorca and Dyseohyus. Thus, after moderate wear,
individual cusps are difficult to discern in Cynorca
and Dyseohyus, but are still visible in molars of
Hesperhys.

An additional species of peccary from the
Barstow Formation
In 1998, Webb Schools student A. Wilson-Muenchow collected a fragmentary dentary of a peccary
with m1–2 (RAM 6892) from outcrops of the upper
member of the Barstow Formation within Fossil
Canyon. The rarity of the specimen was immediately
recognized, but it remained unstudied until 2012
when it was compared to Barstow Formation peccaries housed at the AMNH. The size and morphology
of the molars of RAM 6892 did not match Hesperhys,
Cynorca occidentale, or Dyseohyus fricki, the three
known peccaries from the Barstow Formation. When
comparing RAM 6892 to Miocene peccaries from
Nebraska in the AMNH collections, an uncataloged
specimen (now AMNH 144200) of a partial upper
dentition identified as Hesperhys from the Barstow
Formation was discovered. Although about the size
of Hesperhys, the dentition of AMNH 144200 is very
2015 desert symposium
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Table 2. Measurements in mm of specimens of Hesperhys vagrans from the Barstow Formation
similar to that of Cynorca
of California.
or Dyseohyus, but is larger
than any reported species
of either genus. Collected
by Frick Laboratory crews
in 1937–38, AMNH 144200
must have been misplaced
for decades because it
was not included in the
comprehensive review of
Cynorca and Dyseohyus by
Woodburne (1969), who
certainly would have recognized its close similarity
to those taxa. The m1–2
of RAM 6892 represents
a close match in size and
morphology for the upper
molars of AMNH 144200.
These two specimens
represent an unreported
species of peccary from the
Barstow Formation which is
described below.

Cynorca or Dyseohyus
unnamed new species
Referred Specimens:
AMNH 144200 (field label
is BAR-406-4027), right
maxillary fragment with
M1–3, and a partial left
dentition with M1, the
anterior half of M2, and M3
fragments (Figure 8), from
M.D.Q. Border over Hemicyon Horizon, collected in
1937–38. RAM 6892, right
dentary fragment with
m1–2 and anterior edge of
m3 trigon showing cross
section of the anterior root
of m3 (Figure 9), from
RAM locality V94039, collected in 1998. AMNH
144200 should be designated as the holotype of this
unnamed taxon if a more complete specimen is not
found.
Stratigraphic Distribution: upper member of the
Barstow Formation.
2015 desert symposium

Description: The right maxillary fragment of
AMNH 144200 has a full complement of molars
that are undamaged, with moderate cusp wear on
M1, slight wear on M2, and an unworn M3 (Figure
8). The left molars are also preserved, but are fragmentary, except for the M1. Cingulum development
is present labial to the paracone on all molars, but
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is strongest on M2 where the labial
cingulum is complete and merges with
the pre and postcingula. Also present
are a weak M1 postcingulum, and a
weak M3 precingulum (Figure 8). The
molars of AMNH 144200 are bunodont and crenulated enamel is present
on M2 and M3. If enamel crenulations
were present on M1, they have been
removed by wear. The lingual bases of
M1–3 are expanded with the greatest
expansion seen on M2. In AMNH
144200, M2 is wider than M1 and M3,
but M3 slightly exceeds M2 in length
(Table 3).
RAM 6892 preserves fully erupted
Figure 8. Occlusal view of AMNH 144200, right maxillary fragment with M1–3.
and unworn m1–2, the posterior
alveolus of p4, and the extreme anterior part of m3 (that shows the anterior
roots in cross section) (Figure 9). Based
on the position of its roots, it appears
m3 was fully erupted. Both m1 and
m2 are bunodont with four major
cusps (metaconid, protoconid, hypoconid and entoconid) that have more
expanded lingual bases than labial
bases. Both m1–2 have crenulated
enamel, but it is more developed in m2
(Figure 9). Labial or lingual cingula are
not present in m1–2 and moderately
developed pre and post cingula are
Figure 9. Occlusal view of RAM 6892, right dentary fragment with m1–2 and
anterior edge of m3.
only present in m2. The m2 is significantly larger than the m1 in RAM 6892
(Table 4).
Discussion: Molars of both AMNH
Table 3. Measurements in mm of M1–3 of AMNH 144200 compared to the holotype
of Dyseohyus fricki (LACM 2039), theholotype of Cynorca occidentale (FAM 73660), 144200 and RAM 6892 have bunodont
and ?Dyseohyus sp. (FAM 73678 and FAM 73681).
cusps with strong lingual bases and
relatively weak cingula, features that
clearly align them with Cynorca and
Dyseohyus, rather than Hesperhys.
Distinguishing Cynorca from Dyseohyus is based primarily on cranial
characters (Woodburne, 1969). Thus,
determining a closer affinity of the
new Barstow peccary to either Cynorca
or Dyseohyus is difficult with only two
partial dentitions available. Dental
features are somewhat helpful in this
regard, as M3 is variably reduced in
114
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Table 4. Measurements in mm of m1–2 of RAM 6982 compared
to the holotype of Dyseohyus fricki (LACM 2039) and the
holotype of Cynorca occidentale (FAM 73660).

Cynorca but definitely reduced in the Barstow species
C. occidentale, while the M3 is not reduced in Dyseohyus (Woodburne 1969). Also, in C. occidentale,
there is sometimes a sharp disproportion in width
of the anterior and posterior halves of m1 and m2
(Woodburne, 1969).
Compared to the holotype of C. occidentale (FAM
73660), the molars of AMNH 144200 are larger
(Table 3), have better developed lingual bases, and
are more bunodont. But the anterior moiety of M3
is conspicuously wider than the posterior moiety in
AMNH 144200 (anterior 16.55 mm, posterior 11.57
mm), the same condition seen in the M3 of C. occidentale (Woodburne, 1969). Thus, both FAM 73660
and AMNH 144200 appear to have a reduced M3.
Compared to the upper molars of the holotype of D.
sirtoni (FAM 73679; not from the Barstow Formation
but a good example of the morphology of the genus),
upper molars of AMNH 144200 also are larger, more
bunodont, and have lingual bases that are better
developed. Elongate upper molars, particularly
M3, are also present in D. stirtoni, unlike molars of
AMNH 144200. The holotype of Dyseohyus fricki
(LACM 2039) was not studied but its upper molars
are generally similar in outline to those of AMNH
144200, except the width of the anterior moiety of
M3 in LACM 2039 is almost the same width as the
M2 (Woodburne, 1969) (Table 3) and the anterior
and posterior moieties in M3 of LACM 2039 appear
to be nearly the same width (see fig. 8 in Woodburne,
1969). In contrast, the M2 of AMNH 144200 is
significantly wider than M3 and the anterior moiety
is much wider than the posterior moiety in M3.
Thus, molars of AMNH 144200 are much larger than
those of Cynorca and Dyseohyus (Table 3) and their
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morphology is not clearly aligned with either genus
at the exclusion of the other.
The m1–2 of RAM 6892 adds little to this discussion as they are larger and more bunodont than
both the m1–2 of the holotype of D. sirtoni (FAM
73679) and the holotype of C. occidentale (FAM
73660) (Table 4). Also, there is no disproportion in
the width of the anterior and posterior halves of m1
and m2 in RAM 6892, a feature sometimes seen in C.
occidentale.
Two maxillary fragments housed at the AMNH
from Colorado (FAM 73678, left P2–M3) and
Nevada (FAM 73681 right P4–M3) were identified
as ?Dyseohyus sp. (Woodburne, 1969). The molars
of these specimens are much larger than those of
Cynorca or Dyseohyus from the Barstow Formation
and approach the large size of the molars of AMNH
144200 (Table 3). However, molars of AMNH 144200
are significantly wider and more bunodont than
those of FAM 73681 and FAM 73678 (Table 3). Also,
the lingual bases of the molars of AMNH 144200 are
more expanded than those of FAM 73681 and FAM
73678, and FAM 73681 has an elongated M3, unlike
the reduced M3 in AMNH 144200.
AMNH 144200 and RAM 6892 represent a new
species of Cynorca or Dyseohyus that is larger than
any known species of either genus from the Barstow
Formation or elsewhere in North America. Based on
the available specimens, the new species cannot be
confidently assigned to either Cynorca or Dyseohyus
and thus will remain unnamed until more complete
material becomes available.

Biostratigraphy
The first report of peccaries from the Barstow
Formation was by Merriam (1919) who figured
and described a tayassuid astragulus (UCMP
22469, UCMP locality 1398, upper member), as
part of a review of early vertebrate faunas from the
Mojave Desert of California. The next report of a
Barstow Formation peccary was by Stock (1937)
who described Dyseohus fricki (holotype LACM
2039). From 1923–1952, Frick Laboratory crews
amassed a large, stratigraphically controlled collection of mammalian fossils, including peccaries,
from the Barstow Formation that are now housed
at the AMNH. Including a few specimens from
UCMP, UCR, LACM, the AMNH sample of Barstow
peccaries (excluding Herperhys) were described
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by Woodburne (1969). Later, Pagnac (2005)
reviewed the larger bodied mammalian fauna
from the Barstow Formation, revised the
biostratigraphic zonation of the formation, and
redefined the Ba1 and Ba2 biochrons of the
Barstovian NALMA (Pagnac, 2009), building
upon earlier efforts by Woodburne et al. (1990)
and Tedford et al. (2004).
The range of Dyseohyus fricki is the longest
for a peccary from the Barstow Formation,
from Steepside Quarry (middle member) up to
Hidden Hollow Quarry (upper member) (Pagnac
2005, 2009). However, a specimen of Dyseohyus
from Hidden Hollow Quarry in the AMNH
collections was not observed when we did our
study. In any case, specimens from the upper
member are known from Hemicyon Quarry
and CIT 2039 (holotype), so the biostratigraphic
range of Dyseohyus fricki spans the Ba1 and Ba2
biochron boundary (D, Figure 10).
Cynorca occidentale is only known from
the holotype (FAM 73660) from Valley View
Quarry in the middle member (an occurrence
incorrectly noted to be higher in the formation
in Pagnac, 2009, fig. 3, but correct in Pagnac,
Figure 10. Geochronology and biostratigraphic subdivision of the
Barstow Formation (adapted from Pagnac, 2009 and Woodburne et al.,
2005, fig. 30). The current range of Cynorca
1990), showing stratigraphic ranges of Dyseohyus fricki (D), Cynorca
occidentale in the Barstow Formation is limited occidentale (C), Hesperhys vagrans (H), and the new unnamed peccary
to a single site within the Ba1 Biochron of the
(N). Stratigraphic positions of select AMNH quarries are shown.
Stratigraphic range of Hesperhys vagrans is an approximation because
Barstovian NALMA (C, Figure 10). Biostratilocality data for AMNH specimens FAM 143837, BAR 233, and
graphic ranges based on a single specimen, like
BAR240 (see text), only indicates their recovery was from strata in the
this one, can be expected to be extended as new interval between the Oreodont and Skyline tuffs.
field discoveries are made. For example, the
Ridge Quarry, a SBCM site 30 meters below Sunder
lowest stratigraphic occurrence of GomphothRidge Quarry, from a locality five miles east of
erium in the Barstow Formation was a tooth (FAM
20850A) from Hemicyon Quarry, but in 2007, an M2 Yermo, a site within the lower horizon of the Second
Division, and another in the Green Hills section of
of Gomphotherium was collected at RAM locality
the Barstow Formation. All of these sites are within
V98004, a site about 30 meters below the tuff that
the middle member (Figure 10).
underlies Hemicyon Quarry (Lofgren et al., 2012).
The new Barstow peccary taxon is based on two
The currently known range of Hesperhys vagrans
specimens, RAM 6892 and AMNH 144200. RAM
in the Barstow Formation is restricted to the middle
6892 is from outcrops of the upper member within
member, which represents the Ba1 Biochron of the
Fossil Canyon (referred to as Pirie’s Canyon in some
Barstovian NALMA (H, Figure 10). The highest
older publications; e.g. Lindsay 1972, figure 1). Strata
stratigraphic occurrence of Hesperhys was listed by
in Fossil Canyon are offset by numerous faults and
Pagnac (2005) as May Day Quarry, which is located
the Hemicyon Tuff is not exposed in the immediate
just below the Skyline Tuff (Woodburne et al., 1990;
area, so the precise stratigraphic relationship between
pers. observation). We did not observe a specimen of
the location of RAM 6892 and the Hemicyon Tuff
Hesperhys in the AMNH collections from May Day
is not demonstrable. However, outcrops containing
Quarry. Based on specimens from the AMNH and
RAM 6892 are within the upper member based on
SBCM, Hesperhys vagrans is known from Sunder
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geologic maps of the area (Steinen 1966; Woodburne
et al., 1990) and appear to be approximately in the
middle part of the upper member (N, Figure 10).
Determining the stratigraphic position of AMNH
144200 is more problematic. Collection data written
on the specimen reads “M.D.Q. Border over Hemicyon Horz. 1937–8.” The Frick Laboratory May
Day Quarry is what M.D.Q. almost certainly refers
to and Horz. must be an abbreviation of horizon.
However, May Day Quarry is located stratigraphically below the Hemicyon horizon, not over (above?)
it (Woodburne et al. 1990; Pagnac, 2009) and the
Hemicyon Tuff is not exposed in the vicinity of May
Day Quarry. Copies of Frick Laboratory field notes
mention that the specimen (AMNH 144200) was
collected and in what box it was shipped, but they do
not provide any locality information. We believe the
key part of the locality description of AMNH 144200
is “over Hemicyon Horizon.” Whatever was meant by
“MDQ border,” it seems clear that the collector made
sure to note that AMNH 144200 was from a horizon
correlated to strata above the Hemicyon Tuff. Thus,
RAM 6892 and AMNH 144200 were both apparently
recovered from the upper member, and the range of
the unnamed peccary they represent is restricted to
the Ba2 Biochron.

a currently known biostratigraphic range, particularly that of Cynorca occidentale or the unnamed new
taxon.
The dentition of the new unnamed Barstow
peccary taxon, based on RAM 6892 and AMNH
144200, is similar in morphology to that of Cynorca
and Dyseohyus, but is much larger. Based only
on dental characters, it is difficult to distinguish
Cynorca and Dyseohyus. Therefore, the new peccary
will remain unnamed until more complete material is obtained that allows its generic affinity to be
determined.

Summary
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abstract—Stratified floras of the Barstow Formation in the Mud Hills include, from
lowest at 16.3 Ma, the Rainbow Loop Flora, the 14.8 Ma Solomon Skyline Flora and
the few plant taxa from Hell Gate Basin at 14.0 Ma. New taxa including horsetail, pines
(single and double needle), Phoenix palm, hackberry, ash, hickory, maple, walnut, alder
and plum yew? are added to the described floras. Well preserved seeds, drupes, and fruit
remain unidentified.

Introduction
The Barstow Formation of the Mud Hills contains
a stratified sequence of floras. Initially described by
Alf (1970), these have been segregated into floras
by stratigraphy and age (Reynolds and Schweich,
2013; this paper). The Rainbow Loop Flora in the
Rak Division of the Mud Hills is about 16.3 Ma;
the Solomon Skyline Flora in the Second Division
is associated with the Skyline Tuff, and below the
Dated Tuff (14.8 Ma). Wood from Hellgate Basin in
the First Division occurs beneath at or stratigraphically below the Hemicyon Tuff (14.0 Ma, Radiometric dates presented herein are from Woodburne
and Reynolds, 2010).

Stratigraphy
The Rainbow Loop Flora (RLF) is located at the top
of the Brown Platy Limestones (BPL) sequence and
below the Strontium–Borate (Sr-B) horizon (Reynolds and others, 2010), the former dated magnetostratigraphically between 16.4–16.2 Ma at a locality
half a mile west. No celestine (SrSO4) was detected
in concretions (R. Housley p. c. to Reynolds, 2013)
at the RLF outcrops, suggesting a position below the
Sr-B horizon, perhaps closer to 16.3 Ma. The flora
lies in middle Rak Division strata below the Oreodont Tuff (15.8 Ma; radiometric dates from Woodburne and Reynolds, 2010), reinforcing the early
age. Alternating layers of sand, silt, and silty claystone are repeated through the fossiliferous section.
Bedding plane surfaces show ripple marks, flute
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marks, and drag marks, the latter being parallel over
a length of 30 cm. These structures suggest water
flowing as a sheet or current around the margins of a
shallow lake. Plant fossils range in size from microscopic to limbs 5 cm in diameter . Specimens occur
individually, in small clumps, or as small mats. The
leaves apparently became saturated in moving water
and were buried in sand. Seeds floated and are found
in fine sand or silt. The RLF was collected from eight
localities exposed over a half mile in the stratigraphy
in the middle of the Rak Division.
The Solomon Skyline Flora is located east of Owl
Canyon, and comes from a mile of section with
at least a half-mile of exposures. Solomon Skyline
localities occur adjacent to parallel outcrops of the
Dated Tuff (14.8 Ma) and the Skyline Tuff between
Solomon Canyon and the zeolite pit. Additions to
the Solomon Skyline Flora include walnut (Juglans
sp) and a member of the group 2 softwoods, probably spruce (Picea sp.).Alf’s (1970) description “scattered throughout are fragments of petrified wood” is
interesting in that repeated visits to the area located
only three fragments of wood or root.
The Slug Bed pollen (Fisk and Maloney, 2015, this
volume) is from bluish-gray carbonaceous sediments
located above the 14.8 Ma Dated Tuff.
The Hell Gate Basin flora, including palm root
and walnut (Juglans sp) wood, is located in the
Upper or First Division of the Barstow Formation in the Mud Hills. The specimens are scattered
throughout the gray lacustrine portion of the section
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that spans at 14.2 Ma, below the 14.0 Ma Hemicyon
Tuff.

Methods
Taxa were identified using visible characters such as
leaf shape, margin type, vein patterns, and surface
expression. Comparisons were made to existing
published paleofloras, e.g., Alf (1970) and Axelrod
(1940, 1985), and to modern plant material to
confirm the diagnosis. Habitats are suggested by
analogy to modern taxa, resting on the basic assumption that modern taxa do not differ substantially
in their ecological relations from those of the past
(Chaney, 1938; Cain, 1944; cited in Axelrod, 1958).
The figure numbers in this 2015 paper are “coded”
as “Fig. 15-X,” referring to the year of publication.
Reference to figures from a previous article (Reynolds
and Schweich, 2013) are designated as “Fig. 13-X.”
Many well preserved specimens remain unidentified, but are included in this paper as figures (Fig.
15-12 to Fig.15-19) and descriptions with the hope
that they will be recognized by readers.

Rainbow Loop Flora Descriptions
Gymnosperms

Family Pinaceae, possible leaf (Fig. 15-1).
RLF 7-89. Description: linear structure about 10
mm x 3.5 mm wide, split in the approximate middle.
The right image appears to show a longitudinal
groove.
Possibilities Considered:
• Pine needle fragment. On the left diverging
plant material with some longitudinal structure, consistent with two pine needles in a
bundle. Nothing suggests this is not a pine
needle fragment, though a much stronger case
could be make if a prow-shaped tip, or fascicle,
i.e., the plant tissue bundling the needles
together at the base, were visible.
• Random linear plant material, partially
crushed and split.
Diagnosis: Possible pine needle.
Family Taxaceae s.l. cf. Cephalotaxus sp., plum yew,
or Torreya, California nutmeg, stem and leaves (Fig.
15-2).
RLF 7-64: Description: Leaves, opposite or opposite-appearing, closely spaced, oblong, 4 mm x 1.5
120

mm wide, 1-veined, margins entire, possibly rolled,
tip round, possibly sclerous. Attachment of the leaf to
the stem is not visible.
Possibilities Considered:
•
Rhamnaceae. Small sclerous leaves with
rolled margins suggest this family. However,
most taxa in Rhamnaceae have alternate leaves
that are more widely spaced.
•
Taxales. Leaves of trees in Order Taxales can
appear to be opposite when they are alternate
or spirally arranged. The closest modern
day taxon that would resemble this would
be Cephalotaxus or plum yew. Currently
endemic to eastern Asia, fossil evidence shows
it once had wider northern hemisphere distribution in the past. Genus Torreya, California
nutmeg, is also closely related.
Diagnosis: Stem and leaves from Family Taxaceae s.l. (i.e., including Cephalotaxaceae), possibly
Cephalotaxus.
Family Taxaceae s.l. cf. Cephalotaxus sp., plum yew,
or Torreya, California nutmeg, fruit (Fig. 15-3).
RLF 7-153: Description: Fruit, approximately 12
mm x 6 mm wide, elliptical to ovate, fluted or ribbed
at the base. The base is assumed to be at top right.
Possibilities Considered:
•
Cephalotaxus sp. fruit. These seem to be the
correct size, and some Cephalotaxus fruit
show a faint longitudinal ribbing.
•
Various fruits in Rhamnaceae and Rosaceae
are roughly the same shape, but without the
ornamentation.
•
Juglans (walnut) is also a possibility.
However, the shape of the base is quite
different from the modern walnut.
Diagnosis: Possible Cephalotaxus sp. fruit.
It is tempting to link specimens RLF 7-64 and RLF
7-153 to provide stem, leaves and fruit of Cephalotaxus sp. Tidwell (1998) indicates that Cephalotaxus
was recovered from the Hemingfordian and Barstovian beds of San Pablo, California and Succor Creek,
Oregon.
Dicots

Family Cannabaceae, Celtis sp., hackberry (Fig.
15-4).
RLF 3-2. Seed, ovoid, size undetermined, surface
reticulated.
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Fig. 15-1. Possible pine needle. .

Fig. 15-2. Family Taxaceae s.l. .

Fig. 15-3. Family Taxaceae s.l.

Fig. 15-5. Family Fabadeae, seed.
Fig. 15-4. Celtis sp. .

Fig. 15-7. c.f. Cercocarpus.
Fig. 15-6. Alnus sp. .

Fig. 15-8. Carya? sp. seed.
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Fig. 15-9. Juglans sp.
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Fig. 15-10. Possible Rhamnaceae leaf.

Fig. 15-13. Seed.

Fig. 15-11. Phoenicites seed.

Fig. 15-14. Seed interior.

Fig. 15-20. Stem.
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Fig. 15-15. Seed.

Fig. 15-17. Fruit.

Fig. 15-16. Two seeds.

Fig. 15-18. Possible leaf.

Fig. 15-12. Possible glume.

Diagnosis: Celtis (hackberry) seed,
as suggested by shape and reticulated
surface, consistent with modern day
Celtis.

Fig. 15-19. Possible bean.

Family Fabaceae, seed (Fig. 15-5).
RLF 7-134. Description: Seed, 5 mm x
2.5 mm wide, kidney-bean shaped.
Diagnosis: Likely seed from Fabaceae
(pea family).
Family Betulaceae, Alnus sp. leaf (Fig. 15-6)
6-21: Description: Leaf, blade, 35 mm X 15
mm, elliptic, symmetric across the mid-vein, base
unknown, margin entire or minutely serrate,
tip acute to slightly acuminate, strong mid-vein,
straight pinnate veination diverging from mid-vein
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at 60°, but not diverging again, suggestion of net
veining.
Possibilities Considered:
• Lauraceae, Laurus. The leaves of Laurus are
larger and the veination pattern is less regular.
• Betulaceae, Alnus. Alnus taxa currently found
in California typically have singly or doubly
serrate leaves, occasionally entire or minutely
serrate margins as this leaf. However, since
this leaf is small, it may be young and the leaf
margins not fully developed.
• Cornaceae, Cornus. The veins are usually
curved and tip more acuminate.
• Fagaceae, Quercus. The pinnate veins of
6-21 are more dense than typically found in
Quercus. The pinnate veins do not diverge
into tertiary veins as often seen in Quercus.
The margin is entire or nearly so, which is
unusual in Quercus.
• Juglandaceae, Carya or Juglans, the leaflets of
these taxa are typically asymmetric across the
mid-vein.
Oleaceae, Fraxinus, the leaflets of these taxa
are typically asymmetric across the mid-vein.
• Rhamnaceae, Rhamnus (or Frangula), typically the pinnate veins are curved and diverge
from the mid-vein at a more acute angle.
• Rosaceae, Amelanchier or Cercocarpus, leaves
typically do not have acute to acuminate tips.
Diagnosis: Probably Alnus (alder) leaf.
Family Rosaceae, c.f., Cercocarpus leaf (Fig 15-7)
RLF 6-24. Description: Leaf, probably 25-35 mm
x 12-15 mm wide, shape unknown (could be rhomboidal to obovate), base tapered, margin probably
entire, tip unknown, strong mid-vein, pinnate veins
diverging at 30°.
Diagnosis: Rosaceae, c.f., Cercocarpus leaf,
Compare with Reynolds & Schweich 2013, Fig.6.
Family Juglandaceae, Carya? sp. (\hickory) seed (Fig.
15-8).
RLF 1-10. Description: Fruit or nut , 9 mm x 6
mm wide, ovoid in shape, possibly stalked 2 mm.,
multi-layered, thin outer layer, surface smooth, resistant or robust inner layer.
Diagnosis: Possible thin hard-shelled fruit, such as
Juglandaceae, Carya sp., hickory.
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Family Juglandaceae, Juglans sp., leaf (Fig. 15-9).
RLF 8-22. Description: appears to be an impression
that is a composite of two leaves. Leaf at upper left:
25 mm x 8 mm wide, lance-elliptic, long tapered,
tip acute or acuminate, margin entire, prominent
mid-rib, base unknown, petiole unknown.
Possibilities Considered:
• Juglans (walnut), one leaflet of compound leaf.
• Fraxinus (ash), one leaflet of compound leaf,
though the long-tapered shape would be
unusual for Fraxinus.
Diagnosis: Likely leaflet of Juglans (walnut).
Notes: Walnut was found at Rainbow Loop Flora
locality 7, at Solomon Skyline localities and in Hell
Gate Basin.
Family Rhamnaceae, leaf (Fig. 15-10).
RLF 8-34. Description: Small leaf, 9 mm x 5 mm
wide, elliptical-obovate, tip rounded, prominent midvein, plus unbranched pinnate veins, margin entire,
petiole unknown.
Possibilities Considered:
• Quercus. This is a fairly small leaf for Quercus,
and there is no suggestion of teeth which are
common on that genus, nor do the pinnate
veins appear to be branched.
• Rhamnaceae. There are a few taxa in Rhamnaceae for which the leaves are small, entire,
with unbranched pinnate veins.
Diagnosis: Possible Rhamnaceae leaf.
Monocots

Family Arecaceae, Phoenicites sp., seed (Fig. 15-11).
RLF 3-3. Description: Seed, oblong, 4 mm diameter, length unknown but at least 5 mm., longitudinally grooved on one side.
Possibilities Considered: Seed of palm, such as
those of modern day Phoenix sp., whose ancestors are
typically referred to Phoenicites.
Diagnosis: Probable Phoenicites seed.
Notes: Arecaceae (palm) root fragments were
recorded in Hell Gate Basin below and above the
Hemicyon Tuff (14.0 Ma).
Family Poaceae, portion of glume (Fig. 15-12).
RLF 8-50. Description: Small fragment 7 mm x 1.5
mm, generally elliptical in shape with a narrowing or
stenosis at the upper left.
Possibilities Considered:
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•

Grass, the shape of which is highly suggestive
of a glume, i.e. the hard covering on a grass
floret. The narrowing at upper left suggests a
callus at the base of a floret.
• Random plant material deposited and exposed
in such a way to falsely suggest specific plant
parts.
Diagnosis: possible glume of grass floret.
Specimens with distinctive features, but remaining
unidentified

We hope readers might offer suggestions.
RLF 7-55 (Fig. 15-13). Description: Fruit: roughly
spheroidal, 9 mm., with a differentiated inner
structure.
Possibilities Considered:
• Seed of Ulmus (elm). Usually the seed of an
elm is flat with the surrounding wing nearly
papery. The shape of the inner structure is
much too robust to be an elm embryo.
• Seed with differentiated endocarp and
exocarp.
Diagnosis: Seed with differentiated endocarp and
exocarp.
RLF 7-158 (Fig. 15-14). Description: Appears to be a
hard-surfaced object, 8 mm in length, winged on one
axis and ribbed on another. It is also possible that
it has been folded during deposition. Several other
similar objects have been recovered from RLF, cf.,
Reynolds & Schweich (2013), Figure.17, Specimen
6-12, described as interior of seed.
RLF 7-147 (Fig. 15-15). Possible seed, compare to
Reynolds & Schweich (2013) Specimen 6-12.
RLF 7-54 (Fig. 15-16). Two likely seeds. On the left,
elliptic, 5 mm x 3 mm wide, some possible interior
structure remaining. On the right, irregular, with
some softer material (exocarp) eroded away.
RLF 7-56 (Fig. 15-17). Fruit with a thin exocarp.
RLF 7-60 (Fig. 15-18). Unclear, possible leaf with a
strong mid-rib and a gall (?).
RLF 8-54 (Fig. 15-19). Possible bean (Family Fabaceae), or similar to “Rubiaceae, seed, one of a pair
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found in a fruit,” (Fig. 10), Specimen 7-4 in Reynolds
and Schweich (2013). Compare to RLF 7-134 above.
RLF 3-15 (Fig. 15-20). Description: Stem 7–8 mm in
diameter, striated, with possible lateral nodes or fracture filling at more or less equal intervals.
Possibilities Considered:
• Equisetum (horsetail). This specimen is somewhat reminiscent of Equisetum (horsetail),
but one would expect to find remnants of
sheath or branches with the nodes. Otherwise
unidentifiable stem.
Diagnosis: Unidentifiable stem.

Discussion
Rainbow Loop Flora: Additions include hackberry
(Celtis sp.), nutmeg (Torreya sp), walnut (Juglans sp)
and plum yew? (Cephalotaxus?), hickory (Carya sp.),
pea family (Fabaceae), Phoenix palm (Phoenicites sp.),
grass florets (Poaceae ) and, tentatively, pine needles.
Needle structure suggests that of both single-needle
pine and double-needle pine were present in relatively
distant highlands (Table 1). The current taxonomic
list including species identified by Reynolds and
Schweich (2013) follows in Table 2.
Floral Comparisons and Discussion
All the new additions of the combined Barstow
Formation of the Mud Hills have been previously recognized in Miocene fossil floras (Axelrod,
1976;Tidwell, 1998) in California and Oregon. The
Rainbow Loop Flora (16.3 Ma) and Solomon Skyline
Flora (14.8 Ma) and woods from Hell Gate Basin (14.2
Ma) as combined plant communities, are compared
to other described southern California Miocene
floras (Axelrod, 1976) from older to younger:
Tehachapi (17 Ma), Mint Canyon (12 Ma), and
Ricardo (10 Ma) (see also Reynolds, 2011; Reynolds
and Schweich, 2013).
Table 3 shows that certain southern California
taxa (palm, willow, poison oak, oak, hackberry,
walnut, maple, buck thorn, Prunus sp. and ash) were
recorded previously (Axelrod, 1976). Additionally,
horsetail, pines, Phoenix palm, hickory, alder and
plum yew? are recorded from California and Oregon
early to middle Miocene floras (Tidwell, 1998). The
combined assemblage of plants from Rainbow Loop,
Solomon Skyline and Hell Gate Basin, spanning two
million years of Mud Hills stratigraphy, have walnut
(Juglans sp.) in common; juniper (Juniperus sp.) and
2015 desert symposium

r. e. reynolds and t. a. schweich | additions to floras of the barstow formation

palm (Monosulcites sp.) occur at two of the three
localities.
Recent work has expanded the taxa known from
the Rainbow Loop Flora (RLF) to a point where
climatic conditions can be inferred and compared to
the Miocene Climatic Optimum between 17 Ma and
14 Ma. The RLF is about 16.3 Ma, a time just past the
first trough of the Miocene Climactic Optimum (16.2
Ma; see Fig. 3 in Lander, 2013), while the Hell Gate
woods (14.2 Ma.) are near the end of the Miocene
warm period. This combined assemblage suggests a
temperate climate with at least occasional summer
rainfall, and possibly seasonally well-balanced rain
distribution, in sufficient amounts to maintain perennial wetlands and streams.
As Alf (1970) stated “... the [flora allows paleontologists] better to understand the ecological conditions of the upper Miocene times.” Associated tracks
of birds (Avipeda gryponyx) and arthropods (Reynolds & Schweich, 2013) assist with description of the
depositional environment.
Questions remain: Where and in which direction were the “distant highlands” that supported the
single and double needle pines, Purshia , and Juniperus, and Cercocarpus? Today, the pines and Purshia
are present at a minimum elevation of 3000 feet,
but need little to no summer moisture to survive.
It is possible that a more mesic climate during the
Miocene Barstovian permitted these trees to thrive at
a lower elevation. However, such an argument cannot
be made for Juniperus and Cercocarpus as presentday species are found from sea level to above 10,000
feet.
During the early Miocene Barstovian NALMA,
the tectonic trough containing the western Barstow
Formation was approximately 100 miles east of
marine deposits of the Vaqueros or Puente formations, or, with left lateral restoration of right lateral
movement, within 100 miles of the inland sea of
California’s Central Valley. For comparison, the
approximate length of the undammed Santa Ana
River is approximately 100 miles. Between 16 - 15
Ma in the Toomey Hills, there is a record of Stickleback fish (Bell and Reynolds, 2010) the presence of
which require a drainage connection to the Pacific
Ocean, suggesting that drainage was not blocked by
mountain ranges to the west. A “Victorville Highland” is suggested (W & G, 1972) that may have
separated the contemporaneous Barstow Basin from
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the Cajon Valley and Crowder Basins. However, the
central Barstow Basin at 15 Ma was still connected by
drainage systems to the Pacific Ocean, as suggested
by the presence of stickleback fish in the Toomey
Hills (Bell and Reynolds, 2010).
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Genus

Common name

Carex?

sedge

Typha?

cat tail

Equisetum?

horsetail

Fabaceae

pea family

Alnus

alder

Salix?

willow

Acer?

maple

Monosulcites

palm

Phoenicites

Phoenix palm

Carex?

sedge

Quercus

oak

Carya

hickory

Juglans

walnut

Phoenicites

Phoenix Palm

Poaceae

grasses

Picea

spruce

Grass / Savannah

Woodburne, M. O., and R. E. Reynolds, 2010. The
mammalian litho- and biochronology of the Mojave
Desert Province. CSU Desert Symposium Volume,
2010; p. 124-147.
Woodland

Cephalotaxus

plum yew or Torreya

Rhus*

poison oak

Celtis

hackberry

Fabaceae

pea family

Carya

hickory

Quercus

oak

Juglans

walnut

Fraxinus

ash

Rhamnaceae (Ceanothus?

California lilac

and Rhamnus?)
Rosaceae,

Prunus sp.

Rubiaceae

madder

Acer?

maple

Upland / Highland (Mesic)
Picea

spruce

Cephalotaxus

plum yew or Torreya

Upland / Highland (Dry)
Cupressaceae, c.f., Juniperus

juniper

Pinus

single-and
double-needled

Purshia

bitterbrush

Rosaceae, c.f., Cercocarpus

mountain mahogany

* Identified in Alf, 1970.
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Table 2

Flora - Taxon

Name

Figure

lists plants
stratigraphically,

Fruit or Seeds

Wood

Hell Gate Flora 14.2 Ma

and identifica-

Juglandaceae

Juglans, walnut

tions from leaves

Arecaceae

Monosulcites, palm root

X
X

and seeds, wood,

Slug Bed Pollen**

and represents a current

Leaves

Hemicyon Tuff 14.0 Ma

Dated Tuff 14.8 Ma
Solomon Skyline Flora

taxonomic list

Cupressaceae

Juniperus* juniper

X

including species

Pinaceae

Picea, spruce

X

identified by Alf

Anacardiaceae

Rhus* poison oak

X

(1970).

Juglandaceae

Juglans, walnut

X

Rhamnaceae

Ceanothus*

X
Oreodont Tuff 15.8 Ma
Rainbow Loop Flora 16.3 Ma

Ferns
Equisetaceae

Equisetum?, horsetail

F15-20

3-15

Gymnosperms
Pinaceae

Pinus, single-needle pine?

Pinaceae

Pinus, double-needle pine?

Cupressaceae
Taxaceae s.l.

F15-1

7-89

Juniperus, juniper

F13-2

7-20

Cephalotaxus, plum yew, or

F15-3

7-153

Torreya California nutmeg.
Dicots
Betulaceae

Alnus, alder

F15-6

Cannabaceae

Celtis, hackberry.

F15-4

3-2

Fabaceae

Pea family

F15-19

8-54

Fagaceae

Quercus, oak

F13-3, F13-4

6-21

8-1

8-4

Quercus cf. C. convexa*
Quercus cf. C. dayana*
Quercus*

Acorn

Juglandaceae

Carya?, hickory

F15-8

Juglandaceae

Juglans, walnut

F15-9

Oleaceae

Fraxinus, ash

F13-5

6-19

Rosaceae

Prunus

F13-7

6-10

Cercocarpus, mt. mahogany
Purshia, bitterbrush

F13-6, F15-7

1-10
8-22

3-1, 6-24

F13-8

7-30

F13-11, F15-10

7-15, 8-34

Rhamnaceae

Ceanothus

Rubiaceae

Madder family

F13-10

Sapinadaceae

Acer?, Maple

F13-14

Salicaceae

Salix, willow

7-4
7-9

Monocots
Arecaceae

Monosulcites, palm

root

Monosulcites,* palm frond
Phoenicites, Phoenix palm

F15-11

Cyperaceae

Carex, sedge

F13-18

6-16

Poaceae

Grass glume or floret

F15-12

8-50

Typhaceae

Typha, cattail

F13-19

4-2

3-3

* Identified in Alf, 1970. ** see Palynology of the “Slug Bed”: Fisk and Maloney, 2015, this volume.
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Table 3. Taxonomic comparison of southern California Miocene floras:
TE=Tehachapi; EC=Eagle Crest; MH=Mud Hills; MC=Mint Canyon; RI=Ricardo;
Taxa

TE

EC

MH

MC

RI

17 Ma

15.5 Ma

15 Ma

12 Ma

10 Ma

Aquatic
Emergent monocots

Emergent monocot

Cyperaceae

Carex,

Typhaceae

Typha,

X
X
X
Riparian
X

Equisetaceae

Equisetum?

Anacardiaceae

Rhus

Betulaceae

Betula?

Betulaceae

Alnus

Lauraceae

Umbellularia

Lauraceae

Laurus?

Lauraceae

Persea

Magnoliaceae

Magnolia

Platanaceae

Platanus

Rosaceae

Amelanchier?

Salicaceae

Populus

X

X

X

X

Salicaceae

Salix

Sapindaceae

Sapindus

Sapindaceae,

Acer?, Maple

X

X

X

X

X
X
X

X
X

X

X

X

X
X

X

X

X
X
X

X

X
X

Arecaceae

Sabalites

Arecaceae

Monosulcites

X

Arecaceae

Phoenicites,

X

Cyperaceae

Carex

X

X

X

X
Woodland

Pinaceae

Picea

Pinaceae

Pinus

Taxaceae s.l.

Cephalotaxus,

X
X

X

X

X

X

Aquifiliaceae

Ilex

Berberidaceae

Mahonia

X

Cannabaceae

Celtis

X

X

Cupressaceae

Cupressus

X

Ericaceae

Arbutus

X

Ericaceae

Rhododendron

Fabaceae

Leucaena

Fabaceae

Pea family

X

X

X

X

X
X
X

Fagaceae

Quercus

X

X

Juglandaceae

Juglans

X

X

Juglandaceae

Carya?

X

Myricaceae

Myrica

Oleaceae

Fraxinus

X

X

X
X

continues
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Rosaceae

Lyonothalmnus

X

Rosaceae

Heteromeles

X

Rosaceae

Prunus

X

Rubiaceae

Madder family

Sapotaceae

Sideroxylon

Vitaceae

Vitis

Cyperaceae

Carex

X
X
X

X
X
X
Woodland shrub
X

Cupressaceae

Juniperus

Anacardiaceae

Rhus

Ericaceae

Arctostaphylos

X

Fabaceae

Amorpha

X

Fabaceae

Robinia

X

Oleaceae

Fraxinus

X

Rhamnaceae

Ceanothus

X

Rhamnaceae

Colubrina

Rhamnaceae

Karwinskia

X

Rhamnaceae

Rhamnus

X

Rosaceae

Cercocarpus

X

Rosaceae

Chamaebataria

X

X
X
X

X

X

X

X?

X

X

X

Rosaceae

Holodiscus

X

Rosaceae

Laurocerasus

X

Rosaceae

Purshia sp.

Sapindaceae

Dodonea

X

Sterculiaceae

Fremontodendron

X

Poaceae,

Grass

X

X
X
X

Modified From Axelrod, 1976. Axelrod’s “Thorn Scrub” community has been removed, since no taxa
were present in the Mud Hills.
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Palynology of the “Slug Bed” in the middle
Miocene Barstow Formation in the Mud Hills,
Mojave Desert, southern California
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PaleoResource Consultants, 550 High Street, Suite #108, Auburn, CA 95603 [lanny@paleoresource.com]
Geological and Environmental Sciences Department, Chico State University, Chico, CA 95929

abstract—Sediment samples collected from the “Slug Bed” in the middle Miocene
Barstow Formation in the Mud Hills have yielded an interesting palynoflora (plant
microfossils) that aids in our understanding of the paleoclimate and depositional environment of this stratigraphic unit. Two samples from this unit were processed to recover
pollen, spores, algal cysts, dinoflagellates, etc. (collectively referred to as palynomorphs).
Both samples produced an abundance of well-preserved, identifiable palynomorphs,
although with surprisingly low diversity. Ferns and their allies are represented by Equisetum (horsetail) and Juncus (tule or bulrush) or Carex (sedge). Conifers are represented
by pollen of Pinus (pine), Picea (spruce), Abies (fir), and Cupressaceae (most probably Juniperus [juniper]). Flowering plants are represented by pollen of Typha (cattail),
Poaceae (grass), Palmae (palm), Salix (willow), Populus (cottonwood), Juglans (walnut),
and Compositae (sunflower family). Also present are abundant fresh-water algal cysts.
This fossil palynoflora suggests that the depositional environment in which the Barstow
Formation sediments of the “Slug Bed” accumulated was a shallow, fresh-water lake
or pond surrounded by a tule marsh and wetland with abundant emergent vegetation
consisting of rushes, sedges, cattails, and horsetails. The only trees in the immediate
vicinity of the pond appear to be willows, cottonwoods, palms, and walnut. The paleoclimatic setting in which this vegetation grew was both cooler and wetter than the
present climate of the Mojave Desert. Warm temperate conditions are likely, but without
a modern long, hot, dry summer. The fossil plant microfossils recovered from Barstow
Formation sediment samples collected from the Mud Hills contribute to our understanding the complex paleofloristic and paleoclimatic history of southern California in
general and to the local depositional environments within the Barstow Formation.

Introduction
Sedimentary rocks in the deserts of southern California have rarely yielded plant microfossils due to
deep weathering (oxidation). Consequently, there
have been very few previous reports of fossil palynomorphs. O’Connor (1982) published an abstract
on fossil palynomorphs from a single locality in the
Barstow Formation. However, we have few details
regarding her work other than a partial list of taxa
and some preliminary interpretations. To date no
detailed description of the palynoflora from the
Barstow Formation has been published. Alf (1970)
provided a preliminary report on the fossil leaves
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and wood from the Barstow Formation and Reynolds and Schweich (2013) published a more complete
description of fossil leaves from one of Alf’s
localities.

Geology and stratigraphy
The Barstow Formation is a succession of clastic and
volcaniclastic sediments that crops out discontinuously in the central western Mojave Desert, north
and northeast of Barstow in San Bernardino County,
southern California. The type area for the formation
is in the Mud Hills approximately 10 miles north
of Barstow, where the formation is well exposed in
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the Barstow Syncline. At this location, the Barstow
Formation is about 2,000 meters thick. The abundance of vertebrate fossils in the Barstow Formation resulted in it being chosen as the typical fauna
of the Barstovian North American Land Mammal
Age. Various authors have given informal names to
individual marker beds in the Barstow stratigraphic
succession and many of these names have endured.
The “Slug Bed” is one of those marker beds, named
originally by field parties from Berkeley in the
1950s. The Slug Bed, named for a lacustrine horizon
with abundant internal tests of the slug Craterarion
pachyostracon (Plyley and others, 2013), is University
of California Museum of Paleontology vertebrate
fossil locality V-5501

Materials and methods
To aid in determining the depositional environment and paleoclimatic setting of the “Slug Bed” in
the Barstow Formation, two samples of dark gray,
carbonaceous, silty claystone were collected from
the site and processed to recover acid-insoluble plant
microfossils (palynomorphs). Microscope slides of
the acid-resistant residue from each sample were
prepared using standard palynological maceration
methods (Gray 1965, Doher 1980, Traverse 1988,
Batten 1999). For each sample, slides were prepared
from the >10µm residue. Prior to mounting on
microscope slides, the residue from each sample was
stained with safranin (a red dye) to ensure that even
thin-walled, nearly transparent palynomorphs would
be visible. Each slide was scanned thoroughly to
obtain a general inventory of the fossil palynomorph
assemblage and to identify rare palynomorphs. Then,
quantitative counts of palynomorphs on each slide
were made at 200X magnification. It is assumed that
these quantitative counts are representative of the
total palynomorph assemblage in each sample and
that the total palynomorph assemblage is representative of the vegetation in the vicinity of the original
site of deposition. Palynomorphs were photographed
using a Nikon Eclipse 80i research photomicroscope
and the enhanced depth of focus technique described
by Fisk (2010).
Because no atlas of pollen types from the flora of
California has ever been published, palynomorph
identifications were made using standard references,
including Kapp (1969), McAndrews and others
(1973), McAndrews and King (1976), Heusser (1977),
2015 desert symposium

Table 1. List of fossil palynomorphs identified from sediment
samples collected from the “Slug Bed” in the middle Miocene
Barstow Formation in the Mud Hills, Mojave Desert, southern
California.
Scientific Name

Common Name

Unidentifiable

algal cysts

Schizosporus sp.

spores of Spirogyra

Sigmopollis sp.

algal spores

Lemna sp.

duck weed or pond weed

Juncus

sp.

rush

Carex

sp.

sedge

Equisetum sp.

horsetail, scouring rush

Typha sp.

cattail

Pinus spp.

pines (at least two species of pines)

Picea sp.

spruce

Abies sp.

fir

TCT Group

Taxaceae–Cupressaceae–Taxodiaceae
(most probably juniper)

Ephedra sp.

Mormon tea

Monosulcites sp.

palm

Poaceae

grasses

Salix spp.

willows

Populus sp.

cottonwood

Juglans sp.

walnut

Asteraceae

sunflower/aster family

Cheno-Ams

Amaranthaceae family
(including chenopods)

Bassett and others (1978), Moore and Webb (1978),
Iwanami and others (1988), and Kapp and others
(2000). Identifications to the specific level were not
possible for most palynomorphs because many
important California plant taxa, including many
pines (Pinus spp.), oaks (Quercus spp.), and the families Campanulaceae, Amaranthaceae, and Asteraceae, produce indistinctive pollen grains (Baker
1983). Consequently, most pollen identifications are
to the genus or even family level.
Both sediment samples processed for plant
microfossils yielded well preserved palynomorph
assemblages, although overall taxonomic diversity
of palynomorphs was low. To better understand
the floral composition of each sample, the relative
abundance of each palynomorph type was calculated
as a percentage of the total number of palynomorphs
counted in that sample. The total palynomorph
count was over 500 grains and, thus, is considered
to represent a general, composite view of the local
flora in existence when the sediments sampled were
deposited.
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Figure 1. Photomicrographs of fossil palynomorphs recovered from sediment samples of the middle Miocene Barstow Formation
collected from the “Slug Bed” in the Mud Hills in San Bernardino County, southern California. 1-2. Juncus (rush), 3-4. Typha
(cattail), 5. Equisetum (horsetail), 6. Poaceae (grass), 7. Juglans (walnut), 8. Populus (cottonwood), 9. Juniperus (juniper), 10. Salix
(willow), 11. Asteraceae (sunflower family), 12. Arecaceae (palm family), 13. Albies (fir), 14-15. Pinus (pine), 16. Picea (spruce), 17-19.
Algal cysts. Scale bar in each photograph is in microns.

The palynomorph assemblages recovered from
the two Barstow Formation samples were similar
in composition and therefore are lumped together
in the discussion below. The similarities in pollen
abundance between samples indicate that vegetation
and probably climatic conditions did not significantly
change during deposition of the sediments sampled.
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In addition to fossil pollen, spores, and algal
cysts, each microfossil sample also contained nonpalynological microfossils, such as charcoal fragments, leaf cuticle, trichomes (leaf hairs), arthropod
chitin, etc. Record was kept of many of them in the
course of counting the pollen and spores, although
no data other than presence/absence were recorded.
Albeit desirable, it was beyond the scope of this
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study to undertake a statistical investigation of all
types of microfossils present. Many specialists would
be required to carry out the task completely and a
careful systematic study would be necessary in order
to evaluate the stratigraphic, biochronologic, and/or
paleoenvironmental importance of these and other
non-palynological microfossils. The non-palynological microfossils are mentioned in the discussion
which follows only if they were of particular interest
or importance.

Results
The palynomorph assemblage recovered from the
Barstow Formation sediment samples has low diversity, consisting of only about 20 taxa of recognizable
palynomorphs. The most abundant non-arboreal
palynomorphs represented in the microfossil assemblage, in order of decreasing abundance, are rushes/
sedges (58%), fresh-water algal cysts (18%), cattails
(4%), and horsetails (1.5%). Woody trees are represented by TCT Group (Taxaceae–Cupressaceae–
Taxodiaceae, most probably Juniperus [juniper],
2.1%), Pinus (pines, 2.1%), Picea (spruce, 1.1%), Abies
(fir, 0.2%), Salix (willow, 1.5%), Populus (cottonwood,
0.6%), and Juglans (walnut, 0.2%). Also present in
relative abundance are palynomorphs of grasses
(Family Poaceae, 1.3%). In much lower numbers are
pollen or spores of palm (Family Arecaceae), Asteraceae (Sunflower Family), and Cheno-Ams (primarily
the family Amaranthaceae (in the broad sense,
including the chenopods), which have nearly identical pollen). Remarkable for their absence are pollen
of Quercus (oaks), and fern and fungal spores. Table
1 contains a list of fossil palynomorphs identified and
Figure 1 contains photomicrographs of some of the
most common palynomorphs.

Discussion and conclusions
Plant community represented
Judging from the representation of taxa in the
palynoflora from the Barstow Formation, the vegetation contributing pollen and spores to the basin of
deposition was similar to tule marshes found today
in southern California. The presence of pollen of fir,
spruce, and pine from conifer plant communities
found today at higher elevations in San Bernardino
Mountains indicates that the vegetation in the
drainage basin contributing sediments to the site of
deposition was similar to the modern vegetational
2015 desert symposium

zonation in the area. In addition to arboreal elements
(trees), the vegetation included a ground cover of
grasses and herbs and a riparian (stream side) vegetation containing willows, cottonwoods, and walnuts.
Paleoenvironmental interpretation
The palynoflora suggests plant communities and
a paleoclimate similar to those found today in
southern California. However, the absence of typical
chapparal elements and the presence of vegetation
requiring Summer rains and more moist soils (e.g.,
cottonwood and walnut) indicates a paleoclimate at
odds with that envisioned by Chaney (1921), Jordan
and Gilbert (1919), and Woodring and others (1946),
all of whom interpreted paleoclimatic conditions
in southern California in Neogene time to be “like
those now existing in the region” (Jordan and Gilbert
1919). Woodring et al. (1946) wrote: “The evidence
available seems, on the whole, to indicate conditions
of temperature and rainfall not markedly different
from those now existing....” In contrast, Parker and
Dawson (1965) suggested that paleo-temperatures
were “higher, more uniform...than occur today in
this region.” From her study of fossil plants from the
Ricardo Formation in southern California, Webber
(1933) suggested that Neogene climates differed
from the present climate in being characterized by
less extreme aridity. Axelrod (1939) concluded from
his consideration of the rainfall and temperature
requirements of the modern equivalents of Neogene
species that temperatures were less extreme (lower)
and that precipitation was higher than present conditions in the southern California. Thus, our interpretations of the Miocene paleoclimate are more in line
with those of Webber (1933) and Axelrod (1939) .
Contrasting paleoenvironmental interpretations
are not unusual for paleontologists and geologists
working on Neogene fossils in southern California.
For instance, to explain the paucity of clastic sediments in the diatomaceous shales of the Puente
Formation, Jordan and Gilbert (1919) argued that:
“The region must have been arid....” In contrast,
Chaney (1921) wrote that: “The general lack of clastic
sediment in the diatomaceous shales may rather be
attributed to the low relief of the land mass than to
the lack of running water.” Chaney went on to state
categorically that “the moisture requirements of the
land plants show conclusively that the climate was not
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arid, for the majority of the genera represented are
found in moist woods and thickets.”
We concur with Chaney’s (1921) conclusions that
the Neogene climate was at least not as arid as in
inland Southern California at present. The palynoflora examined in this study supports an interpretation that the climate had a lower seasonal range of
temperature and higher rainfall. This interpretation is supported by the presence of taxa requiring
Summer rain or presence of perennial water
suggesting that the climate in which the vegetation
grew was both cooler and wetter than the present
climate. Warm temperate conditions are likely,
but without a long, hot, dry summer as is typical
in the current Mediterranean climate of southern
California.
Age Interpretation
The fossil palynoflora recovered from the Barstow
Formation contains no taxa inconsistent with a
middle Miocene age previously suggested based on
the vertebrate fauna, radiometric dates, and magnetostratigraphy (MacFadden and others 1990, Pagnac
2009). Contrary to O’Connor (1982), who concluded
based on the abundance of Asteraceae pollen that
the age of the Barstow Formation was early Pliocene,
we find that a middle Miocene age for the Barstow
Formation is supported by the palynoflora from the
Mud Hills samples.
Depositional Setting

The palynoflora recovered from Barstow Formation sediments in the Mud Hills provide some
specifics on the depositional setting. A lake or
pond surrounded by a tule marsh and wetland
is suggested by the abundance of fresh-water
algal cysts and pollen of pondweed (Lemna). This
interpretation is supported by the abundance
of spores of rushes (Equisetum and Juncus),
sedges (Carex), and pollen of cattail (Typha),
all typical emergent vegetation growing in
shallow water on the margins of an open-water
lake or pond surrounded by a tule marsh and
wetland. The low abundance of pollen from
the families Amaranthaceae and Asteraceae
compared to the relatively high abundance of
grass pollen suggests the vegetation surrounding
the wetland was largely grassland or possibly
woodland/savannah. At higher elevations
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were conifer-dominated forests similar to
those currently found in the San Bernardino
Mountains.
Significance
Fossil plant microfossils have been previously
recorded from middle Miocene sediments of the
Barstow Formation by O’Connor (1982). This study
of fossil plant microfossils recovered from the
Barstow Formation in the Mud Hills has added
important information regarding the Miocene
vegetation history of southern California. They also
have provided a basis for inferring the nature of the
climate under which the vegetation lived and the
depositional environment in which their remains
have been buried.
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abstract—Two Barstovian-age felids have been recovered from the Robbins Quarry fossil
locality in the Barstow Formation of the Mud Hills. The larger is identified as Pseudaelurus
intrepidus. The smaller, initially reported as Pseudaelurus marshi, shares affinities with
the scimitar-toothed felid Nimravides. Many of the shared characters are generally considered
to be diagnostic of the of the genus Nimravides including: a relatively angular chin, laterally
compressed upper canines that bear serrations, a distinct ectoparastyle on the P4, a triangular
arrangement of the lower incisors, and lower third and fourth premolars that bear anterior and
posterior accessory cusps that are nearly equal in size. Based on these characters we have identified the small Robbins Quarry felid as Nimravides. However, these specimens do not represent a
new species. The mandibular material of this felid is indistinguishable from the type specimen of
Pseudaelurus marshi and P. marshi should be transferred to the genus Nimravides.

Introduction
Robbins Quarry is located in the upper member
of the Barstow Formation, above the Hemicyon
Tuff (14.0±0.1 Ma) and below the Lapilli Sandstone
(13.4±0.2 Ma) in Hell Gate Basin, in the northwestern Mud Hills. The most current summary of
the stratigraphy in Hell Gate Basin was presented by
Browne (2002).
Preservation of skeletal elements at Robbin’s
Quarry was in two phases (Reynolds and Browne,
2015). A brief period of initial predation that
removed porous bone (vertebrae and ribs) was
followed by sheet flooding that transported articulated limbs and crania to a lake margin. The P.
intrepidus skull and mandibles were articulated
during initial deposition (Aruta and Reynolds,
1996); later disarticulation separated them by
approximately 40 centimeters. Skull fragments and
mandibles of the small scimitar-toothed felids were
found near each other.
The taxonomic diversity of the Robbin’s Quarry
carnivores is high, with eight different carnivore
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species present: one mustelid, one probable procyonid; four canids; and two felids. Niche partitioning
and taphonomic processes may explain the high
level of carnivore diversity in the Barstow Fauna
(Reynolds and Browne, 2015).

Felidae from Robbin’s Quarry
Pseudaelurus Gervais, 1850
Pseudaelurus intrepidus Leidy, 1858
Pseudaelurus intrepidus: A mountain lion size felid
was recovered from Robbins Quarry. Pseudaelurus
intrepidus (SBCM L1816-5223) is differentiated from
the Robbins Quarry specimens of Nimravides by its
larger size (Table 1, conical canines that lack serrations, the linear arrangement of the lower incisors,
and the more robust nature of the dentary. This
specimen was referred to Pseudaelurus sinclari
(Aruta and Reynolds, 1996) but the species has
since been invalidated (Rothwell, 2004). The rami
of this specimen appear nearly indistinguishable
from those of a specimen described and figured by
Stock (1934). Rothwell (2001; 2003) identified this
2015 desert symposium
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Table 1: Dental measurements of the felids recovered form Robbins Quarry (in millimeters). The measurements marked with an
asterisk are estimated from the dimensions of the alveolus. The teeth of Pseudaelurus intrepidus appear to be roughly the same
size as those identified as Nimravides. The Pseudaelurus teeth have a more robust appearance. While the teeth of these specimens
are approximately the same size, P. intrepidus appears to have been the larger of these two felids. Based on the relative sizes of the
maxillae it is estimated to have been approximately 20% larger than Nimravides from the same locality (after Browne, 2002).
Robbins Quarry Felids
Lower Tooth Measurements
c
L

p2
W

L

p3
W

p4

m1

L

W

L

W

L

W

10.08

5.18

12.22

5.72

16.79

6.53

13.11

5.79

19.76

7.32

Nimravides marshi
SBCM L1816-3441 (rt)

12.42

6.38

SBCM L1816-3441 (lt)

10.01

6.10

14.15

12.80

Pseudaelurus intrepidus
SBCM L1816-5223 (rt)

2.18

1.42

SBCM L1816-5223 (lt)

12.04

4.95

13.92

6.07

11.99

5.18

14.27

6.20

L

W

L

W

L

W

4.42

9.63

Upper Tooth Measurements
C

P3

L

W

14.07*

5.97*

P4

M1

Nimravides marshi
SBCM L1816-3453 (lt)
SBCM L1816-3453 (rt)
SBCM L1816-3468 (rt)

10.72

5.74

19.96

8.84

10.95

5.77

18.64

9.75

15.19

5.33

10.97

5.44

17.91

9.14

4.29

9.60

SBCM L1816-5224 (rt)

14.55

12.50

13.94

7.19

19.38

10.39

3.73

9.04

SBCM L1816-5224 (lt)

14.91

11.89

Pseudaelurus intrepidus

specimen as Pseudaelurus intrepidus. P. intrepidus
is similar in size to the North American species P.
validus and P. marshi, and the European species P.
quadridentatus (Rothwell, 2003). P. intrepidus can be
differentiated from P. validus by a shorter distance
between the lower canine and p3 and slender sloping
coronoid process (Rothwell, 2003). P. intrepidus is
differentiated from P. marshi by a longer distance
between the lower canine and p3, and by a wider
and deeper dentary (Rothwell, 2003). P. intrepidus
is differentiated by P. quadridentatus by a longer
distance between the lower canine and p3, and a m1
with a larger talonid and better developed metaconid
(Rothwell, 2003).
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Suborder Feliformia Kretzoi, 1945
Family Felidae Fischer de Waldheim, 1817
Subfamily Felinae Fischer de Waldheim, 1817
Nimravides Kitts, 1958
Nimravides marshi Thorpe, 1922
Nimravides Kitts, 1958; Martin and Schultz, 1975;
Baskin, 1981.
Pseudaelurus Dalquest, 1969
Nimravides marshi Browne, 2005
Material: SBCM L1816-3441, right mandible bearing
c-m1 (p2 edentulous, p3 fragmentary; Figure 1), left
mandible bearing c-p4 (p2-p3 broken, p4 fragmentary; Figure 2); SBCM L1816-3468, right premaxilla
and maxilla bearing I2-C, P3-M1 (Figure 3). SBCM
L186-3453, fragmentary left premaxilla and maxilla,
I2-M1 (I2-P2 edentulous, P3 broken; Figure 4), right
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maxillary fragment, P3-P4 (Figure 4);SBCM L18164605, right femur (Figure 5).

Description of Robbins Quarry specimens

An incipient notch is present between the anterior
cingular cusp and the principal cusp. The posterior
accessory cusp is large and well developed, and there
is a strong notch between it and the principal cusp. A
low posterior cingular cusp is located directly posterior to the posterior accessory cusp. The posterior
cingulum is low and runs along the posterior margin
of the tooth from the postero-labial base of the posterior accessory cusp to the postero-lingual base of the
principal cusp.
The lower m1 is elongate with an extremely
reduced talonid. The protoconid is tall and appears
to be directed slightly posteriorly. The paraconid
is tall, approximately 60 percent of the protoconid
height. An obtuse angle is formed between the crests
of the protoconid and the paraconid. The carnassial
notch is deep and tightly closed. The metaconid is
absent. The single talonid cusp is extremely reduced
and located directly posterior to the protoconid.
There is an incipient notch between this cusp and the
protoconid.
At least two individuals are represented by the
recovered material of the upper dentition (Figures
3, 4; based on the presence of two right premaxillary fragments). These maxillae are smaller than

The Robbins Quarry Nimravides mandible is smaller
and less robust than the specimen of Pseudaelurus
from the same locality. In general form, the chin
appears to be more angular than that of the P.
intrepidus specimen recovered from the site. The
ventral symphysial extension typical of Nimravides is
only incipiently expressed in this taxon (Figures 1, 2).
The lower incisors are all broken or missing. From
the position of the roots and alveoli it is apparent
that i2 is located posterior and slightly labial to i1. The
position of the lower incisors results in the formation of a small triangle that differs from the linear
arrangement observed in Pseudaelurus. Browne has
also observed this triangular arrangement of the
lower incisors in the type specimen of Pseudaelurus
marshi (YPM 12865). The lower canine is tall and
shows some degree of lateral compression (average
width/length = .56), and is much less robust than that
of Pseudaelurus.
Lower p1 is absent, reducing the lower premolar
count to three. The missing p2 is defined by a small
single rooted alveolus located
in the center of the diastema
that separates the canine from
p3. While this tooth would have
been small, it appears to be
roughly equal in absolute size to
the p2 of the much larger Pseudaelurus (Table 1), and is thus
relatively larger for its body size
than that of Pseudaelurus. The
lower p3 is broken in both the
right and left ramus of SBCM
L1816-3441. It is relatively
large and is wider posteriorly
than anteriorly. The lower p4 is
wider posteriorly and bears a
large triangular principal cusp.
Well developed anterior and
posterior ridges descend from
the apex of this cusp along the
longitudinal plane of the tooth.
The anterior cingular cusp
is low and weakly developed
Figure 1. Nimravides marshi right mandible (SBCM L1816-3441): Exterior, interior and
relative to the principal cusp.
occlusal views.
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of the alveolus. Upper I2
is also small and simple. I3
is about twice the size of I2
and is generally caniform
with ridges descending
along the antero-lingual and
postero-labial edges of the
tooth from the main cusp. A
weakly developed posterior
cingulum ascends from the
postero-labial base of the
tooth to the postero-lingual
margin of the tooth at a level
equal to the crest of I2 . This
cingulum bears a small accessory cuspule that forms the
postero-lingual corner of this
tooth, and is adjacent to the
Figure 2. Nimravides marshi left mandible (SBCM L1816-3441): Exterior, interior and occlusal
posterior edge of I2 .
views showing denticles on lower canine.
The upper canine is tall
and
laterally compressed.
those of Pseudaelurus intrepidus and suggest that
In SBCM L1816-3468 the canine has been crushed
while the teeth of these two taxa were similiar in
and the degree of lateral compression exaggerated
absolute size, the skull of Nimravides marshi was
(length/width = 0.35). An undistorted alveolus
smaller than that of P. intrepidus. Unlike the lower
defines the upper canine of SBCM L1816-3453. The
incisors, the upper incisors are not crowded and are
arranged in a more linear fashion. Upper I1 is missing dimensions of this alveolus suggest that the L/W
ratio of the upper canine of this specimen would have
but is inferred to be small and simple from the size
been approximately 0.42. In
SBCM L1816-3468 a strong
ridge, bearing weak serrations,
descends along the entire
posterior edge of the tooth.
Another ridge descends along
the anterior edge of the tooth
just lingual to the longitudinal
midline. The anterior ridge is
less strongly developed than
the posterior ridge, lacks
serrations, and extends only
one-third the crown height of
the tooth.
The number of upper
premolars is reduced to three.
P2 is absent, though some
inferences can be made from a
double rooted alveolus in this
position. This tooth appears
to have been approximately
Figure 3. Nimravides marshi right premaxilla and maxilla (SBCM L1816-3468): Exterior,
one-third
the size of P3. P2 was
interior and occlusal views.
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located posterior to, and would
have been in contact with, the
canine. In general form P3
is wider posteriorly than it is
anteriorly. The principal cusp
of P3 is tall and posteriorly
directed. There are no cusps
anterior to the principal cusp,
but there is a well developed
ridge that descends from the
apex of the main cusp to the
antero-lingual corner of the
tooth. The posterior accessory
cusp is well developed and
there is a strong notch between
it and the principal cusp. The
posterior cingular cusp is fairly
small with a notch between
it and the posterior accessory
cusp in SBCM L1816-3468. In
SBCM L1816-3453 the posterior cingular cusp is not as
well developed and there is
no notch between it and the
posterior accessory cusp. The
posterior cingulum is low and
broad, and runs along the
posterior margin of the tooth
Figure 4 Nimravides marshi left premaxilla and maxilla (SBCM L1816-3453): Exterior,
interior and occlusal views.
from the postero-labial base of
the posterior accessory cusp to
The upper molar count has been reduced to a
just short of the medial-lingual base of the principal
single tooth. M1 is reduced and transversely eloncusp. P4 is long and laterally compressed. The paragate. It is set at a nearly right angle to P4. Three main
cone is tall and directed slightly posteriorly. A low
cusps of the M1 are so reduced that the tooth appears
ridge descends from the apex of the paracone along
flat.
its anterior toward the parastyle. A small strongly
Features observed in the Barstow Formation
closed notch separates this ridge from the parastyle.
specimens that support identification as NimraThe parastyle is moderately sized and well developed. vides include: an angular chin; crowding of the
A small, distinct accessory cusp, the ectoparastyle,
lower incisors into a triangular arrangement,
is located on the antero-labial corner of the tooth.
with iI located slightly anterior to i2; and laterThe protocone is slightly larger than the parastyle,
ally compressed upper canines that bear incipient
however it is low and less distinct. A well developed
serrations that occur variably on the anterior edge
ridge runs from the apex of the protocone to the
and consistently on the posterior edge of the
antero-lingual base of the paracone. The metacone
tooth, a distinct P4 ectoparastyle, and lower premolar
is wide at its base and its crest is formed by a narrow
accessory cusps that are nearly equal in size. These
antero-posteriorly directed ridge. This cusp is tall,
characters are not observed in the well-preserved
approximately one-half the height of the paracone.
specimen of Pseudaelurus intrepidus recovered from
The carnassial notch is deep, tightly closed, and sepa- the same quarry.
rates the paracone from the metacone. The crests of
Based on measurements of the maxillae the
these two cusps form an obtuse angle.
R o b b i n s Q u a r r y specimens identified as
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Nimravides are approximately 20% smaller than
referred to a Nimravides marshi. While a good
the P. intrepidus. This places them within the
case can be made that the scimitar-toothed felid
typical size range of Pseudaelurus marshi. P.
from Robbins Quarry and the type specimen of
marshi was described from a partially restored
P. marshi (YPM 12865) are Nimravides, until a
left and right ramus recovered in Nebraska from
more detailed assessment of character variability
Late Barstovian strata of the Valentine formation
and distributions can be made, it may be premature to reassign all specimens identified as “P.
(Thorpe, 1922; Rothwell, 2003). The holotype
of P. marshi possesses an angular chin and lower
marshi” to Nimravides.
Post-cranial material: A single right femur
incisors arranged in a triangular pattern. There
appear to be no significant morphological differ(Figure 5) from Robbins Quarry. The following charences between the rami of the Barstow Formation
acteristics support identification as a felid:
specimens of Nimravides and the holotype of P.
The angle of the femoral neck relative to the
marshi, strongly suggesting that these specimens
greater trochanter is 80 degrees , as in F. concolor and
a re individuals of a single species. The characL. rufus. In contrast, canids (Canis, Vulpes, Urocyon)
ters of the lower jaw observed in the holotype of
have the femoral neck inclined at 60 degrees from the
P. marshi and the Barstow Formation specimens,
shaft; mustelids are at 70 degrees and ursids are at 55
in conjunction with the characters of the upper
degrees (Gilbert, 1993).
dentition observed in the Barstow Formation
(B) The femoral shaft is long and straight, and
specimens, offer a strong argument in favor of
approximately the same diameter proximally as
reassigning P. marshi to the genus Nimravides
distally. In contrast, ursid and canid femora expand
(Browne, 2005). In several specimens Browne
proximally and distally, being narrow medihas noticed some variability in the arrangement ally. Canid femora are curved both anteriorly and
of the lower incisors that has led him to question medio-laterally.
the utility of this character in diagnosing NimraThis specimen is slightly larger and more robust
vides. LACM 26454 is a fragmentary skull and
than a bobcat femur (Lynx rufus) (Table 2). The
associated jaws of a felid approximately the same length suggests that it could be from either P.
size as the specimens identified as Nimravides
intrepidus or N. marshi.
from Robbins Quarry that was also
collected from the upper member of
the Barstow Formation. This specimen
possesses laterally compressed upper
canines that bear serrate posterior
edges. In this specimen the lower incisors display a linear arrangement and
the chin is not as angular as the specimens from Robbins Quarry identified
as Nimravides. In UCMP 44949, a large
felid that otherwise shows clear affinities with Pseudaelurus intrepidus, the
lower incisors are arranged in a triangular manner. We are confident that
the small Robbins Quarry felid and the
type specimen of P. marshi represent
the same species, and that based on the
combined weight of the suite of previously discussed anatomical characters that this species belongs to the
genus Nimravides. Taxonomic priority
Figure 5. Nimravides marshi right femur (SBCM L1816-4605): Medial,
dictates that this species should be
posterior and anterior views.
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Table 2: Femur measurements.
At the proximal end of the
femur, the head of the femur
Position
Length/width/diameter
Measurement
is round, but with an “incomProximal - distal
Length
180mm
pletely” demarcated neck; the
mid-shaft
lateral diameter
23mm
neck narrows on the distal side of
mid-shaft
Antero-Posterior Diameter
12mm
the ball shaft, but is not as clearly
femur
ball
to
greater
trochanter
proximal
width
47mm
demarcated on the proximal side,
femur ball
Diameter
20mm
in contrast to that of the Lynx and
Distal
condyles
width
37mm
Felis concolor, but similar to that of
Distal condyles
Antero-Posterior length
35mm
a wolverine (Gulo).
Measurement in mm
Within the trochanteric fossa,
between the femoral neck and the
on comparison of the available skull material Browne
greater trochanter, there is another ridge or small
(2002) also noted that Robbins Quarry Nimravides is
trochanter. This ridge continues distally to merge
20% smaller than Pseudaelurus intrepidus. If this size
with the lesser trochanter, the latter located more
difference holds in the postcranial skeleton it suggests
proximally than in Lynx, and laterally from the distal that the approximate length of a Nimravides marshi
margin of the femoral ball. A similar secondary ridge femur should be about 190 mm. Although these
in the fossa is seen in other taxa such as Lutra and
calculations are speculative, the measured length of
Ursus americanus.
the femur in question (180mm) is consistent with
At the distal end of the femur, the distal condyles
the expected size range of Nimravides marshi and
are more pronounced than in Lynx, as is the lateral
we refer it to that taxon. The actual length (180mm)
fossa scar.
being less than the length calculated from Felis and
The femoral shaft is straight, not curved, and 35%
Pseudaelurus, might be due to the type of locomotion
wider laterally (23 mm), than in the A-P dimension
used in hunting.
(17 mm). The fossa plantaris scar is located medioMorphology and habitat
distally on the femoral shaft is twice the distance
anteriorly above the distal condyles as are the lateral
The occupation of different habitats by similar
fossa scars. In contrast, the same scars in Lynx and
sized taxa that share similar morphologies helps to
Felis concolor are opposite each other.
explain the presence of the two felids, Pseudaelurus
Axial divergence: Two axes of rotation can be
intrepidus and Nimravides marshi, in the Robbin’s
imagined for the femur. The proximal axis runs
Quarry sample. Pseudaelurus is a conical-toothed cat
through the femoral neck, at 80 degrees to the long
while Nimravides is one of the many felid lineages
axis of the femur shaft. The distal axis runs through
that evolved the saber-toothed condition. Martin
the distal condyles, at 90 degrees to the long axis of
(1980) noted that “Scimitar-toothed cats have specialthe femur shaft. When viewed from either end of the
ized in the opposite direction from dirk-toothed
femur, and considering that the proximal axis is 80
cats and generally have longer legs than are found
degrees to the vertebral column, the axes are not in
in conical-toothed cats. This suggests that they were
parallel alignment. In Lynx, the distal axis diverges
more adapted for open country and active pursuit
only 5 degrees anteriorly from the proximal axis, in
...” He further noted that cats are adapted for both
the Robbins Quarry femur, the distal axis diverges
cursorial and arboreal habitats “...and it may be areas
almost 20 degrees anteriorly from the proximal axis.
where trees and open areas mix that are the real
This suggests greater lateral movement in the lower
adaptive areas of the Felidae.”
portion of the limb.
This species of Nimravides displays an intermediate saber-tooth morphology best characterized as
Size Comparisons
a scimitar-toothed cat (sensu Martin 1980; 1998). In
Descriptions of the felids (Browne, 2002) recovered
its extreme form (dirk-toothed; sensu Martin 1980;
from Robbins Quarry suggests that P. intrepidus
1998) it has been suggested that the saber-tooth
should have a femur about 20% smaller than F.
morphology was an adaptation toward ambush
concolor, or approximately 235 mm in length. Based
predation (Martin, 1980; 1998; Martin et al., 2000).
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Generally dirk-toothed cats are thought to have been
ambush predators characterized by shorter, stockier
limbs (Martin, 1980; 1998); while conical-toothed
and scimitar-toothed cats tend to be longer limbed
short pursuit predators (Martin, 1980; 1998). The
differences in femoral morphology, including the
small additional trochanter within the trochanteric
fossa, lateral fossa scar, expanded femur width, and
axial divergence may suggest that N. marshi relied on
both short pursuit and ambush to acquire prey, and
may functionally have been both cursorial as well as
semi-arboreal, favoring habitat with wooded groves
and copses of trees, while P. intrepidus may have
preferred more open grassland habitats.
The few postcranial elements that have been previously been attributed to Nimravides were recovered
from Pliocene-age strata (MacDonald, 1948; De
Beaumont, 1990). From those descriptions it is clear
that species of Pliocene Nimravides were long limbed
cats, and probably short pursuit predators. The
unusual morphologic features of the femur herein
tentatively assigned to Nimravides marshi suggests
that this Barstovian felid was versed in short- pursuit,
ambush, and arboreal ventures.

Summary
The Robbin’s Quarry small felid specimens are
readily identified as Nimravides based on the possession of laterally compressed upper canines that bear
a serrated posterior edge and a less strongly developed anterior edge, a distinct ectoparastyle on P4, the
development of the accessory cusps of lower p3 and
p4, the triangular arrangement of the lower incisors,
and the generally angular appearance of the chin.
The Robbins Quarry specimens differ from the
published species of Nimravides in their smaller size.
This is not entirely unexpected as this occurrence
is significantly older than most reported Nimravides. If all of the specimens that have historically
been referred to as “Pseudaelurus marshi” indeed
do represent the same species as we are referring to
Nimravides marshi, this would suggest a much earlier
date for the last common ancestor of Pseudaelurus
and Nimravides. Thorpe (1922) and Rothwell (2001;
2003) discussed pseudaelurine felids identified as “P.
marshi” from Texas, New Mexico, Nebraska, Colorado and from the Barstow Formation of California.
Rothwell (2003) noted that in the Barstow Formation
these specimens have been recovered from outcrops
2015 desert symposium

as low stratigraphically as the Rak Division (spanning the Late Hemingfordian/Barstovian transition;
Woodburne and others, 1990), to as high stratigraphically as Hidden Hollow Quarry (= Robbins
Quarry) in the First Division (Pagnac, 2009; Woodburne and Reynolds, 2010). If all of these specimens
do indeed represent a single species this suggests that
Nimravides has been separate from the Pseudaelurus
lineage since at least the late Hemingfordian.
Abbreviations
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abstract—Robbins Quarry is located in sediments that date between 14.0 - 13.7
Ma in Hell Gate Basin, in the northwestern Mud Hills. Robbins Quarry is one of the
highest stratigraphic localities in the Upper Member of the Barstow Formation to yield
Late Barstovian (Ba2) fossils of large and small mammals. Taphonomy of the bone bed
suggests catastrophic deaths of numerous species at a distance from a lake margin. After
initial predation, sheet flooding carried skeletal elements to the lake margin. Further
predation and trampling caused additional disarticulation.

Introduction

below both the undated Hemicyon Tuff of Lindsay
and 27 meters below the Lapilli Sandstone (13.4±0.2
Ma), in the Upper Member of the Barstow Formation (Figure 1).
In 1968, Art Robbins (a member of the Mojave
River Valley chapter of San Bernardino County
Museum), introduced Robert Reynolds (then
Curator of Earth Science at the San Bernardino
County Museum) to a bone bed that had not

Parties from the Frick Laboratory of the American
Museum, New York, carried out paleontological
investigations in Hell Gate Basin in the 1930s.
The Mud Hills were mapped by Randolph Steinen
(1966) and Thomas Dibble (1968). Small mammal
biostratigraphy was accomplished by Everett Lindsay
(1972) included mapping and measured sections.
A magnetostratigraphic transect was sampled
on the north limb of
the Barstow Syncline
through Hell Gate Basin
by MacFadden and
others (1990). Browne
(2002) summarized
Hell Gate Basin stratigraphy in 2002. The
Robbins Quarry bone
bed is stratigraphically
continuous with the
Hidden Hollow quarries
and the JJ Quarry of the
San Bernardino County
Museum.
The Robbins Quarry
bone bed is located
4.5 meters above the
Hemicyon Tuff (14.0+/- Figure 1: View northeast across Hell Gate Basin. Image was taken from the Hemicyon Tuff of
Lindsay, showing (down section) the Hemicyon Tuff (14.0 Ma) and the Skyline Tuff (14.8 Ma). Figure
0.1 Ma) and 12 meters
in white marks the quarry.
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been preferentially
removed from the
assemblage prior to
fossilization, since the
collection is enriched
in relatively dense
bones (e.g. phalanges,
limbs, rami, maxillary
fragments, and isolated
teeth), and depleted
with respect to relatively lighter, more
porous bones (e.g.
vertebrae and ribs).
Experiments show
that such a pattern can
develop when disarticulated skeletons are
winnowed by low to
Figure 2: View easterly of Robbins Quarry showing Hemicyon Tuff of Lindsay in upper right.
moderate flow velocibeen previously excavated by Frick parties. San
ties (Voorhies 1969; Behrensmeyer, 1975; Aslan and
Bernardino County Museum parties led by Reynolds
Behrensmeyer, 1995).
christened the bone bed Robbins Quarry and worked
Few of the elements from Robbins Quarry exhibit
it seasonally from 1968 to 1998 (Figure 2).
cracking, crazing, gnawing or rounding that would
suggest long periods of exposure. Most elements
Depositional environment
exhibit the same type of pristine preservation and
The Robbins Quarry collection consists primarily of
color, suggesting mass deaths by a single catastrophic
isolated elements. There are several articulated limbs
event at a distance from the site of deposition.
with wrist elements, as well as associated skulls with
Initial predation and dismemberment by carnimandibles. Certain skeletal elements appear to have
vores removed porous
bone (vertebrae and
ribs). Subsequent rains
caused sheet flooding
to transport articulated
limbs and crania to the
margin of a lake, where
deposition occurred
due to reduced
carrying capacity of
the sheet flood. The
margin of a shallow
lake is inferred by the
abundant silicified
roots and greenishgray siltstone immediately below the bone
bed. Concentrations
of palm roots suggest
Figure 3. Specimens were pinpointed within metric grid units to retain precise orientation.
146
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palm islands along a shoreline. The Rainbow Loop
Flora (Reynolds and Schweich, 2013, 2015) describes
vegetation of the surrounding countryside.
As the skeletal elements came to rest, a second
period of predation and trampling occurred at the
site of Robbins bone bed. An articulated rhinoceros
wrist assembly was deposited, then disarticulated
and spread over a 20 inch radius. The Pseudaelurus
skull and mandibles were articulated when deposited
(Aruta and Reynolds, 1996), followed by disarticulation that separated them by 40 centimeters. Although
many metapodials showed subparallel alignment
by currents and lay flat on the bedding plain, some
were inclined 20 degrees to that bedding plain
suggesting post depositional trampling. One horse
metapodial had two medial breaks, with the central
section depressed into the substrate. The width of the
depressed portion approximates the width of a camel
track (see Lamaichnum ichnosp., Sarjeant & Reynolds, 1999).

Robbins Quarry fauna
While the Robbins Quarry taxonomic assemblage is
quite diverse, it does not contain representatives of
all taxa known from localities occurring at the same
stratigraphic level in the Upper Member. Taxa from
stratigraphically equivalent localities that are absent
from Robbins Quarry include Paracosoryx alticornis;
Ramoceras brevicornis and Gomphotherium.
The following taxonomic list has been modified
from Browne (2002):
Order Lagomorpha
Family Leporidae
		 Hypolagus sp.
Order Rodentia
Family Sciuridae
Tribe Marmotini
		 Miospermophilus sp.
Tribe Tamiini
		 Tamias ateles
Family Muridae
Tribe Copemyini
		 Copemys cf. longidens
Family Geomyidae
Subfamily Heteromyinae
		 Cupidinimus halli
		 Cupidinimus lindsayi
		 Perognathus minutus
Subfamily Mojaveminae
2015 desert symposium

		 Mojavemys lophatus
Order Carnivora
Mustelida Tedford,
		 Genus, and species indeterminate
Family Mustelidae
		 Genus and species indeterminate
Infraorder Cynoidea
Family Canidae
		 Aelurodon asthenostylus
		 Paratomarctus temerarius
		 Cynarctus galushai
		 Leptocyon sp.
Family Felidae
		 Nimravides marshi
		 Pseudaelurus intrepidus
Order Insectivora
Family Soricidae,
		 Paradomnina cf. relictus
Order Perissodactyla
Family Equidae
Tribe Equini
		 Scaphohippus intermontanus
Tribe Hipparionini
		 Scaphohippus sumani
Family Rhinocerotidae
		 ?Aphelops sp. or ?Peraceras sp.
Order Artiodactyla
Family Antilocapridae
		 Merycodus joraki
Family Camelidae
		 Genus, and species indeterminate

Significance of Robbins Quarry
Robbins Quarry is one of the highest stratigraphic
localities in the formation to yield a complex
mammal fauna containing specimens of large and
small mammals. One unusual facet of Robbins
Quarry is the taxonomic diversity. At least eight
different species of carnivores are present within this
assemblage: one mustelid, one probable procyonid;
four canids; and two felids. In addition to the high
taxonomic diversity of carnivores at Robbins Quarry,
there are also two equid taxa, Scaphohippus sumani
and Scaphohippus intermontanus.
A combination of niche partitioning and taphonomic
processes could help to explain this apparently high
level of taxonomic diversity. The number of canids
and felids give the strongest evidence, albeit circumstantial, that there was a relatively high degree of
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niche partitioning in the Barstow Fauna. Two species
of canids are dentally adapted toward hypercarnivory
(the canine Leptocyon and the borophagine Paratomarctus temerarius) and two species are adapted
toward hypocarnivory (the borophagines Aelurodon
asthenostylus and Cynarctus galushai). A. asthenostylus is larger than C. galushai and bears more
robust teeth, suggesting that A. asthenostylus may
have been more hypocarnivorous than C. galushai.
However, it seems unlikely that a single habitat type
would support two carnivores that appear to have
occupied very similar niches. We speculate that these
two species shared similar feeding strategies but
occupied different habitats within the surrounding
valleys and hillsides, with one of these species
tending remain in more densely vegetated areas,
while the other species occupied the open grassland
areas. A description of the Barstow Formation floral
groups (Reynolds and Schweich (2013, 2015) indicates
that aquatic, riparian, oak woodland habitats and
uplands with pine were present.
The occupation of different habitats by similar
sized taxa, or by taxa of slightly different size, that
share similar niches helps to explain the presence
of the multiple felids and canids and the two horses
in the Robbins Quarry sample. In one floodplain
deposit excavated by Behrensmeyer (1975), it was
found that taxa that lived in closed (densely vegetated) and open (grassland) habitats were represented
in roughly equal numbers. Thus, taxa not generally
found together in life may be brought together after
death by sedimentary processes. Such a model of
postmortem collection from different habitats can
help explain the high taxonomic diversity of carnivores in the Robbins Quarry collection.
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abstract—Recent drought conditions have once again highlighted the significance
of desert watering holes to wildlife in the Mojave Desert. McDonald Well, located on
a low hill of Mesozoic granite southeast of Fremont Peak in Harper Basin, has been a
documented source of water since at least 1899. We present information on the historical
and current conditions of McDonald Well as well as flow discharge observations and
measurements from 1955 through 2015 which suggest that water is moving by fracture
flow at McDonald Well and that recharge is local.

Introduction
McDonald Well, a desert watering
hole and mini oasis for local wildlife, is located in Harper Basin,
approximately 40 km (25 miles)
northwest of Barstow and about 11
km (7 miles) southeast of Fremont
Peak in the Mojave Desert of
southern California (Figure 1 and
Photo 1). Mojave Water Agency
(MWA) staff field verified the location and documented the condition of the well on March 21, 2014,
after observing pictures of the well
posted by private citizens on Google
Earth. McDonald Well is within the
MWA service area and our interest
was to document the historical and
Figure 1. Shaded relief map of Harper basin showing the location of McDonald Well.
present well conditions as well as
1899 that shows the location as McDonald’s Ranch
accumulate past and measure current
(Wynn, 1963). Mendenhall (1909) places Goleta
discharge rates. We considered this important in
Spring #120 at the southeast base of Fremont Peak
light of the recent drought conditions.
along the west side of an old road connecting

Background

The earliest documented reference
to McDonald
Well is a sketch
map of the Rand
Mining District
drafted by George
McPherson in
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Photo 1. McDonald Well, concrete reservoir, and Fremont Peak on June 13, 2014, looking west-northwest.
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Randsburg to Harper Lake and Barstow. Based on
the location of McDonald Well relative to Fremont
Peak, we infer Goleta Spring is McDonald Well.
Mendenhall (1909) also notes that good water can
be obtained at Goleta Spring and that name of the
spring dates back to Fremont’s crossing of the Mojave
Desert in 1848.
McDonalds Ranch is shown on the 1915 Searles
Lake Topographic Map (USGS, 1915) along a road
that extends from Atolia, in the northwest, south
along the northeast side of Fremont Peak, past
McDonalds Ranch, and across the playa of Harper
Dry Lake to Blacks Ranch at the southeast tip of the
playa. McDonalds Ranch is depicted on the topographic map with two structures and additional
structures dot the landscape to the southeast between
McDondalds Ranch and Harper Dry Lake playa.
Thompson (1921, 1929) did not visit McDonald
Ranch, but described it as one of two locations in
Harper Valley to obtain water, aside from the local
railroad stations. McDonald Ranch is shown on
several versions of the Trona Quadrangle topographic map (USGS, 1947, 1948, 1953). McDonalds
Ranch and Blacks Ranch are each depicted with a
single structure and they are the only structures
shown in the area.
The first recorded flow measurement at McDonald
Well (State Well Number 32S43E28K01) is a USGS
Well Record from April 14, 1955. Field notes by USGS
staff indicate that Shorty Ramirez of McDonald
Ranch is the well owner, that the well was hand dug
and measured 5.7 feet long by 5.5 feet wide by 11.5
feet deep (1.7 m x 1.6 m x 3.5 m). The field notes also
describe a concrete reservoir located to the south of
the well. Additional USGS field notes indicate that
the upper four feet (1.2 m) of the well is shored with
wood and the deeper 7.5 feet (2.3 m) of the well is
earth lined. A trench extends to the south from the
wooden shoring of the well and appears to contain
a pipe that transmits water from the well to the
concrete reservoir.
On the 1956 Fremont Peak and the 1957 Trona
topographic maps, the location is labeled as
McDonald Well (USGS, 1956, 1957). The 1956
Fremont Peak topographic map shows a structure
labeled as ruins in the area of the McDonalds Ranch
structures shown on previous maps. The trench and
vegetation around the concrete reservoir are visible
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in an aerial photograph from February 3, 1956 (Fairchild Aerial Photography Collection, 1956).
The 1960 Trona topographic map shows McDonalds Ranch with one structure (USGS, 1960). A
Geologic Map of California, Trona Sheet (California
Division of Mines and Geology, 1962), shows the
ranch located on a low hill of Mesozoic granite.
Dibblee (1968) showed that the McDonald Well was
underlain by Jurassic quartz monzonite intruded by
quartz latite dikes. The well is not located at a dike
and no faults or joints are shown on the geologic
map. Outcrops in the area of the well confirm that
igneous rock is located within a few feet of the
ground surface. McDonald Well is labeled on the
1986 Lockhart Quadrangle topographic map (USGS,
1986) along a south trending unimproved dirt road.
The 1989 Cuddeback Lake Quadrangle topographic
map again shows McDonald Well with no structures located in the area and the south trending road
adjacent to the well is labeled Hoffman Road (USGS,
1989).
USGS field notes on a 1968 Well Schedule indicate
that McDonald Well is more of an improved spring
than a well and that flow from the hand-dug well is
piped to a concrete reservoir located approximately
76 m (250 feet) south of the well. The notes further
document that McDonald Well is a private well used
for watering livestock.

Field methods
MWA staff first reconnoitered McDonald Well on
March 21, 2014. The wood shoring of the well and a
trench extending south-southwest from the well to a
concrete reservoir were located (Photos 2 and 3). The
depth of the hand dug well measured approximately
2.1 m (7 feet) deep and debris was observed at the
bottom of the pit. The concrete reservoir measured
10.5 feet long by 7 feet wide by 1.9 feet deep (3.2 m x
2.1 m x 0.6 m). The date “12-14-40” is inscribed on
the eastern concrete curb of the reservoir. Discharge
from McDonald Well into the northeast corner of the
concrete reservoir is via a 3/4–inch diameter pipe.
MWA staff use a graduated poly beaker and stop
watch to measure flow rates from the pipe discharging
into the concrete reservoir. Flow measurements
recorded by USGS staff and MWA staff are listed in
Table 1.
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Table 1. McDonald Well flow rate measurements.

Photo 2. McDonald Well on June 13, 2014, looking southsouthwest toward the Buttes. Trench is visible behind wood
shoring of well and concrete reservoir is marked by arrow.

Photo 3. McDonald Well concrete reservoir on March 21, 2014,
looking south-southwest.

Findings

in flow rate measurements between 1969 and 2014;
however, the flow rates in April 1969 and March 2014
were exactly the same 0.23 gpm (1 Lpm).
Flow rates measured between 3/21/2014 and
1/13/2015 varied from 0.13 to 0.23 gpm. The highest
flow rates were measured in March 2014 and January
2015 with the lowest rate in September 2014. Between
September 2014 and January 2015, the f low rate
increased 50%.

Discharge
The McDonald Well discharge was measured or
observed 30 times since 1955 by both the USGS
Table 2. McDonald Well flow rate response to precipitation events.
and MWA. The flow rates vary from “no flow” in
1957 to 0.75 gallons/minute (gpm; 3.4 liters per
minute [Lpm]) on March 31, 1967. Assuming that
the flow rate is effectively 0 for those discharge
observations of “dripping”, the measured average
flow rate is 0.22 gpm (1 Lpm). The highly variable flow rate is shown by the 0.17 gpm (0.77
Lpm) standard deviation. There is a 45 year gap
2015 desert symposium
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Well Condition
McDonald Well does not appear significantly
different from the 1968 well description. The wood
structure at the surface near the well head is present,
as is the concrete reservoir. The concrete reservoir
supports a population of goldfish. No other structures remain. The grasses surrounding the reservoir
and the fact that it’s not overflowing indicate that the
reservoir leaks.

Discussion
Nearby rainfall data is incomplete. The Opal Mountain Personal Weather Station #MOPLC1 is located
approximately 19 km (12 miles) east-northeast of
McDonald Well. Winter precipitation events recorded
at Opal Mountain and subsequent flow rate measurements from McDonald Well are listed in Table 2. There
was no recorded rainfall at Opal Mountain between
October 20, 2014 and the 0.34 inches of rainfall
recorded on December 3, 2014. The flow rate measured
on December 4, 2014 was 0.19 gpm, or a nearly 50%
increase from October. The flow rate was 0.19 gpm after
1.07 inches of rain later in December. The flow rate
increased to 0.21 gpm following another 0.76 inches of
rain in January. The increased flow rates at McDonald
Well shortly after storm events suggest fracture flow
along relatively quick flow paths is producing the
discharge at McDonald Well.
The discharge rate at McDonald Well was below the
0.22 gpm mean from April 1955 to November 1966.
This coincides with the so-called mid-century drought
from 1942–1977 (Hereford et al., 2004). In the Mojave
Desert, only 15 times in 35 years of the mid-century
drought did weather stations record more than 68% of
normal precipitation. Precipitation was greater than
normal during 1965 and 1967, which may be the cause
of higher than average discharge from November 1966
through April 1968.

Conclusions
McDonald Well has been a documented source of
water since at least 1899. The hand-dug well, pipe and
reservoir system has been in place since at least 1940.
Based on surrounding outcrops, the well is excavated
into granodiorite bedrock. Based on 30 measured or
observed flow rates at McDonald Well, average flow rate
is 0.22 gpm (1 Lpm); the time between measurements
is great and the flow rate is highly variable, however,
and so the average rate likely has little significance.
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The flow rate at McDonald Well increases rapidly in
response to local precipitation, which we interpret as
an indication that water is moving by fracture flow and
recharge is local.
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Mojave Desert Neogene tectonics and the
onset of the Eastern California Shear Zone
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abstract—The central Mojave Desert region experienced widespread nonmarine
sedimentation and volcanism associated with intense crustal extension and clockwise
vertical-axis rotation during the late Oligocene and early Miocene, between about 24
and 19 Ma. The plate-tectonic setting for this episode apparently included a growing
slab gap, developed as a transform margin, that began to replace a long-lived subduction
zone along the southern California margin. Much later, after a gap in sedimentation, and
near the end of the Miocene, the Eastern California Shear Zone (ECSZ) apparently was
initiated by the opening of the Gulf of California at about 6 Ma, driven by a concurrent
change in the azimuth of the Pacific plate motion to a more northerly direction. Development of the ECSZ at 6 Ma was accompanied locally in the central Mojave Desert region
by renewed nonmarine sedimentation and volcanism, contemporaneous with tectonism,
rotation, uplift, and folding in central and northeastern Mojave basins. The central and
northeastern Mojave record is the only direct sedimentary evidence of the age of onset of
ECSZ tectonism in its type area.
Questions addressed here attempt to understand the extent to which the central Mojave
Desert record from about 19 Ma to the present can be related to regional tectonic events
in southern California as plate activities evolved during that time and the present-day
Transverse Ranges and San Andreas fault system were produced.
During the first half of this interval, from about 19–13 Ma, the central Mojave Desert
region witnessed extensive nonmarine sedimentation in topographic depressions that
apparently were inherited from the early Miocene extensional basins. There is evidence
of relatively small-scale tectonism during the early part of this period which apparently
reflects persistence of the prior extensional dynamics, but from about 17 Ma onward, the
central Mojave Desert seems to have been insulated from plate tectonism that was occurring to the west.
The crust was actively rotating in the western Transverse Ranges from about 18 Ma to
the present, but this apparently had no major effect on the central Mojave Desert. Finally,
potential influence from the western Transverse Ranges apparently was terminated when
the eastern boundary of that province was disconnected from the Mojave region by the
initiation of the San Gabriel fault at about 13 Ma and the associated termination of San
Gabriel block rotation. Initial evolution of the adjacent western San Bernardino Mountains can be seen as the main effect of tectonism along the growing San Andreas fault
system from about 13 Ma, but the sharply reduced sedimentation and limited erosion
observed between 13 and 6 Ma in the central Mojave Desert shows that this region was
effectively immune to those western events, as well.
Subsequently, from about 6 Ma, the Eastern California Shear Zone was associated with
the regional tectonic setting that produced the opening of the Gulf of California. The data
discussed here show that the Mojave Desert contains the only in situ evidence regarding
the initiation age of the ECSZ in its type area.
2015 desert symposium
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Introduction
Dokka (1989), Dokka and Travis (1990a), Dokka et
al. (1998), and references cited therein documented
an early Miocene episode of profound extension in
the central Mojave Desert region (Fig. 1) that developed in response to interaction between the Pacific
and American plates during initiation of the San
Andreas Transform system. Crustal heating and
regional collapse caused by a slab gap that grew either
along the trailing southwest edge of the subducting
Farallon plate, or the trailing edge of the obliquely
northeastward-subducting Juan de Fuca plate, is
considered to have induced extension and simultaneous volcanism in the central Mojave Desert region

from about 24–19 Ma (Atwater, 1989; Nicholson
et al., 1994; Atwater and Stock, 1998; McQuarrie
and Oskin, 2010). The extended region is recognized as the Mojave Extensional Belt (MEB; Dokka,
1989). Concurrent exhumation of pre-Tertiary core
complexes and extrusive volcanism and nonmarine
and volcaniclastic sedimentation also took place, as
preserved in the Central Mojave Metamorphic Core
Complex (CMMCC; Fig. 1) (Glazner et al., 2002).
Within this extensional interval, ca 20–19 Ma, field
studies indicate that regional clockwise rotations on
the order of 63o also took place (Ross, 1995; Ross et
al., 1989). These rotations have been ascribed to largescale dextral shearing contained within a proposed

Figure 1. The Mojave Extensional Belt, California. MEB gray patterns indicates the five named terranes after Ross et al. (1989)
and Dokka et al. (1998). The barbed line represents the northern frontal fault of the San Bernardino Mountains. Dashed and solid
lines within and north of the Mojave Desert Block depict faults of the Eastern California Shear Zone (Dokka and Travis, 1990a),
including BWF, Blackwater fault; CaF, Cady fault; CF, Calico fault; CLF, Coyote Lake fault; CRF, Camp Rock fault; DVFZ, Death
Valley fault zone; HF, Helendale fault; HaF, Harper fault; LF, Ludlow fault; MF, Manix fault. Geographic features are: AM, Alvord
Mountain; BM, Bullion Mountain; BRM, Bristol Mountains; CM, Cady Mountains; KH, Kramer Hills; NM, Newberry Mountains;
ODM, Old Dad Mountains; OM, Ord Mountain; WH, Waterman Hills. Inset map shows location in southern California. After
Woodburne and Reynolds (2010, Fig. 1). CMMCC after Fletcher et al. (2002, Fig. 2). ESF Domain, East-striking faults, after Miller
and Yount (2002). TM-SSZ, Trans-Mojave Shear Zone, after Dokka et al. (1998).
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Trans Mojave-Sierran Shear Zone (TM-SSZ; Dokka
and Travis, 1990a, Dokka et al., 1998) and is illustrated in Fig. 1. This rotation interpretation is not
supported by Glazner et al. (2002) and McQuarrie
and Wernicke (2005), contrary to e,g., Dickinson
(1996), Guest et al. (2003), McGill et al. (2009),
Chapman et al. (2010), and Hillhouse et al. (2010a,
b) where rotation is acknowledged. The episode of
clockwise rotations and dextral shear in the Mojave
Block is generally considered to have ended prior to
the deposition of the Peach Spring Tuff, at 18.8 Ma.
(Wells and Hillhouse, 1989; Ferguson et al., 2013),
but Singleton and Gans (2008) interpreted evidence
in the Calico Mts. (Fig. 4) to suggest that aspects of
this tectonism persisted to about 17 Ma. That topic
is addressed below. Figure 2 shows a number of rock
units that were coeval with the extension interval,
and are discussed further in the Appendix.
Figures 1-4 provide an overall stratigraphic and
geographic context for the discussion. The central
Mojave Desert region is the focus of the following
text and extends basically from the Gravel Hills
northwest of Barstow, California, area to the Fort
Irwin area (Fig. 1) on the northeast, then southward
to the Cady Mts., and finally back to Barstow via the
Newberry Mts. and Daggett Ridge. For purposes
of comparison, marginal areas associated with the
Garlock Fault (El Paso Basin, Lava Mts., Horned
Toad Hills) are included to the west and the Avawatz
Mts., associated with the Arrastre Spring fault, is
included on the east. The basins outlined on Fig. 4 are
those considered to have received the 19–13 Ma sediments discussed above.
Beginning about 19 Ma, nonmarine upward-fining
sequences began to accumulate across large areas
of the central Mojave Desert (Figs. 2-4; Leslie et al.,
2010). The basal parts of the sequences commonly
include coarse-grained conglomerates, which apparently reflect contemporaneous activity of basinbounding faults; however the medial and upper parts
typically consist largely of mud, fine-grained sand,
limestone, and air-fall tuff that accumulated after
tectonic movements had sharply waned or ended.
This depositional episode persisted until at least 13
Ma. Areas involved include the Gravel Hills-Calico
Basin, from the Gravel Hills on the west to the
Harvard Hill on the east; the Alvord-Cady Basin on
the east and southeast; and the Daggett-Newberry
Basin on the south (Figs. 3, 4). The Northeast
2015 desert symposium

Mojave domain (North ESF Domain, Figs. 1, 2) had
a depositional history in the 24-9 Ma interval not
related to central Mojave extension and rotation,
with the northeastern sequence having been rotated
only subsequent to 9 Ma (Schermer et al., 1996), as
discussed below. Further details of the basin development are presented below.
Figure 2 also illustrates a hiatus that spans about
13–6 Ma during which virtually no sedimentary
record is preserved in the central Mojave region.
There is evidence of at least local erosion in the area
during this period (Oberlander, 1972), but whether
or not this was also a time of local or regional uplift
remains to be determined.
The next major period of depositional activity
in the central Mojave began about 6 Ma (Fig. 2). As
discussed below, its onset apparently reflects the
first sedimentary record of the beginning of the
Eastern California Shear Zone in the central and
northeastern Mojave Desert, about coeval with the
resumption of regional dextral faulting, clockwise
block rotations, and large-scale basin development,
as Baja California was captured by the Pacific plate
and the modern San Andreas transform system was
inaugurated by the opening of the Gulf of California
(Atwater, 1992). About the same time, the azimuth
of Pacific plate motion changed to a more northerly
direction which resulted in increased compression, as
well as intense deformation and uplift along the San
Andreas fault (Cox and Engebretson, 1985; Atwater,
1989; Harbert, 1991). This change also may have been
associated with the intervals of late Neogene contraction on the central Mojave Desert discussed by
Bartley et al. (1990), but see also Singleton and Gans
(2008) for additional nuances.
It is apparent that the 24–19 Ma episode of extension, core-complex exhumation and block rotations,
on the one hand, and the tectonic rationale for the
6 Ma inauguration of the Eastern California Shear
Zone, on the other, have been adequately addressed
in previous tectonic interpretations. The same cannot
be said, however, for the intervening broad interval of
nonmarine deposition and subsequent nondeposition
and erosion that affected the central Mojave Desert
region between abut 19 and 6 Ma. Resolution of the
corresponding tectonic setting is one goal of the
present investigation. This report also addresses the
evidence for the age of the ECSZ in its type area.
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Figure 2. Mammal-bearing stratigraphic record of the Mojave Basin, California, and timing of regional tectonic episodes. The
Paleogene interval of overall high-stand and erosion ended with the onset of early Miocene extension, volcanic activity, and
clockwise rotation which lasted from about 24–19 Ma. This was followed by a period of basin development and nonmarine
sedimentation with minor volcanic activity from about 18–13 Ma, and a subsequent interval of essentially non-deposition which
continued to about 6 Ma. Thereupon the East California Shear Zone became active with renewed faulting, clockwise rotation but
still relatively minor nonmarine sedimentation.
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Figure 2 (continued). Age, Stage, and Polarity chrons after Vandenberghe et al. (2012–Paleogene) and Hilgen et al. (2012–Neogene).
Mammal Ages after Tedford et al. (2004) and Albright et al. (2008). El Paso Basin after Loomis and Burbank (1988), Whistler and
Burbank (1992), Whistler et al. (2009), Whistler et al. (2013). Horned Toad Hills after May et al. (2011). Lava Mts after Andrew et
al. (2014); see also Whistler et al. (2013). Gravel Hills after Burke et al. (1982), Walker et al. (1995). Mud Hills after Woodburne et
al. (1990), MacFadden et al., (1990b), Dokka et al. (1991), Ingersoll et al. (1996), Singleton and Gans (2008). Notations such as 2nd
Div. F. = 2nd Division Fauna; G. Hills F. = Green Hills Fauna; Rak Div. F. = Rak Division Fauna; Red Div. F. = Red Division Fauna,
Calico Mts. after Singleton and Gans (2008). Daggett Ridge after Cox (2014), Reynolds et al. (2010). Yermo Hills after Woodburne
and Reynolds (2010), Miller et al. (2011). Afton Canyon after Woodburne and Reynolds (2010), Miller et al. (2011). Alvord Mtn. after
Woodburne and Reynolds (2010), Hillhouse and Miller (2011), Miller et al. (2011). Northern Cady Mountains after Woodburne and
Reynolds (2010). Southern Cady Mountains after Woodburne and Reynolds (2010). Southwest Cady Mountains after Ross (1995).
Northeastern Mojave Province after MacConnell et al. (1994), Schermer et al. (1996), Miller and Yount (2002), Miller et al. (2011).
Avawatz Mountains after Woodburne and Reynolds (2010).
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Definitions and Abbreviations
k.y. A segment of geologic time one thousand years
in duration or the age of an event (e.g., ten thousand years ago), without reference to a point or
set of points on the radioisotopic time scale.
Ma Megannum. One million years in the radioisotopic time scale (e.g., 10 Ma refers to the ten
million year point on the time scale).
m.y. A segment of geologic time one million years in
duration or the age of an event (e.g., ten million
years ago) without reference to a point or set of
points on the radioisotopic time scale.
NALMA North American Land Mammal Age
(Woodburne, 2004); an interval of time based on
mammalian biochronology.
For purposes of discussion the early Miocene
began with the Aquitanian Stage, about 23 Ma; the
middle Miocene with the Langhian Stage, about 16
Ma, and late Miocene with the Tortonian, about 11.5
Ma (Fig. 2). The Pliocene began at about 5 Ma, the
Pleistocene 1.8 Ma (Hilgen et al., 2012). The Mojave
Desert or Mojave Desert Province is shown in Fig. 3,
as is the more limited central Mojave Desert area.
The presentation is organized into text and two
appendices. Appendix 1 contains a discussion of
the regional tectonic events that took place during
the past 25 m.y. to provide context for the geologic
setting and developments of the central Mojave
Desert region and the North ESF Domain (Figs. 1,
2). Appendix 2 contains a more completely developed summary of the stratigraphic units of this time
interval that are present in the above regions as well
as marginal areas associated with the Garlock Fault
to the northwest and northeast.

Central and Northeast Mojave Desert
Province
Based on the above considerations it appears that
the central Mojave Desert Province experienced a
late Oligocene and early Miocene interval of extension and clockwise rotation that reflected the descent
of the Farallon plate, and the development of slab
windows during that process (e.g., McQuarrie and
Oskin, 2010).
This episode apparently continued to about 17
Ma in the Gravel Hills-Calico Basin, as evidenced
by tectonically-influenced input of granite-derived
breccias and mega-boulder conglomerates from the
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Paradise and adjacent ranges to the north, angular
conglomerates, breccias, and mud-flow conglomerates with clasts derived from the Waterman Hills to
the south, and fanglomerates from the Gravel Hills to
the west (Fig. 4). Coarse-grained debris continued to
be supplied from those areas until about 13 Ma, but
the Gravel Hills-Calico Basin had begun to record
lacustrine deposition from 19 Ma in its eastern province, with lacustrine conditions increasingly seen in
progressively younger intervals to the west, as well
(Fig. 2).
As summarized in the Appendix and illustrated
in Fig. 2, the Barstow Formation is the main depositional record in 18-13 Ma interval of the central
Mojave Desert, with contributions recorded in the
later part of the Hector Formation in the Afton
Canyon and Cady Mountains sequences, and the
Spanish Canyon Formation of Alvord Mtn.
The Barstow Formation crops out from the Gravel
Hills on the west to the Yermo Hills in the Gravel
Hills-Calico (GH-C) Basin (Fig. 4), and has been
correlated with strata in the Daggett-Newberry
and Alvord-Cady basins (Fig. 2). As discussed in
Steinen (1966), Dibblee (1968), Woodburne et al.
(1990) and in the Appendix, the preserved thickness increases eastward from the Gravel Hills (1500
m) in the west, to about 1800 m in the Mud Hills. In
the Calico region, the Barstow Fm. is on the order of
500 m thick (Singleton and Gans, 2008). Based on
marginal conglomeratic units that essentially identify
the southern, western, and northern margins of the
GH-C Basin, associated positive areas that apparently
persisted from the previous extensional episode were
present throughout the deposition of the Barstow
Formation, with tectonism remnant from the prior
extensional interval active to about 17 Ma (Singleton
and Gans, 2008). Coarse-grained units marginal to
the Harvard Hill area (Fig. 4) suggest the presence
of a positive region in that area as well (Leslie et al.,
2010), and apparently separated the GH-C Basin
from that of Daggett-Newberry.
In the Calico Mts. part of the GH-C basin, lacustrine deposition began very early in the interval,
with about 375m of such sediments deposited there
(Singleton and Gans, 2008; Miller et al. 2013) at a
time when the Owl Conglomerate Member of the
Barstow Formation was being deposited in the Mud
Hills (ca 19-16 Ma). Subsequently the middle and
upper Barstow Formation members of the Mud Hills
2015 desert symposium
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also demonstrate lacustrine deposition, with
the preservation of finegrained sediments and
numerous air-fall tuffs.
As indicated in Steinen
(1966), Dibblee (1968),
and Woodburne et al.
(1990), coarse-grained
deposits still were being
developed in the Gravel
hills and marginal
sectors of the Mud Hills
up to13 Ma, although
not reflecting local
tectonism to the degree
shown by their 19-17 Ma
counterparts.
The southern
boundary of the GH-C
basin is not well established west of Harvard
Figure 3. General map of the Mojave Desert Province and adjacent area with sites and features
Hill, but Fig. 4 suggests discussed in the text. After Woodburne and Reynolds (2010), Fig. 1.
that it might have
(Daggett Ridge, Fig. 2; Appendix) which includes the
overlapped with the
Peach Spring tuff, but also continues later, to about
Daggett-Newberry (D-N) Basin south of Barstow.
17 Ma. The deposits are mostly fluviatile, with a few
The D-N Basin contains the Kane Spring sequence

Figure 4. General geology of Central Mojave Desert, California. After Woodburne and Reynolds (2010, fig. 3). See text for discussion
of the Gravel Hills–Calico, Alvord–Cady, and Daggett–Newberry basins. Lead Mountain (LM), Elephant Mountain (EM).
2015 desert symposium
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air-fall tuffs, and are considered to have accumulated
in a paleovalley that trended basically eastward, but
its northern extent is not well defined.
The Kane Springs sequence is followed by strata
suggested to be equivalent to the Barstow Formation
(Dokka, 1980; Fig. 2). These strata crop out on the
northwest front of the Newberry Mts., and comprise
a lower unit of breccia and conglomerate with
clasts derived from the Newberry Mts. and adjacent
areas. An upper unit of sandstone and conglomerate formed by west-flowing streams in the abovementioned paleovalley at about 16-17 Ma. See Camp
Rock Road sequence, Appendix.
In the Alvord Mountain area (Fig. 2), the Peach
Spring tuff is contained within the Spanish Canyon
Formation (Buesch, 2014; Appendix), which extends
somewhat later in time than the tuff, and is equivalent to the lower part of the Barstow Formation of the
Mud Hills. The Spanish Canyon Fm. is about 100 m
thick, and consists of a lower tuffaceous and sandstone sequence, an upper tuffaceous and sandstone
interval, and an upper basaltic succession (Buesch,
2014). The Peach Spring Tuff occurs at the base of the
upper tuffaceous and sandstone interval. Except for
the Peach Spring Tuff, these details are not shown on
Fig. 2. Buesch (2014) noted that the deposits generally
portray a setting of relatively low relief with facies
coarsening overall to the north and northeast, where
the basaltic units are also the thickest. Whereas the
basin in which it resides may have resulted from
extension (Fillmore, 1993; Fillmore et al, 1994;
Miller et al., 2010), extension does not appear to have
been coincident with Spanish Canyon Formation
deposition.
Beds attributed to the Barstow Formation (Byers,
1960) unconformably overlie the Spanish Canyon
Formation. In comparison to Barstow Formation
units to the west in the Calico Mts. area, the 400
m thick Alvord Mtn. sediments are much coarsergrained, and fluvial in character. In becoming
coarser-grained to the east and northeast, these
“Barstow Formation” units are of local origin and
cannot be physically or lithologically related to similarly coarse-grained facies in the GH-C basin to the
west. Both the Spanish Canyon and the unconformably overlying “Barstow Formation” of the Alvord
Mtn. area are considered to have been locally derived,
and separated paleogeographically from strata of the
GH-C basin.
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Southward in the Alvord–Cady Basin (Fig. 4),
late Hemingfordian to early Barstovian beds of the
Hector Formation overlie the Peach Spring Tuff (Fig.
2) and reflect input of fluvial sediments from the east.
The Hector Formation reaches a collective thickness
of about 500 m. Whereas the eastern margin of the
“Barstow Formation” basin of the SW Cady Mountains is not well defined, an eastern as well as locally
western source for the generally correlative “Barstow
Formation” deposits (Figs. 2, 4) has been recognized
(Ross, 1988).
Link (1980) treated the Barstow Formation and
related deposits as a single basin to encompass virtually all three basins depicted in Fig. 4, and characterized the sediments as alluvial fan, fluvial, and
lacustrine facies with the latter considered as shoreline versus offshore elements. The coarser-grained
facies are at its margins, the lacustrine facies more
central. Steinen (1966) studied the Barstow Formation mainly in the Mud Hills north of Barstow (Fig.
3), which contains the best overall representation of
the formation. Steinen (1966) recorded a maximum
thickness of about 1,800 m for the formation. The
basal member is ca 400 m-thick and, on the north
side of the Mud Hills, is composed of very angular
and very large granitic cobbles and boulders of local
origin, followed by tuff breccia and somewhat finergained tuffaceous conglomerates and sandstones.
The extreme size and angularity of the boulders in
the northern exposures, coupled with the subsidiary
component of the compositionally similar matrix,
as well as the lack of any evidence for fluvial deposition, points to a landslide origin for these outcrops
which interfinger with uppermost elements of the
Pickhandle Formation (Fig. 2). The landslide origin
for the Barstow deposits suggests coeval tectonic triggers compatible with suggestions that extension was
still going on in early Barstow Formation deposition.
Singleton and Gans(2008) noted such activities in the
Calico area, as one such example.
On the south side of the Mud Hills, comparable
deposits (Owl Conglomerate, Fig. 2) also consist
largely of conglomerates with angular cobbles,
followed upward by tuffaceous sandstones and
siltstones, with persistent conglomerates, but with
overall characteristics and textures of a fluvial
deposit. To the east, this interval is characterized
by red to red-brown coarse-grained sandstone and
breccia. Clasts of Waterman Gneiss, now exposed in
2015 desert symposium
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Figure 5. Rotational Domains of the Western Transverse Ranges and adjacent areas. After Dickinson (1996, fig. 9). Whereas domains
II–V to the west of the San Gabriel fault underwent clockwise rotations that began about 16 Ma and persisted to the present time,
domain I, between the San Gabriel and San Andreas faults, was inactive after 9 Ma. From ca 9–4 Ma the main contact between
the Transverse Ranges and the Mojave Desert occurred along the San Gabriel fault. Faults and fault zones: BPf–Big Pine Flt.;
Cf–Camuesa; E-LOf, Edna-Los Osos; EHf, East Huasna, Ff–Ferrelo; FC-LPf–Foxen Canyon-Little Pine; Gf–Garlock; Hf–Hosgri;
HH-Cf–Huer Huero-Cuyama (= La Panza); LA-Bf–Los Alamos-Baseline; LHf–Lion’s Head; LPf–Las Posas; L-SF–Lompoc-Solvang
(= Santa Ynez River); Mf–Munson Creek; MCf–Malibu Coast; Mo-Mi-APf–More Ranch-Mission Ridge-Arroyo Parida; Nf–
Nacimiento; NI-RCf–Newport-Inglewood-Rose Canyon; ORf–Oak Ridge; P-Cf–Pezzoni-Casimalia; PMf–Pine Mountain; PVf–Palos
Verdes; Rf–Rinconada; RH-SJ-Ch-RR-Ozf–Red Hills-San Juan-Chimeneas-Russell Ranch-Ozeana; Sf–Suey; SMRf–Santa Maria
River; SM-Rf–Santa Monica-Raymond; SRIf–Santa Rosa Island; SYf–Santa Ynez; Tf–Tule Creek; W-Ef–Whittier-Elsinore; Whf–West
Huasna. Cities and towns: Cu–Cuyama; LA–Los Angeles; Lo–Lompoc; Ma–Maricopa; Pa–Palmdale; SB–Santa Barbara; Si–Simmler;
SLO–San Luis Obispo; SM–Santa Maria; SY–Santa Ynez; Ve–Ventura; VN–Van Nuys. Other localities: PA–Point Arguello; PC–Point
Conception; PS–Point Sal; PVP–Palos Verdes Peninsula; SCI–Santa Cruz Island; SMI–San Miguel Island; SRI–Santa Rosa Island.

the Waterman Hills (Fig. 4) to the south of the Mud
Hills, are common elements of the southern outcrops
of the basal member, which is of likely fluvial origin.
The Red Tuff, dated at 19.3 + 0.02 Ma occurs in this
basal unit, included within the Owl Conglomerate
Member of Dibblee (1968), and as shown in Fig. 2.
The exposed presence of the Waterman Hills at this
time would be consistent with their having been
subject to the exhumation of the CMMCC during
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the earlier, and apparently still on-going, interval of
extension.
Although not necessarily tectonically activated,
the Coon Canyon Member of the Barstow Formation is a conspicuously conglomeratic fluvial unit
that crops out extensively in the western margin of
the southern Mud Hills and interfingers with all of
the finer-grained fluviatile to lacustrine elements
of the formation. It is essentially equivalent to the
upper half of the Owl Conglomerate Member as well
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Figure 6 (above). Schematic block
diagrams showing capture of partially
subducted Monterey microplate by
Pacific Plate from 24 to 20 Ma. Slowing
of Monterey subduction from A to B is
reflected by more oblique orientation
of plate motion (green arrow), and
assuming motion parallel to Pacific
plate (C, blue arrow). Yellow shows
capture of segment of North American
by Pacific plate, with extension (red
lines) developing on the west (SLBF)
and east (NI-CBF) as well as north
and south sides of the yet unrotated
Western Transverse Ranges. After
Nicholson et al. (1994), fig. 2. Other
abbreviations: ARP–Arguello
microplate; FFZ, MFZ, MDFZ, PFZ–
Farallon, Morro, Mendocino, and
Pioneer fracture zones; MTJ and RTJ–
Mendocino and Rivera triple junctions.
NI-CBF–Newport-InglewoodCoronado Bank fault; SLBF–Santa
Lucia Bank fault; SLE–tectonically
eroded Santa Lucia Escarpment;- WTR
Western Transverse Ranges block.
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Figure 7 (facing page). Tectonic model of Pacific-North
American plate interactions since 24 Ma, with emphasis on the
rotation of the Western Transverse Ranges. Fine gray lines form
a reference grid tied to fixed North America. Red lines show
transtension including development of San Andreas transform
system (opposing arrows). One-sided red arrows indicate
Mojave Desert extension. Bipolar red arrows indicate spreading
centers. After Nicholson et al. (1994; fig. 3). A modified to show
Mojave Desert extension at 24 Ma, as well as at 20 Ma (B), but
not at 16 Ma (C). Extension resumes at about 5 Ma (E) in the
Eastern California Shear Zone, and the Garlock fault is active,
as well (from about 11 Ma). C-D shows active faults north of the
WTR and the early activity of the “Newport-Inglewood” fault
to the south, associated with the opening of the Los Angeles
basin (IB). C-E have been modified to include the San Gabriel
block in the eastern (originally northern) end of the WTR.
D indicates activity of the San Gabriel fault west of the San
Gabriel Block, taken over by the modern San Andreas fault
east of the SG Block from 5 Ma (E). The SFC fault is shown in
B as slightly divergent from the then northern edge of the San
Gabriel Block (Powell, 1993, plate II; Matti and Morton, 1993,
fig. 7A; Fig. A2 here, divergent from the Liebre Mtn. block),
but with the WTR set in its pre-rotation position. In C, the
WTR is shown as having undergone initial rotation, carrying
the SFC fault with it. Although associated with the transform
process, the SFC fault does not appear to be associated with
the opening of the Los Angeles basin (IB) and the developing
proto-San Andreas system that extended to the Rivera Triple
Junction (RTJ). Abbreviations: ARP–Arguello microplate;
ECSZ–Eastern California Shear Zone; ETR–Eastern Transverse
Ranges; GP–Guadalupe plate; MP–Magdalena plate; IB, OB,
SB–Inner, outer, and southern borderland, respectively. IB
also = Los Angeles Basin; FFZ–Farallon fracture zone; MNZ–
Morro fracture zone; JDFP–Juan de Fuca plate; MTP–Monterey
microplate; MTJ–Mendocino Triple Junction; “N-I” flt–early
Newport-Inglewood fault; NI-CF flt–Newport–Inglewood–
Coronado Bank fault; proto SA fault–proto San Andreas fault;
RH–R–Oz–Red Hills–San Juan–Chimeneas–Russell–Ozeana
fault; R-R flt–Rinconada–Reliz fault; RTJ–Rivera Triple
Junction; SA flt–San Andreas fault; SFC flt–San Francisquito–
Fenner–Clemens Well fault; SG–San Gabriel Block; SG–
flt–San Gabriel fault; SG-H–San Gregorio–Hosgri fault;
SLB–Santa Lucia Bank; SMB–Santa Maria basin; T-AF–ToscoAbreojos fault. Purple areas–captured or soon to be captured
microplates. See Fig. 6 for other abbreviations.

as all of the younger Barstow Formation members
shown on Fig 2 for the Mud Hills. The Coon Canyon
Member is basically comparable to Tbfg of Woodburne et al. (1990) which also interfingers eastward
with all Barstow Fm. units.
A preliminary estimation suggests that the volume
of sediments that accumulated in the central Mojave
Desert basins from 19-13 Ma reached about 1,700
km3. The calculation used the dimensions shown
in Fig. 4 to estimate the length and width of each
basin. Based on literature cited herein, the thickness
of sediment was estimated at 1 km for the Gravel
2015 desert symposium

Hills-Calico Mts. basin, with an area of 2225 km2,
which translates to a volume of 2225 km3. A comparable estimate for the Alvord-Cady basin is an area of
1708 km2, but in that the sediments average 0.5 km
thick, the volume is 854 km3. The Newberry-Daggett
basin has an area of 497 km2, but again the thickness
is estimated at 0.5 km, so the volume is 249 km3. The
combined volume is 3328 km3. Then, to adjust for
variations, marginal thinning, etc., and inaccuracies
(over simplification) of the areas covered, each result
was divided by 2. On that basis a conservative estimate of the combined volume for all 3 basins is 1,664
km3. At a duration of 6 Ma, the rate of deposition
is 277 km3/m.y. The volume appears to be relatively
insubstantial, and seems to reflect mainly basin
subsidence rather than strong marginal tectonism.
As would be expected in such a situation the coarsergrained facies are marginal in extent and show
pulses of tectonism at least to about 17 Ma, with the
interior sediments being mainly finer-grained beds
of sandstone, mudstone, limestone and air-fall tuff.
It appears that these basins were originally developed at the time of the earlier major extensional and
rotational interval, and persisted later as tectonism
subsided.
In addition to internal sedimentation, the western
part of the Mojave Province was being eroded and
drained to the west and southwest by fluvial systems
that flowed toward the northern end of the still
moving San Gabriel block ((15 -14), Fig. 5) from
about 18–10 Ma. Likely near the later part of this
interval, Oberlander (1972) showed that extensively
weathered surfaces were formed on granitic outcrops
north and east of the San Bernardino Mountains
(FV–JT dashed line, Fig. 6 north of the eastern San
Bernardino Mts). Except for elements immediately
adjacent to the eastern edge of the Pinto Mountain
fault of the Eastern Transverse Ranges (Fig. 7), the
Mojave Province record from about 13–6 Ma is
apparently devoid of sedimentation in this area and,
if the region was undergoing erosion, such has been
basically unrecorded.

Eastern California Shear Zone
The concept of an Eastern California Shear Zone
(ECSZ) was initially applied by Dokka and Travis
(1990a, b) to a broad belt of mainly northweststriking faults in the Mojave Desert region (Fig. 1),
and to similar strike-slip faults in the greater Death
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proposed that faulting
began sometime after
11.7 Ma in the North
ESF Domain (Fig. 1), and
likely began about 10 Ma.
Miller and Yount (2002)
and Miller et al. (2011) are
virtually unique in using
in situ geology to illustrate
a minimum of ca 5-6 Ma
age for the ECSZ in its type
area (below, and Fig. 2), but
did not pinpoint when it
began.
Based on regional
tectonics, McQuarrie
Figure 8. Rotational model of eastern Transverse Ranges and Mojave Province. A. Late Miocene,
and Wernicke (2005,
pre-rotation configuration showing inferred conjugate fracture pattern resulting from a
northeast-southwest maximum compressive stress. B. Response of fracture system to northwest- p. 148), suggested that
directed dextral shear. General, but not slip distance in individual faults not shown due to
Pacific–North America
effects of non-rigid shear. After Carter et al. (1987), fig. 7. Abbreviations: BCF–Blue Cut Flt.;
plate motion changed to
BMF–Bristol Mountain Flt.; CBF–Blackwater/Calico fault system; CF–Cady Flt.; CHF–Chiriaco
more purely coastwise
Flt,; CRF–Camp Rock Flt.; DVFZ–Death Valley fault zone; GB–Great Basin; GF–Garlock Flt.;
direction at ca. 8 Ma, and
GMF–Granite Mountain Flt.; HF–Helendale Flt.; PF–Pleito thrust fault; PMF–Pinto Mountain
Flt.; PVF–Panamint Valley Flt.; RPBF–Rodman/Pisgah/Bullion fault system; SAF–San Andreas
appears to have reflected
Flt.; SBMFZ–San Bernardino Mountains fault zone; SCF–Salton Creek Flt.; SN–Sierra Nevada
a change in the interplate
batholith; WWKCF–White Wolf-Kern Canyon Flt.
tectonic regime from
profound extension to a
Valley region (Death, Panamint, Owens, and Fish
more complex mixture of extension, shortening, and
Lake valleys) north of the Garlock fault. However,
transform motion, which was responsible for the
Stewart (1988) had earlier applied the name Walker
opening of the Gulf of California, thrust faulting of
Lane belt to the Death Valley faults as well as others
the western Transverse Ranges, and development of
continuing northwestward along the east side of
the San Andreas fault–ECSZ–Walker Lane, respecthe central and northern Sierra Nevada. Currently,
tively. These developments apparently are considered
the term ECSZ is commonly applied to the faults in
to have taken place at about the same time, and later
the Mojave Desert and Walker Lane to the east and
in the same publication McQuarrie and Wernicke
north. The ECSZ-Walker Lane is a ~120 km wide
(2005, p. 152, 157) cited Oskin et al. (2001) for a 6 Ma
zone of right-lateral intraplate shear (Fig. 1) that
opening of Gulf of California, and Oskin and Stock
accommodates up to 25% of Pacific-North American
(2003), who noted that San Andreas fault motion in
plate motion, with 65 km in the Mojave region
southern California was mostly after 6 Ma and that
(Dokka and Travis, 1990a), and 20–100 km to north
most of the dextral shear transmitted through the
(Faulds et al., 2005; Faulds and Henry, 2008). Some
Transverse Ranges to the Salton Trough occurred
workers have recently suggested that the Walker Lane
after that time.
forms a single belt that began about 13-11 Ma along
Rotations and associated transtensional strain
much of its length, including the Mojave Desert
in coastal Baja California, and coastal and central
(e.g., Faulds and Henry, 2008), but that interpretaSonora, Mexico, from 12.4-6.4 Ma (Bennett et al.,
tion is not followed here, in part because the time
2013; Bennett and Oskin, 2014, and references cited
of initiation of the ECSZ in the Mojave Desert was
therein) show aspects of proto-Gulf activity, but
not directly defined in the analysis. Dokka and
do not modify the 6 Ma opening of the Gulf that is
Travis (1990a, b) suggested that Mojave faulting
linked to major changes in plate motion, including
began between 10 and 6 Ma. Schermer et al. (1996)
164
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Figure 9. Rotational Domains of the Eastern Transverse Ranges (ETR) and northeastern Mojave Desert (NEM), and adjacent areas.
After Dickinson (1996, fig. 8). Clockwise rotation of the Eastern Transverse Ranges occured about 6 Ma (Langenheim and Powell,
2009). The NEM experienced clockwise rotation beginning about 6 Ma (Schermer et al., 1996; Miller and Yount, 2002). Dextral
faulting along northwest-trending faults and sinistral faulting along west-trending faults in the Mojave Desert began at intervals
after about 4 Ma to the present (Dokka and Travis, 1990a). Circled numbers keyed to faults represent Neogene dextral offsets in km.
A = 3.4 Ma ash; G = Goldstone Lake fault system-valley; T = Tiefort Mt.

inauguration of the modern San Andreas fault, and
the advent of the ECSZ in the Mojave Desert region.
Most of the activity of the ECSZ was focused on
the central and eastern Mojave. Carter et al. (1987)
noted that the faults of the western Mojave Desert are
not as traceable and likely not as significant as those
to the east, which is consistent with their shear model
(Fig. 8), which portrays greater slip on faults eastward from the Camp Rock fault, and less on those to
the west, including the Helendale fault. Dokka and
Travis (1990a, Table 1) also indicated these results,
with net slip on the Helendale of 2.5 km as compared
with the Camp Rock (3 km), Calico-Blackwater (10
km), Rodman-Pisgah (10 km), Bristol Mts. (13.5 km)
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and Granite Mountains (21.5 km), each progressively
farther eastward.
Also shown on Fig. 8 are the major sinistral faults
of the northeastern Mojave Domain (NEM) of
Dickinson (1996), which also supplies evidence of the
age of the ECSZ. Schermer et al. (1996), Miller and
Yount (2002), and Miller et al. (2011) reconstructed
the geological history of the NEM (Figs. 1, 2, 8-11). In
the early to middle Miocene, considerable volcanic
activity pre-dated the beginning of strike-slip
faulting in the NEM (Fig. 2), with associated basins
having been formed by detachment faulting. In the
late Miocene, ca 10 Ma, volcanic activity mostly
ceased (Miller and Yount, 2002; Miller et al., 2011).
The blocks delineated by the sinistral east-striking
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Figure 10. Central Mojave Desert showing distribution of main Pliocene and Pleistocene gravel units. After Miller et al. (2011, fig. 1).
Main gravel units are Goldstone, Yermo, South Alvord, and Mojave River Formation. Arrows indicate directions of transport.

faults (Fig. 11) underwent faulting and about 60o of
clockwise rotation sometime after about 10 Ma.
The most direct evidence for the age of the ECSZ is
found in the central Mojave Desert region (Figs. 2, 3),
which has a record of tectonic activity that extends
from the Gravel Hills on the west to the Southwest
Cady Mts. on the east (Figs. 2, 4). In the Gravel Hills
(Figs. 2, 4), the Black Mtn. basalt, dated at 3.77 + 0.11
Ma, is the main record of ECSZ tectonic activity in
that region (Burke et al., 1982). Next eastward, the
“Yermo Gravel” (informal name; Miller et al., 2011)
of the Calico Mts. and Yermo Hills (Figs. 2, 10) is
an alluvial unit located southwest of Alvord Mtn.
(Fig. 10), which also includes breccias derived from
Lime Hill to the east (Fig. 10). The age shown in
Fig. 2 follows Miller et al. (2011) who also noted the
tectonic input of the gravel Yermo, Alvord and Lime
Hill gravel deposits.
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The “Goldstone Gravel” (informal name;
Appendix) was derived from the Goldstone district
of the northeastern Mojave province (Figs. 2, 10), and
accumulated in the Goldstone basin, north of Alvord
Mtn. where it is part of the Northeastern Mojave
Province. As indicated in Fig. 2, the unit includes
ash layers near its top dated at 3.4 + 0.2 Ma. Figure 2
also shows a basalt dated at 5.7 +0.26 Ma. Miller and
Yount (2002) noted that sediments containing the
above-mentioned ash occur above this basalt, and
assigneed the sediments to the “Goldstone Gravel.”
In the Alvord Mtn. district, the “Goldstone Gravel”
occurs mainly on the north side of the range, but
apparently interfingers upsection with local beds
on the south side that interfinger with the “South
Alvord Gravel.” At present level of resolution, the
“Goldstone Gravel” appears to have been the earliest
record of ECSZ activity in the region, of essentially
2015 desert symposium
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latest Miocene age,
and about 6 Ma.
With many sequences
capped by the late
Pleistocene Manix
Formation, the sedimentary events are
recorded to essentially
modern times. A
comparable record is
indicted by the Older
Alluvium of Newberry
Mtn., in the Daggett
Ridge sequence (Fig.
2).
The “South Alvord
Gravel” (Fig. 2)
continues upsection
to interfinger southward with the “Mojave
River Formation” and
also ultimately with
the Manix Formation Figure 11. Tectonic map of the Fort Irwin area, California, showing activity from 6–2 Ma. Major
(Figs. 2, 10). These
faults are indicated and active. Dark pattern indicates westward flow of ca 5 Ma basalt. Double arrows
indicate stream flow into depositional basins (dashed lines) in the 4–2 Ma interval, with presence
latter two units also
of 3.4 Ma ash deposit indicated. Avawatz Mts. active throughout and into the Quaternary. All other
occur to the east, in
indicated mountain ranges also are active in the Quaternary.
Afton Canyon, with
the “Mojave River
sources (Schermer et al., 1996; Miller and Yount,
Formation” interbedded with the “Cady Gravel”
2002; Miller et al., 2011). This timing is compatible
that is unconformable above the “Cave Mountain
with the 5.0 + 0.4 Ma age of the onset of shear in the
Fanglomerate.”
eastern part of the Mojave ECSZ proposed by Gan
The “Cady Gravel” crops out north of the Cady
et al. (2003) based on their analysis of the associated
Mts., and along Afton Canyon (Fig. 10), with clasts
Garlock fault trace. The information summarized
derived from the Cady Mts. to the south and Cave
above provides strong evidence for the age of the
Mtn. to the northeast. Near Buwalda Ridge (Fig. 10)
ECSZ in its type area.
the unit in part overlies and interfingers with the
Synthesis
“Mojave River Formation.” An ash near the base
Geological events recorded in the Central Mojave
is correlated with the Tuff of Mesquite Spring of
Desert reflected an interval of extension and clockDeath Valley, dated at 3.28 + 0.07. Ma, with its upper
wise rotation from about 24–19 Ma. During this
part being of about middle Pleistocene age (Miller
time, a growing slab gap developed as a transform
et al., 2011). In the Alvord Mtn. area, the “Cady
margin that began to replace a long-lived subduction
Gravel” interfingers with the late Pleistocene Manix
zone along the southern California margin. Shortly
Formation.
after this episode, southern California witnessed
As a summary of the above, Figs. 2 and 11 indicate
clockwise crustal rotations of what was to become
that the central Mojave and northeastern Mojave
the Western Transverse Ranges, as a reflection of
Province segments of the Eastern California Shear
Pacific-North American intraplate strain. The eastern
Zone were tectonically active from about 6 Ma, with
boundary of that domain was formed by the protosinistral and dextral strike-slip faulting, clockwise
San Andreas fault system, of which the San Gabriel
rotations, and basinal deposition from uplifted
2015 desert symposium
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fault was its earliest manifestation from about 13 Ma.
Slip on the San Gabriel system largely ceased at about
5 Ma, roughly concurrent with the inauguration
of the modern San Andreas system, at about 6 Ma,
along with the opening of the Gulf of California, the
onset of the Eastern California Shear Zone, and rotation of the Eastern Transverse Ranges.
Central Mojave Desert geology shows the end of
major extension and rotation concurrent with the
deposition of the 18.8 Ma Peach Spring Tuff as well as
local remnants of extension tectonics to about 17 Ma.
None of the events association with the onset of the
proto-San Andreas fault system affected the Mojave
region, which experienced essentially internal fluviolacustrine sedimentation in three major basins from
about 19-13 Ma. This was followed by an interval of
erosion and non-deposition from then until about 6
Ma.
Cox et al. (2003) indicated that the central Mojave
Desert region experienced right-slip along northwesttrending right-slip faults. These faults were active
subsequent to 6 Ma, with those active from about
1.5 Ma including the Helendale, Lenwood, Camp
Rock, and Calico faults. Among these, the Calico
fault was considered to have been active during ETR
rotations (Dokka and Travis, 1990a). It appears most
likely that this activity was after about 6 Ma, with the
Packard Well fault (PW, Fig. 9, east of Blue Cut fault)
active subsequent to basalts dated at 6.4 + 0.2 Ma
(Richard, 1993). It also appears unlikely that any of
the NW-trending Mojave Province faults associated
with ETR rotation were active before 6 Ma. Richard
(1993) considered ETR faulting to have accompanied
motion on the San Gabriel Flt. (13–5 Ma; numbers
from above), extension in the Gulf of California
(from about 6 Ma), and thrusting in the eastern San
Bernardino Mts. (Squaw Peak thrust; ca 9–4 Ma),
which is generally consistent with the ca 6 Ma age
considered by Langenheim and Powell (2000) for
ETR rotation. Overall, it appears that late Neogene
Mojave Desert faulting was mostly, if not exclusively,
triggered by the advent of the ECSZ, and it appears
that the same applies to the ETR rotations.
Data derived from the central Mojave Desert
supplies the best in situ evidence for the inception of
the ECSZ, which was in operation at least from about
6 Ma.
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Appendix 1:
Tectonic context of the Mojave Desert region
The following comments are designed to review the
tectonic context in which the above-summarized
aspects of Mojave Desert evolution can be considered. Current literature supports the link between
the late Oligocene to early Miocene extension and
clockwise rotations of the central Mojave desert
and plate subduction and closing of a slab gap prior
to the deposition of the Peach Springs Tuff on the
one hand, and the latest Miocene opening of the
Gulf of California apparently setting the stage for
the Eastern California Shear Zone, on the other, as
discussed below. In contrast, the tectonic background
for the early to middle Miocene post-extensional
interval and the late Miocene interval of essentially
non-deposition of the Mojave Desert region has not
directly discussed in literature of the past sixty years.
Consideration of regional tectonic developments is
pursued in the following sequence; the rotations of
the Western Transverse Ranges, and early development of the San Andreas transform system; the San
Gabriel Block; the recent geologic history of the San
Bernardino Mountains; and Eastern Transverse
Range rotations. This is followed by a discussion of
how that tectonic background may have impacted
the central Mojave Desert and the Eastern California
Shear Zone.

Regional tectonic background
Western Transverse Ranges
Numerous articles discussed the rotation of the
Western Transverse Ranges (WTR) from about 18
Ma onward (Jackson and Molnar, 1990; Luyendyk,
1991; Nicholson et al., 1994; Dickinson, 1996; Sorlien
et al., 1999; McQuarrie and Wernicke, 2005; Onderdonk, 2005; Wilson et al., 2005). Jackson and Molnar
(1990) and Dickinson (1966) reviewed the evolution of the region in terms of five transrotational
domains (Fig. 5), of which the eastern-most (Domain
I; Pelona-Soledad) was active up to 9 Ma, and the
western-most elements active to varying times later.
Overall, the Western Transverse Ranges behaved
as a relatively coherent block, with internal adjustments resulting in its eastern border not being thrust
into or past the developing San Andreas transform
system. Still, Dickinson (1996) noted that each of
2015 desert symposium

the domains underwent its own rotational history,
with the San Gabriel block (I; Fig. 5), undergoing the
least amount of rotation, nominally 37o, with domain
IV the greatest, at 85o. In fact, with all starting at
the same time (15 Ma in Dickinson, 1996, Table 2),
the other domains exceeded the rotation of the San
Gabriel block by a range of 14o–48o. Dickinson (1996)
considered that all domains rotated at the same rate,
but for different lengths of time, rather than the
reverse, as borne out by domains with the greatest
rotation amounts having continued doing so the
most recently; nominally to 0 Ma (85o; domain IV);
0 Ma (78o; domain V); 2 Ma (77o; domain III); and 5
Ma (56o; domain II), in comparison with 9 Ma (37o;
domain I; Dickinson, 1996, Table 2). It is noteworthy
that the two eastern domains (I, II) underwent
considerably less rotation than did more western
units.
Nicholson et al. (1994) portrayed the WTR as
composed of a coherent crustal block, in part riding
on a subducted fragment of the Farallon plate that
had been captured by the Pacific plate. Onderdonk
et al. (2005) investigated the Big Pine fault system at
the northern boundary of the WTR and provided a
significant reappraisal of its tectonic setting. Instead
of being a left-lateral fault as utilized in virtually all
literature up to that time, it is now recognized to
consist of three virtually independent segments that
collectively showed both north- and south-thrusting
since about the late Miocene and accommodated
thereby the clockwise rotation of the WTR during
that interval.
Within the WTR, the San Gabriel block apparently underwent clockwise rotation up to about 37o in
the early Miocene—prior to the time of an active San
Gabriel fault—and underwent an additional slight
counterclockwise rotation (16o + 30o) after about 5
Ma (Terres and Luyendyk, 1985), likely due to translation of the block through the restraining bend of
the San Andreas fault. Dickinson (1996) cited the ca 9
Ma ceasing of rotation of the Pelona-Soledad domain
(= San Gabriel block; Fig. 5) as synchronous with the
onset of San Gabriel fault activity, although it postdated the ca 13 Ma onset of the San Gabriel fault as
constructed by Powell (1993). Still, the discussion of
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at the Mendocino Triple
Junction in the north
and extended to the
Rivera Triple Junction at the south. In the
following, I utilize the
reconstructions developed by Powell (1993)
and Matti and Morton
(1993) as to the slip
experienced by branches
of the San Andreas fault
system since about 12
Ma, recognizing the
reconciliation as to slip
offset provided by Darin
and Dorsey (2013). The
history of the proto-San
Andreas from about
20-12 Ma is guided by
Nicholson et al. (1994).
Nicholson et al.
(1994) indicated that the
Monterey microplate
ceased being subducted
and was accreted to the
North American plate
by about 22-20 Ma (Fig.
6) and, although the
detailed development of
Figure A1. Major Mesozoic and Paleogene lithotectonic belts from Central California to southern
tip of Baja California, and inferred Cenozoic rift areas. Geographic key (north to south): MB–
the incipient transform
Monterey Bay; SMB–Santa Maria Basin; WTR–Western Transverse Ranges. FSC–inferred fossil
in southern California
spreading centers. Fault and fault zone abbreviations (north to south): SA–San Andreas; Ga–
is somewhat obscure,
Garlock; SLB–Santa Lucia Bank; SG–San Gabriel; MSR–Malibu-Santa Monica-Raymond Hill;
SJ–San Jacinto; W-E–Whittier-Elsinore; N-I–“Newport-Inglewood;” SC–San Clemente; ESCB–East its northern junction at
Santa Cruz basin. After Crouch and Suppe (1993), fig. 3.
the Mendocino Triple
Junction (Figs. 6A, 7A)
Dickenson (1996) is permissive of San Gabriel fault
was
established
at
about
24
Ma.
Also at about 24-22
activity as old as 11 Ma.
Ma, the Santa Lucia Bank fault (SLBF, Figs. 6A, 6B,
Proto-San Andreas transform system
7A) became the western breakaway margin of the still
The rotation of the Western Transverse Ranges
unrotated WTR, the Newport-Inglewood-Coronado
constitutes a major difficulty in tracing the evolution
Bank fault, the eastern margin (NI-CBF, Fig. 6B,
of the San Andreas fault system, with the two being
7A). By about 20 Ma (Fig. 6C) the partly subducted
interconnected. As reviewed by Atwater (1989), the
Monterey microplate was moving northwest along
San Andreas system became a fully organized transwith the Pacific plate, which subjected the overlying
form system at about 16 Ma. Previously, from 22-17
continental crust to right-lateral shear and crustal
Ma, the incipient transform evolved through the
extension. As the Pacific (and remnant Monterey)
demise or capture of offshore microplates (Dickinson,
plate moved northwestward, the Western Transverse
1996). This evolution led to incremental growth of
Ranges region began its clockwise rotation relative to
transform fault separation of the plates that began
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its northern boundary, which was about coincident
with the Farallon Fracture zone at that time (Fig. 6C).
Crouch and Suppe (1993) reviewed the evolution
of the Western Transverse Ranges and showed that
rocks of the Los Angeles Basin and Inner California
Borderland (LAB-IB Rift, Fig. A1) just to the south of
the evolving WTR underwent major extension as the
basin opened, with early elements of the NewportInglewood fault zone and the San Clemente fault (Fig.
A1) being intimately involved during the process
(see also Luyendyk, 1991, fig. 5 for the importance
of the Newport-Inglewood fault). These faults are
considered to have originated as high-angle hangingwall normal faults above an extensional detachment
surface that developed contemporaneously with
extension and clockwise rotation and effectively
formed the eastern breakaway zone of the rotating
WTR block (Nicholson, 1994; 493L). In the present
text these are referred to as, e.g., the “Newport-Inglewood” fault, in order to differentiate the Miocene
history accorded to them from the latest MioceneRecent slip displayed by their present-day representatives. This is consistent with pertinent literature
which implies no necessary link between the early
Miocene activity of such faults and the origin of their
modern counterparts.
Unroofing of the Great Valley Belt (Fig. A1) in
latest Oligocene–early Miocene (ca 24–22 Ma) and
the Catalina Schist terranes by 22 -20 Ma illustrate
the beginning of the rifting and extensional process
in the LAB-IB and adjacent areas to the west. Note
that this is about coeval with early Miocene extension and rotation of the central Mojave Desert region
as described above, and extension in other California
districts as reviewed by Tennyson (1989). Figures
7A-B indicate central Mojave Desert extension during
this interval.
Thus, the initial episode of major extensional
deformation associated with direct contact between
the Pacific and North American plates occurred at
the Santa Lucia Bank/Santa Maria Basin at about 22
Ma (Nicholson et al., 1994), although local detachment faulting in the Santa Maria Basin (Figs. 7C, A1)
apparently had begun at about 27 Ma (Crouch and
Suppe, 1993). Crouch and Suppe (1993) concluded
that crustal extension and rifting in the LAB-IB
began at 24-22 Ma, whereas Nicholson et al. (1994)
calibrated this as between 20–16 Ma (IB, Figs. 7C;
IB hereafter). In both studies, the opening of the Los
2015 desert symposium

Angeles basin (IB) coincided with the beginning of
clockwise rotation of the WTR at 18 Ma (between
20 and 16 Ma, Figs. 7B and C), and continued subsequently (Figs. 7D-E). See also Wilson et al. (2005, fig.
11).
As WTR rotation continued, the Los Angeles
basin underwent rifting, extension and crustal
unroofing (Nicholson et al., 1994), including the
fragmentation of prior spreading centers (Crouch
and Suppe, 1993), shown diagrammatically as FSC
on Fig. A1. Nicholson et al. (1994) indicated that the
proto-San Andreas extended southward from the
Mendocino Triple Junction from about 24 Ma (Fig.
7) and reached the northeastern edge of the WTR
province at about 16 Ma (Fig. 7C), but did not extend
past it. Also at 16 Ma, a diagrammatic proto-San
Andreas is portrayed as extending southward from
about the middle of the WTR at the eastern margin
of the IB, and also past the eastern border of the
outer borderland (OB) to link with the spreading
ridge at the Rivera Triple Junction (Fig. 7C). This
would be comparable to the traces of the “NewportInglewood” and “Elsinore” fault zones discussed by
Luyendyk and Hornafius (1987), as in figures 6 and
7, and roughly comparable to Fig. A1 (Crouch and
Suppe, 1993, fig. 3) as well as Wilson et al., 2005, fig.
11 at 19 Ma). Regardless of its name, the relevant fault
in Nicholson (1994, fig. 3D) shows a left-stepping
trace as it approaches the Rivera Triple Junction (Fig.
7D).
Another candidate for an element of the protoSan Andreas system south of the rotating WTR was
proposed by Powell (1993), who identified the SFC
fault (San Francisquito-Fenner-Clemens Well system;
SFF, FF, CWF, Fig. A2) as the earliest strand of the
proto-San Andreas in southern California, but did
not consider the full WTR rotation advocated by
Hornafius (1985), Hornafius et al. (1986), Kamerling
and Luyendyk (1985), and Liddicoat (1990), and as
followed by Nicholson et al. (1994). In fact, in Fig. A2
the SFF portion of the SFC fault is reconstructed as
having been oriented at about N. 70o W. in contrast to
its present-day orientation of N. 78o E, and its prerotation (20 Ma) orientation of N. 12o E., so not only
was the paleomagnetic data regarding 37o post-20 Ma
clockwise rotation not considered, but the Fig. A2
reconstruction also implies 34o of counterclockwise
rotation since then.
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Figure A2. Reconstruction of the proto-Andreas transform system in southern California at 20 Ma. The proposal is to use the San
Francisquito-Fenner-Clemens Well (SFC) fault of Powell (1993) to align units as shown. Key alignments include Orocopia Mts. (OR)
Orocopia Schist opposite the Pelona Schist of the Eastern San Gabriel Mts. (ESGM), with the schist-bearing part of the Orocopias
separated by the SFC fault from the early Miocene basin with the Diligencia Formation (19). The Diligencia is shown as opposite the
Plush Ranch Fm. (17) of Cuyama Valley and the marine Vaqueros Fm. (17) of the Soledad Basin. Farther northwest, the La Panza
Range (LP) is shown west of Liebre Mtn and the Little San Bernardino Mts. (LSBM), which links comparable outcrops of quartz
monzonite, and polka-dot granites. The latter are part of a trend that extends northwestward from the Orocopia Mts (OR) through
the Little San Bernardino Mts. and western San Bernardino Mts. (WSBM) through Liebre Mt. to the La Panza Range. At the far
northwest, the early Miocene Pinnacles (PM) and Neenach (NV) volcanics are linked, as well. After Matti and Morton (1993), fig.
7A.
As discussed in the text, this correlation largely fails due to the fact that this reconstruction is predicated on there having about 34oof
subsequent counter-clockwise rotation of the WTR, which is virtually the exact opposite of inferences based on paleomagnetic data.
See Fig. A2, which shows that at about 20 Ma the SFC fault would have been oriented about 75o more southward than shown here.
In addition, the southeastern end of the SFC fault is not known for certain, but, as far as is known, does not connect to a spreading
ridge which nominally should be the Rivera Triple Junction. Contrast with Fig. 7B-C.
Other abbreviations are: CPL–Carrizo Plain; CWF–Clemens Well Flt.; CV–Cuyama Valley; ESBM–Eastern San Bernardino Mts.;
FF–Fenner Flt.; FM–Frazier Mtn.; GR–Gabilan Range; HR–Holcomb Ridge; LP–La Panza Range; MCF–Malibu Coast fault zone;
NC–northern Caliente Range; PS–Palm Springs; SAF–San Andreas Flt.; SAM–Santa Ana Mts.; SCM–southern Chocolate Mts.;
SC–southern Caliente Range; SFF–San Francisquito Flt.; SGM–San Gorgonio Mts.; SGP–San Gorgonio Pass; SJM–San Jacinto Mts;
SJP–San Jacinto Peak; SLR–Santa Lucia Mts.; SM–Santa Monica Mts.; SRM–Santa Rosa Mts.; TM–Table Mtn.; TMT–Tehachapi Mts.;
V–Verdugo Mts., WSGM–western San Gabriel Mts

Pursuant to Powell (1993) and active from about
20-13 Ma, the CWF branch of the SFC fault was
considered (Matti and Morton, 1993) to have passed
the eastern margin of the WTR (ESGM, Fig. A2). At
about 20 Ma, the Orocopia Mts. (OM) were located
just east of the San Gabriel Mts. (ESGM), and the
Santa Monica Mts. (SM, Fig. A2) about north of the
Santa Ana Mts. (SAM, Fig. A2; Powell, 1993, figs,
7, 11; Crouch and Suppe, 1994, p. 1423; compatible
with Nicholson et al., 1994, fig. 3B = SFC flt., Fig. 7B).
178

In Fig. A2, the SFC fault thus passed on the eastern
side of the southern part of the San Gabriel block,
but passed west of the Liebre Mtn. block, where its
northern end apparently merged with the central
California component of the proto-San Andreas
fault. The SFC fault was routed southeastward, across
the eventual trace of the San Andreas fault, to cross
the northeastern side of the Orocopia Mts. (OM, Fig.
A2) and the southwest side of the Little Chuckwalla
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Mts., and then apparently was absorbed (Powell,
1993) or died out (Richard, 1993).
Unfortunately, the SFC fault as proposed by
Powell (1993) is an unlikely candidate for the protoSan Andreas in southern California. In addition to
the rotational imponderables cited above, the SFC
passing between the Liebre Mtn. block and the rest of
the San Gabriel block, appears to be incompatible—
as a proto-San Andreas—with the San Gabriel block
being part of the Western Transverse Ranges prior
to, and during, its rotation from about 18 Ma (Fig.
5). In addition, the weakened activity in the Clemens
Well portion, as well as its termination in that region
does not appear compatible with a potential association with the spreading center of the Rivera Triple
Junction that was located in a coastal position (Fig.
7B-D). The supposition of Powell and Weldon (1992)
and Powell (1993; 33) that dextral slip on the Clemens
Well fault probably stepped westward to the continental margin has also been postulated by Nourse
(2002). Both scenarios are involved with the opening
and development of the Los Angeles basin and,
whereas Nourse (2002) acknowledged that complications to his Powell-similar reconstructions would
result from the WTR rotations portrayed by Nicholson et al. (1994), Crouch and Suppe (1993) is not
cited. These latter two works accomplish an opening
of the Los Angeles basin that does not involve postulated west steps of the Clemens Well fault (Fig. 7B-E).
For the purpose of this report, the “Newport-Inglewood” and/or “Elsinore” fault zones, or their precursors, are considered to be the most likely candidates
for a proto-San Andreas system south of the rotating
Transverse Ranges.
As regards faults within and north of the Western
Transverse Ranges, Dickinson (1996) focused on
the San Gabriel fault as the main element of the San
Andreas transform system from about 11 Ma (and
likely from 13 Ma; Powell, 2003) to 5 Ma. To the
north of the WTR, Dickinson (1996, fig. 13) noted
that the Hosgri, Rinconada, and Red Hill–San Juan
faults (Figs. 5, 7C, A2) were elements of the northern
domain for which Powell and Weldon (1992) cited
slip during the 13-5 Ma interval, comparable to that
of the San Gabriel fault, and collectively shared in the
slip between the Pacific and North American plates
(see also Dickinson et al., 2005).
Nicholson et al. (1994) portrayed the Hosgri and
related faults to have been active from about 16 Ma
2015 desert symposium

(Fig. 7C). The Russell fault (Yeats et al., 1989) is one
of the few faults north of the WTR (Figs. 5, 7C) that
is considered to have slipped in the pre-rotational
interval (ca 23–19 Ma; Powell, 1993;52). It has an
offset of 26-29 km, and apparently connects to the
Ozeana fault (RH-SJ-Ch-RR-Ozf, Fig. 5). At this time
it does not seem to have been a major component of
transtensional faulting as part of the San Andreas
transform system.
San Gabriel Fault
Much of the following is guided by Matti and Morton
(1993) who utilized elements of Powell (1993) in
developing their palinspastic reconstructions. The
present text has noted disagreement with reconstructions at ca 20 Ma but considers the interval from 12
Ma to be fundamentally associated with the early
activity on the San Gabriel fault, by which time the
SFC fault had essentially ceased. In addition, it is not
the purpose of this report to analyze the details of the
San Gabriel and subsequent reconstructions of Matti
and Morton (1993). In the context of San Andreas
slip reconciliation developed by Darin and Dorsey
(2013), these reconstructions are taken at face value.
The main purpose of the discussion is to evaluate the
extent to which associated uplifts and other tectonic
aspects along the San Gabriel-San Andreas transform
system influenced the depositional history of the
central Mojave Desert province.
As reviewed by May et al. (1993), Crowell (2003a,
b), and Link (2003) the up to 14 km succession of
nonmarine deposits of the Ridge Basin accumulated
during a 11–5 Ma interval of right slip and eastsoutheast directed extension along the San Gabriel
fault which, at that time, was the active strand of
the San Andreas fault system in this region. May et
al. (1993) considered that the onset of Ridge Basin
extensional subsidence and slip on San Gabriel fault
might correspond to a lapse in rotation of western
Transverse Ranges, and onset of strike-slip associated with regional extension parallel to NA plate
margin, comparable to the above-mentioned ceased
rotation of the Pelona-Soledad domain. The end of
San Gabriel fault movement might correspond with
onset of increased convergence of Pacific and North
American plates and new of regional contraction
(Atwater, 1989; Harbert, 1991), with concurrent westward expansion of ‘big bend’ of San Andreas system.
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Figure A3. Palinspastic reconstruction of the proto-San Andreas transform system in southern California at about 12 Ma, with
dominance of early San Gabriel fault. The Cajon Valley (14) and Crowder (15) formations were being deposited by southwardflowing drainage systems that eroded the western part of the Mojave Province. The San Francisquito-Fenner-Clemens Well fault
(CFW) is shown as terminating in the Mill Creek Basin (11), with the San Gabriel fault (Banning fault–BF; Stoddard Canyon fault–
SCF; and southern branch of the San Gabriel fault -SGFsb) connected to the Cajon Valley fault (CVF) and Hitchbrook fault (HF) as
being the major element of the proto-San Andreas system. Key alignments include the Mill Creek (11) and Punchbowl (9) formations
aligned opposite sources in the western San Gabriel Mts. (WSGM); Hathaway Formation (6), aligned across the Banning fault with
the Coachella Fan (7) and Bear Canyon (8) formation; and Mint Canyon Formation (12) aligned across the San Gabriel fault (SGFsb)
with the Caliente Formation (13); and Mesozoic and Cenozoic crystalline rocks of San Bernardino Mountains type (SBMt) across
the San Gabriel fault with outcrops in Holcomb Ridge (HR) and Table Mtn. (TM). After Matti and Morton (1993, fig. 7C).
Other abbreviations are: CP–Cajon Pass region; CPL–Carrizo Plain region; CV–Cuyama Valley region; ESBM–Eastern San
Bernardino Mts.; ESGM–Eastern San Gabriel Mts., FM–Frazier Mtn. region; LP–La Panza Range; LSBM–Little San Bernardino
Mts., MCF–Malibu Coast fault; NC–northern Caliente Range; NV–Neenach Volcanics; OM–Orocopia Mts; PS–Palm Springs; SAF–
San Andreas fault; SC–southern Caliente Range; SCM–southern Chocolate Mts., SGM–San Gorgonio Mtn., SJM–San Jacinto Mtn.,
SJP–San Jacinto Peak; TMT -Tehachapi Mts; V–Verdugo Mts., WSBM–western San Bernardino Mts; WSGM–Western San Gabriel
Mts.

The San Gabriel fault therefore acquired an
arcuate surface expression (Figs. 5, A3), with its
active interval (about 13–5 Ma) associated with
events in the vicinity of the Ridge Basin (May et
al., 1993; Crowell, 2003a, b). In its early phase, the
San Gabriel fault incorporated the Cajon Valley
and Hitchbrook faults (Figs. A3, A4) which were
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subsequently truncated by the San Andreas. The late
Miocene activity associated with the arcuate route of
the San Gabriel fault was sufficiently removed from
the Mojave Desert region so as to be fundamentally
irrelevant to its tectonics, and Ridge Basin deposition
also apparently had little effect on the central Mojave
region at 7–4 Ma ((4), Fig. A5; (1), Fig. A6). The
2015 desert symposium
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Figure A4. Palinspastic reconstruction of the San Andreas transform system in southern California at about 9 Ma. South branch
of San Gabriel fault is dominant, in association with Cajon Valley (CVF) and Hitchbrook (HF) faults that connect it to the proto
San Andreas (SAF) to the north. Squaw Peak Thrust is active, beginning uplift of San Bernardino Mts. Erosion of Mojave Desert
province recorded (Oberlander, 1972). Faults of the Eastern Transverse Ranges (ETR) are not shown as having been active a this time
(compare with Fig. 12). After Matti and Morton (1993, fig. 7D)
Other abbreviations: BF–Banning Flt.; CP–Cajon Pass region; CPL–Carrizo Plain region; CV–Cuyama Valley region; ESBM–
eastern San Bernardino Mts.; ESGM–eastern San Gabriel Mts.; ETR–eastern Transverse Ranges; FM–Frazier Mtn. region; FV–Fry
Valley; HR–Holcomb Ridge; JT–Joshua Tree; LP–La Panza Range; LSBM–Little San Bernardino Mts.; NC–norther Caliente Range;
NV–Neenach Volcanic field; OM–Orocopia Mts.; PS–Palm Springs; SCF–Stoddard Canyon Flt.; SCM–southern Chocolate Mts.;
SC–southern Caliente Range; SGFsb–San Gabriel Flt., southern branch; SGM–San Gorgonio Mtn.; SJM–San Jacinto Mts.; SJP–San
Jacinto Peak; TM–Table Mtn.; TMT–Tehachapi Mts.; WSMB–western San Bernardino Mts.; WSGM–western San Gabriel Mts.

non-rotating San Gabriel block was similarly isolated
spatially from the Mojave Desert by the evolving San
Bernardino Mountains. As shown in Fig. A4, the
uplifted San Gabriel Mts. were mainly involved in
shedding debris westward into the Cuyama Valley
and similar basins, with eastward sedimentation
provided to basins shielded from the Mojave Desert
region by the rising San Bernardino Mountains.
These basins (Mill Creek, Punchbowl, and other
nonmarine deposits (11), (9), (5), Figs. A3-5) may
have reflected 12-6 Ma deformation precursor to the
development of the modern San Andreas fault (Fig.
A6). During these times the western margin of the
2015 desert symposium

Mojave region apparently was still sufficiently high
as to shed sediments westward, but not demonstrably
eastward, as discussed below.
In addition to WTR rotation, the later part of San
Gabriel fault activity coincided with extension (and
opening at 6 Ma) of the Gulf of California, rotation of
the Eastern Transverse Ranges (6- 5 Ma), and uplift
of the ancestral western San Bernardino Mountains
along the Squaw Peak fault (9 Ma; Meisling and
Weldon, 1989). Farther south, transtensional deformation and clockwise rotations also were taking
place within the Gulf extensional province between
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Figure A5. Palinspastic reconstruction of the San Andreas transform system in southern California at about 7–6 Ma. South Branch
of San Gabriel fault abandoned after having experienced about 22 km of right slip. Slip on Banning Flt. (BF) is coeval with marine
deposition in the Imperial Valley. Squaw Peak Thrust (SPF) was active from about 9 Ma, and may be the continuation of the Pinto
Mountain Flt. (PMF). Continued uplift of San Bernardino Mts. After Matti and Morton (1993, fig. 7E).
Other abbreviations: BCF–Blue Cut Flt.; CF–Chiriaco Flt.; CP–Cajon Pass region; CVF–Cajon Valley Flt.; ESBM–eastern San
Bernardino Mts., ESGM–eastern San Gabriel Mts.; ETR–Eastern Transverse Ranges; FM–Frazier Mountain region; HF–Hitchbrook
segment of San Gabriel-Cajon Valley Flt.; HR–Holcomb Ridge; ICF–Icehouse Canyon Flt.; LSBM–Little San Bernardino Mts,;
MWF–Mammoth Wash Flt.; NV–Neenach Volcanic Field; OM–Orocopia Mts.; SAF–San Andreas Flt.; SCM–Southern Chocolate
Mts.; SGFnb–San Gabriel Flt, north branch; SGM–San Gorgonio Mtn.; SJM–San Jacinto Mt.; SJP–San Jacinto Peak; SWF–Salton
Wash Flt.; TM–Table Mtn.; WSBM–western San Bernardino Mts.; WSGM–western San Gabriel Mts.

12 and 6 Ma (Bennett and Oskin, 2014), but apparently with little impact northward.
Yeats and Stitt (2003) discussed the Canton fault
as an early element of the San Gabriel system, active
during an interval of about 20–13 Ma, or 16–11 Ma
(Crowell, 2003b). Powell (1993; 40) considered this
fault to date from about 13 Ma and to have undergone about 15 km of slip, which was taken to reconcile differences in slip by other elements of the San
Gabriel system. The Canton fault presently is located
on the southwest side of the northern branch of the
San Gabriel fault at the eastern margin of Frazier
Mtn. and on the western side of the Ridge Basin
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across from, and slightly northwest of, Sierra Pelona
(Yeats and Stitt, 2003, fig. 1), and about 13 Ma was
present farther south (Figs. A3, A4), where it was
still adjacent to Frazier Mt. (Nourse, 2002, fig. 9),
and predated slip on other parts of the San Gabriel
fault. None of the above sources discussed the WTR
rotation relative to the orientation of, or slip on,
the Canton fault. Crowell (2003b) also discussed a
possible early element of, or precursor to, the Canton
fault having been active prior to 26 Ma, in which case
it would be unlikely that it was part of any proto-San
Andreas system.
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Figure A6. Palinspastic reconstruction of the San Andreas transform system in southern California at about 6.5–4 Ma, with
dominance of the San Andreas fault. The San Gabriel-Banning fault has been abandoned; the Punchbowl (PBS)–Wilson Creek
(WCS) segments of the San Andreas fault have produced about 30 km of right slip. The Ridge Basin area (1) displays no influence
on the Mojave Desert region. Sediment is shed eastward across the active Punchbowl fault into the early Blancan Juniper Hills
Formation (JH), and the Imperial Formation (3) is deposited cross the Coachella Valley segment (CVS) of the San Andreas in the
vicinity of Palm Springs (PS). The Potrero Creek Formation (2) is shed from the southern San Gabriel Mts. (ESGM) in the northern
Peninsular Ranges, north of the San Jacinto Mts. (SJM), and adjacent to the southeasterly Hathaway Formation (6). After Matti and
Morton (1993, fig. 7F).
Other abbreviations are: BCF–Blue Cut Flt., CF–Chiriaco Flt., CP–Cajon Pass region; ESBM–eastern San Bernardino Mts., FM–
Frazier Mtn. region; HR–Holcomb Ridge; LSBM–Little San Bernardino Mts., MDS–Mojave Desert segment, San Andreas Flt.; NV–
Neenach Volcanic field; SAF–San Andreas Flt.; SGM–San Gorgonio Mt., SJM–San Jacinto Mts., SJP–San Jacinto Peak; SRM–Santa
Rosa Mts; TM–Table Mtn.; WSBM–western San Bernardino Mts.; WSGM–western San Gabriel Mts.

If the Canton fault was part of the proto-San
Andreas system, there is no evidence that it extended
substantially south of the WTR, past or present;
see also Nourse (2002, Fig. 1C). In having undergone only about 15 km of slip, it would have played
a minor role in either WTR rotation or proto-San
Andreas evolution, even as part of the San Gabriel
system..
In summary, the San Gabriel fault is taken as
the active fault system of the evolving San Andreas
transform from about 13-5 Ma. It is clear that the
San Gabriel block ceased rotating at about 9 Ma,
which is basically compatible with the interval of
2015 desert symposium

non-deposition from about 13–6 Ma seen in the
central Mojave Desert province (Fig. 2). As discussed
below, the associated uplift of the eastwardly adjacent
San Bernardino Mountains also had little effect on
the central Mojave Desert region. It thus appears that
the uplift of both the San Gabriel and San Bernardino
mountains and slip on the San Gabriel fault system
not only accommodated the plate activities that
resulted in the rotation of the Western Transverse
Ranges, but that the actions of all three tectonic
elements had no apparent effect in the central Mojave
region farther east.
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Figure A7. Palinspastic reconstruction of the San Andreas transform system in southern California at about 2.5 Ma, with
dominance of San Andreas fault. The Hungry Valley Formation (1) is deposited in the Ridge Basin from sources across the San
Andreas Flt. (SAF); the San Timoteo and Potrero Creek formations (2) are deposited from sources in the eastern San Gabriel Mts.
(ESGM), and Phelan Peak (PP) sediments are derived from sources to the southwest across the San Andreas Flt. Uplift of the western
San Bernardino Mountains (WSBM) is indicated by northward deposition of the Old Woman Sandstone (OW). After Matti and
Morton (1993, fig. 7H).
Other abbreviations: BCF–Blue Cut Flt.; CP–Cajon Pass region; CVS–Coachella Valley segment of the San Andreas Flt.; ESBM–
eastern San Bernardino Mts.; FM–Frazier Mtn. region; GF–Garlock Flt.; JH–Juniper Hills sediments; LSMB–Little San Bernardino
Mts.; MCS–Mission Creek strand of San Andreas Flt.; MDS–Mojave Desert segment of San Andreas Flt.; NV–Neenach Volcanic
field; PS–Palm Springs; SGM–San Gorgonio Mt.; SJM–San Jacinto Mts.; SJP–San Jacinto Peak; SRM–Santa Rosa Mts.; TM–Table
Mt.; WSGM–western San Gabriel Mts.

San Bernardino Mountains
Matti and Morton (1993) developed a reconstruction
of the San Andreas transform system from about 20
Ma to the present (Figs. A2-A7, in part). Except for
not discussing rotations of the WTR and ETR and
incorporating what appear to be a largely untenable consideration of the San Francisquito-FennerClemens Well fault at ca 20 Ma, these reconstructions
are very pertinent to consideration of the history of
the San Gabriel fault and the modern elements of the
San Andreas fault and ultimate impact on the central
Mojave Desert region.
Meisling and Weldon (1989) provided a major
discussion of the tectonic history of the San
Bernardino Mts. and adjacent areas. From about
18 Ma–9.5 Ma fluvial sediments were transported
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southward from the eroding western margin of the
Mojave Desert region toward the northern edge of
the San Gabriel block. This is represented in part
by Fig. A3, where the Cajon Valley ((14), Fig. A3)
and Crowder (15) formations are shed southward,
concurrent with deposition of the Santa Ana Sandstone from about 15 Ma in the intermontane Santa
Ana basin to the southeast ((16), Fig. A3), and in the
Mill Creek basin where, in addition to the Mill Creek
beds (11), the 12–10 Ma Punchbowl Formation (9)
received clasts from the eroding western (WSGM)
San Gabriel block (arrows to (9)). From this perspective, deposition on or from the adjacent Mojave block
was oriented westward, rather than eastward.
Sadler et al. (1993) discussed the paleogeographic
setting of the Mill Creek basin in the southern San
2015 desert symposium
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Bernardino Mts., and suggested that at about 13 Ma,
during the deposition of the Mill Creek Formation
(11), a strand of the SFC fault system separated the
San Gabriel Mts. on the southwest from the Mill
Creek basin to the northeast. A preferred reconstruction is provided in Fig. A3 where the SFC (CWF)
is suggested as terminating in the Mill Creek area,
with the San Gabriel fault being the active main
branch of the proto-San Andreas system. Although
the San Gabriel fault was the chief element of the San
Andreas system during this interval, at least after
about 13 Ma, that activity apparently had made little
impact on the sedimentary record of the Mojave
Province. After rotation of the San Gabriel block
ceased at about 9 Ma, the fault apparently effectively decoupled the Mojave Province from on-going
activity to the west. With the San Gabriel fault
affecting the western part of the San Gabriel block, its
eastern part seems to have been contributing sediments to a basin about aligned with the orientation of
the future San Andreas fault.
By about 9 Ma (Fig. A4) deposition of the Cajon
Valley Formation had ceased, whereas the Crowder
((15), Fig. A3), Santa Ana Sandstone ((16), Fig A4)
and associated nonmarine deposits (5) continued,
as did similar facies in the Mill Creek beds (11) and
the Punchbowl Formation (9), to record continued
deposition from both the rising San Bernardino
Mountains (Squaw Peak Thrust) on the east, and the
San Gabriel Mountains on the west . The Pioneer
Town beds ((20), Fig. A4) reflect sedimentation and
terminal volcanism from 11-9 Ma (Reynolds, 1992),
but these deposits did not reach the central Mojave
Desert. In addition, the Ridge Basin (4) was developing a connection to the marine Castaic Formation (10) on the San Gabriel Mts. western flank,
which also was contributing substantial nonmarine
sediments to other west-flanking valleys from the
northern Caliente Range (NC, Fig. A4) through
the Carrizo Plain (CP), Cuyama Valley (CV), to the
southern Caliente Range (SC). These episodes focus
on the considerable activity associated with the San
Gabriel block at a time when the San Bernardino
Mts. were largely undergoing erosion.
The prior largely depositional regime of the San
Bernardino Mountains was permanently interrupted at about 9.4 Ma when the Squaw Peak thrust
of the Cajon Valley region (CP, Figs. A5, A6) became
active, uplifted the western third of the present San
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Bernardino Mts., and thrust the range south and
southwestward across the trace of the future San
Andreas fault, with thrusting continuing until about
4 Ma (Meisling and Weldon, 1989). The Liebre Mtn.
block of the western San Gabriel Mts. may contain
the western equivalent of the Squaw Peak thrust
(Fig. A5) that is now offset across the San Andreas
fault (just northwest of (1); Fig. A6). Richard (1993)
considered that the Squaw Peak thrust also might be
a westward continuation of the Pinto Mtn. fault of
the Eastern Transverse Ranges (Fig. 1).
This episode of thrusting and associated uplift
apparently had little effect on the Mojave Province,
other than possibly some erosion, as recorded at
about this time near and north of Joshua Tree, California, where exhumed deeply eroded surfaces were
developed on granitic outcrops within and north of
the San Bernardino and Little San Bernardino Mts.
(dashed line between FV–JT, Fig. A4). Oberlander
(1972) considered these surfaces to have formed
about 8 Ma, but reported weathered profiles below
basalt dated at 8.9 + 0.9 Ma. Reynolds (1992) noted
that at Pioneer Town (near (20) on Fig. A4), soil
formations underlie strata of Clarendonian age, so
likely are older than about 10 Ma. The final stage of
this early uplift episode (Fig. A6) was coeval with the
development of the Eastern California Shear Zone
and basin sedimentation in the Mojave Province, as
discussed below.
Also at about 6 Ma, terranes in the northern part
of the San Gabriel Mts. provided clasts of Pelona
Schist and ‘polka-dot granite’ to deposits of the Santa
Ana Sandstone ((16), Fig. A5) that lie to the north
of the subsequent trace of the San Andreas fault
(Sadler, 1993). Based on the reconstruction shown in
Fig. A6, the Sierra Pelona would have been in proper
position to supply schist detritus to the Santa Ana
Sandstone. In the area associated with the essentially
extinct San Gabriel fault, beds in upper part of the
Hungry Valley Formation in the Ridge Basin that
were deposited about 4-5 Ma ((1), Fig. A6) apparently
contain clasts eroded from the 17–10 Ma Crowder
Formation of the Cajon Pass area (CP, Fig. A6). In
that case, it is unlikely that the modern San Andreas
fault was active at this time. Thus, the work of Sadler
(1993) indicated that the tectonically uplifted the San
Gabriel block was a source of debris from the west of
the present San Andreas trace from about 6–5 Ma,
whereas the subsequently uplifted San Bernardino
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Mts. contributed detritus to the Ridge Basin sequence
from about 5–4 Ma, reflecting a reversal in the local
paleoslope direction. Based on these relationships, it
appears that slip on the San Andreas began after 5–4
Ma in this region.
A second episode of San Bernardino Mts. uplift
began about 2.0–1.5 Ma (Fig. A7) during continued
activity of the San Andreas Flt. (Meisling and
Weldon, 1989; Blythe et al., 2000). Portions of the
modern range were uplifted, and north-directed
runoff contributed to development of the modern
Mojave River system (Cox et al., 2003). The Phelan
Peak beds (PP, Fig. A7) partly bridge an apparent
hiatus in sedimentation corresponding to the interval
between latest Miocene and early Pleistocene uplift
events, having accumulated between about 4.1–1.5
Ma (Meisling and Weldon, 1989) as a mobile source
terrane in the ancestral Transverse Ranges moved
northwestward along the San Andreas fault. The
Old Woman Sandstone (OW, Fig. A7) also was shed
northward from the rising San Bernardino Mts.
after about 2.5 Ma. This was followed at 1.5 Ma with
waning uplift in the northern part of the western San
Bernardino Mts., as activity shifted to a narrow zone
of arching and northward tilting adjacent to the main
strand of the San Andreas Flt. in Cajon Pass.
The Victorville Fan is 2.0 Ma–1.3 Ma old
according to Meisling and Weldon (1989), with clasts
from Blue Ridge in the Harold Formation signaling
that this terrane was about in its modern location
at the time (about in the position of PP, Fig. A7),
reflecting slip on the San Andreas fault.
In summary, the erosional history of the San
Bernardino Mts. mainly reflects deposition westward
into the Mill Creek basin or into the Ridge Basin area
from the vicinity of Cajon Pass from about 6 Ma, and
only minor northward and eastward deposition after
about 4 Ma, concurrent with the onset of the San
Andreas fault in this region. From 13–5 Ma, the San
Gabriel fault system had no direct effect on sedimentation adjacent to the Mojave Desert region.

Eastern Transverse Ranges
As discussed by Carter et al. (1987), Richard (1993)
and Langenheim and Powell (2009), the Eastern
Transverse Ranges (ETR; Figs. A6, A7) underwent
about 40o (44o + 7o) of clockwise rotation since the
late Miocene. Rotations occurred mostly on E-W
trending dextral faults, but was accompanied by
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right slip on northwest trending faults in the Mojave
Desert. It thus appears that this activity corresponds
tectonically with the advent of the Eastern California
Shear Zone and the opening of the Gulf of California. Carter et al. (1987) suggested that ETR rotations would have been concurrent with about 100 km
of total distributed dextral shear across the greater
Mojave Desert region, although Dickinson (1996)
indicated total slip on the ECSZ was only about 50
km, comparable to that of Dokka and Travis (1990a).
Langenheim and Powell (2009, fig. 2) indicated
that the main effect on the Mojave Province from
ETR rotation would have been incipient faulting
on northwest-trending faults. As this apparently
began after about 6 Ma, it would have been coeval
with the transrotations of the NEM (Schermer et
al., 1996; Miller and Yount, 2002). Schermer et al.
(1996) noted that the rotations could have begun
sometime after 11 Ma, and likely required 10 m.y.
for development. As shown in Fig. 2 it appears that
volcanism and sedimentation, at least, is recorded in
that district after about 6 Ma and, as discussed below,
this interval is considered as the time during which
Mojave Desert region activities reflected the onset
and action of the Eastern California Shear Zone,
including clockwise rotation. In any case, the Eastern
Transverse Ranges rotation had no direct input to
central Mojave Desert sedimentation.

Garlock Fault
As shown on Figs 1 and 2 the Garlock left-lateral fault
forms the northern boundary of the Mojave Desert
Province. The fault separates the tectonic extension of the Great Basin and northern motion of the
Sierra Nevada from the Mojave Block (Hearn and
Humphreys, 1998, and references cited therein), and
has undergone a total of 64 km of left lateral slip. Its
presently somewhat curved trace was considered to
have been essentially straight (Fig. 9) prior to activity
of the ECSZ (Gan et al., 2003). Frankel et al. (2008)
indicated an early episode of Garlock fault slip from
ca 15 Ma, whereas Andrew et al. (2014) interpreted
slip to have begun about 11 Ma, and continued to
the present. Andrew et al. (2014) noted that the
Garlock fault separates the Ricardo area of the El
Paso Basin on the north from the Lava Mountains
to the south (Fig. 3), and the Cudahy Camp and
Dove Spring formations (El Paso) from the Eagle
Crags and Summit Range volcanics and Bedrock
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Springs formation (Lava Mts.). As shown on Fig. 2
the Cudahy Camp Fm. is in part correlated with the
Eagle Crags volcanics, and the Dove Spring Fm. in
part with the Summit Range volcanics and Bedrock
Springs Fm., compatible with initiation of Garlock
faulting at about 11 Ma.
Andrew et al. (2014) considered the Garlock fault
system to consist of several faults, some of which
exhibited right-lateral offset, over a bandwidth
that may have been at least 3-5 km wide. It appears
that the system exhibited initial left slip during an
interval from about 11–7 Ma on the Savoy strand of
the Garlock system, with an overall 11 km of offset.
The next interval of slip, from 7–3.8 Ma transpired on
the Summit Range elements of the system and accumulated about 19 km of offset. The final stage, from
3.8 Ma to the present, incorporated a multi-stranded
system with about 33 km of offset. This interval is
associated with the beginning of dextral faulting in
the Lava Mountains area that involved ECSZ Mojave
elements such as the Blackwater fault (from about 4
Ma), but this activity did not affect the Garlock.

Figure 2 shows that districts associated with the
Garlock fault (El Paso Basin, Lava Mts., Horned
Toad Hills) developed geological histories dissimilar
to those of the central Mojave Desert Region, with
Garlock slip being reconstructed in part by correlation of offset segments of the Cudahy Camp and
Dove Springs formations of the El Paso Basin relative to elements of the Summit Range volcanics and
Bedrock Spring formation of the Lava Mts. Whether
the parts of the Bedrock Springs formation younger
than about 7 Ma, and the Conglomerate of Golden
Valley, reflected input from the ECSZ remains to be
determined, as also is the case for the Horned Toad
Formation of the Horned Toad Hills.

Appendix 2
Mojave Desert geological context
As indicated by Hewett (1954) the Mojave region
was emergent and shed debris peripherally in the
Paleogene. This is in part recorded by the Paleocene
marine San Francisquito Formation of the Devil’s
Punchbowl area, by the Paleocene marine San
Francisquito and Miocene Vaqueros formations of
Cajon Valley on the southwest, and the nonmarine
Paleocene and early Eocene marine units of the Goler
Formation, the El Paso Mountains (Laudate Canyon)
on the northwest (Fig. 3). Figure 2 indicates that the
nonmarine Cudahy Camp and Dove Spring formations of early and late Miocene age, respectively, were
deposited in the El Paso Basin north of the Garlock
fault, as well (Ricardo, Fig. 3), and that the Cudahy
Camp Fm. rests unconformably on the Goler.
Synextensional units
Figure 2 shows a number of volcanic and volcaniclastic units that range in age from about 25–19 Ma,
and are part of the extensional interval. These include
the Jackhammer Formation, Lane Mountain Quartz
Latite, and Pickhandle Formation of the Gravel Hills,
2015 desert symposium

Mud Hills, and Calico Mts., as well as the Clews
Formation of the Alvord Mtn., and part of the Hector
Formation of the Cady Mts.
Jackhammer Formation. The Jackhammer Formation of the Mud Hills (Fig. 3) is the oldest of these.
It crops out on the northern part of the Mud
Hills-Calico Mts., where it is about 240 m thick,
and composed of conglomerate, basalt, tuff, tuff
breccia and tuffaceous sandstone (McCulloh, 1952,
Dibblee, 1968; Woodburne, 1991; Fillmore and
Walker, 1996). Fillmore and Walker (1996) considered the Jackhammer to be the earliest extensioncontext units in the region, and to represent about
55o of clockwise rotation, along with the Lane
Mountain Quartz Latite (Valentine et al., 1993).
As indicated in Fig. 4 the Jackhammer is cut by a
dike dated at 25.6 + 0.8 Ma in the Lead Mtn. area
(Lambert, 1987). Although the base of the formation is undated, the unit is considered to be about
26–27 Ma old. It is unconformably overlain by the
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Pickhandle Formation (Burke et al., 1982; contra
Fillmore and Walker, 1996).
Lane Mountain Quartz Latite. This unit crops
out in Lane Mountain (Figs. 2, 4), northeast of
the Mud Hills and northwest of the Calico Mts.
Burke et al. (1982) indicated the unit was derived
from an unknown vent, with outcrops apparently have been removed by erosion. Burke et al.
(1982) reported a K-Ar age of 23.1 + 0.2 Ma from
this unit, which is not in contact with any of the
herein-discussed units of similar age, but rests
on pre-Tertiary igneous and metamorphic rocks.
Age relationships indicate that the Lane Mountain
Quartz Latite is intermediate between the Jackhammer and Pickhandle Formations.
Pickhandle Formation; In the Gravel Hills (Figs. 2,
4), the Pickhandle Formation (Dibblee, 1968, p. 21)
is mainly a pyroclastic unit, with about 600m of
light gray breccia and tuff interbedded locally with
basalt and limestone association overlain by beds
of white tuff; local lenses of conglomerate with
cobbles of granitic and dioritic rock; and units of
rhyolitic flow breccia. The formation unconformably overlies pre-Tertiary quartz monzonite and
is unconformably overlain by the Opal Mountain
Volcanics. Burke et al. (1982) reported a date of
18.9 + 1.3 Ma from the OMV. Walker et al. (1995)
noted a 40Ar/39Ar age of 23.8 + 0.3 Ma from a tuff
that lies about 60m above the base of the formation; another in the uppermost part of the lower
Pickhandle yielded a 40Ar/39Ar age of 21.3 + 0.5
Ma. Singleton and Gans (2008) reported ages of
19.35 + 0.15 and 19.0 + 0.1 Ma from the formation,
as well.
The Pickhandle Formation also occurs farther
east, in the Mud Hills, Waterman Hills, Mitchell
Range, Lead Mountain (LM), Elephant Mountain
(EM) and Calico Mountains (Fig. 4), as discussed
by Fillmore (1993), Fillmore et al. (1994), Fillmore and Walker (1996), and Singleton and Gans
(2008), where it is considered a syntectonic reflection of extensional tectonics. Fillmore et al. (1994)
interpreted the Pickhandle as having formed in
a supradetachment breakaway basin composed
of half grabens. In the Calico Mts. Singleton and
Gans (2008) characterized the Pickhandle as a
dacite lava-dome field with associated pyroclastic
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and epiclastic apron deposits. Fillmore and Walker
(1996) correlated the Pickhandle with the Clews
Formation of Alvord Mtn. and, as shown in Fig. 2,
it also correlates with part of the Hector Formation of the Cady Mts., and the formations of “Poe”
and “Troy Peak,” as well as with units at Daggett
Ridge. The Mud Hills Formation of Ingersoll et al.
(1996) is included within the Pickhandle Formation of the Mud Hills.
Clews Formation. The Clews Formation (Clews
Fanglomerate of Byers, 1960) is about 300 m thick
and is the basal Cenozoic sedimentary rock unit
of the Alvord Mtn. district (Fig. 4). As reviewed
in Woodburne (1991), it rests unconformably on
plutonic basement rock with an erosional surface
of about 300 m of relief, and pinches out westward
beneath the Alvord Peak basalt. Fillmore (1993)
considered the Clews to have been deposited in
an intra-hanging-wall basin, in the eastern part of
the extensional basin that developed in association with the metamorphic core complex in the
Waterman Hills and Mitchell Range (Fig. 3) to the
west. The in part coeval Pickhandle depositional
basin was adjacent to the those ranges and separated from that of the Clews (Fillmore et al., 1994;
Fillmore and Walker, 1996). Early Clews deposition included lacustrine strata that reflected accumulation in a closed basin with a likely northward
source of interbedded coarse-grained conglomerates (Paradise Range, Fig. 4). The upper part of
the unit is composed of coarse conglomerate and
breccia deposited westward from sources in the
Cronese Hills to the east. The entire sequence is
considered to have accumulated on the upper plate
of an active extensional system.
Formations of Poe and Troy Peak. The formations
of Poe and Troy Peak were named by Ross (1995)
for volcanic and sedimentary rocks that crop out
in the southwestern Cady Mts. (Fig. 4). The Formation of Poe is at least 1,000 m thick, and composed
of tilted volcanic and volcaniclastic rocks
composed largely of thick-bedded tuff breccia. The
rocks were deposited on a weathered pre-Tertiary
granitic basement with a local topographic relief of
up to 100 m. Clasts range from boulder to pebble
in size, angular (basalt, andesite) to rounded (tuff).
Local beds with very fine and wavy cross laminations at the base of tuff breccias may indicate
2015 desert symposium
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volcanic surges. The rocks were tilted from 70o
NW at the base to about 35o up section, with the
tilting occurring during deposition, concurrent
with extension and prior to the deposition of the
Formation of Troy Peak.
The formation of Troy Peak unconformably
overlies that of Poe, and consists of a monolithologic volcanic breccia ca 500 m thick, with 100
m of capping basalt flows. Paleomagnetic studies
indicate that the Troy Peak beds have been rotated
subsequently 64o + 19o clockwise. The rotation
episode post-dates the major interval of extension (Poe rocks) and pre-dates the ca 17 Ma and
younger “Barstow” Formation that overlies Troy
Peak (Fig. 4).
The age of the Formation of Troy Peak derives
from its correlation with rocks that underlie the
type Hector Formation of the southern Cady
Mountains to the east, which implies that the
Troy Peak rocks are older than 21.6 Ma, and that
the Formation of Poe is yet older (Ross, 1995).
Based on regional data (Fig. 4), the Formation of
Troy Peak and the coeval rhyolitic and andesitic
flows are considered about 24 Ma in age and to
likely correlate to the early part of the Pickhandle
Formation. The Formation of Poe is considered
unlikely to pre-date other extension-associated
rocks of the central Mojave Desert region and is
proposed to be about 25-26 Ma in age (Fig. 4).
Mitchell Range Dacite Dike and Waterman Hills
Granodiorite. These units were emplaced in the
footwall of the metamorphic core complex in
those areas, dated at 23.0 + 0.9 Ma, and 21.9 + 0.9
Ma respectively (Fig. 4).
Daggett Ridge sequence of the Newberry Mountains and Daggett Ridge region (Fig. 4). This unit
was originally named by Dokka (1986) as the
Formation of Daggett Ridge. Present usage follows
Cox (2014), where it is composed of a basal unit
of reddish-brown sandstone and conglomerate
derived from Mesozoic plutonic and metavolcanic
rocks; mutually intertonguing units of tuff and
biotite rhyolite; volcanic breccia consisting mainly
of volcaniclastic debris-flow deposits, and thick
dacite flows intercalated in the volcanic breccia
unit. The succession rests unconformably on preTertiary basement rock. A tuff near the base was
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dated by 40Ar/39Ar at 22.7 ± 0.25 Ma, and the unit
is considered to range in age from about 23–22
Ma.
Minneola Ridge sequence of the Newberry Mts.
(Fig. 4) unconformably overlies the Daggett
Ridge sequence. It is a heterogeneous sequence
of extrusive rocks, pyroclastic rocks, and clastic
sedimentary rocks that crops out extensively in
the western, central, and southern parts of the
Newberry Mountains (Fig. 3). These rocks rest
unconformably on the Daggett Ridge sequence
and are in turn unconformably overlain by sandstone, conglomerate, and sedimentary breccia of
the Azucar Mine and Slash X Ranch sequences
(Fig. 4). The Minneola Ridge sequence includes
most of the rocks in Dokka’s (1986) formation of
Minneola Ridge, but it excludes the basal assemblage of clastic redbeds, tuff, volcanic debris-flow
breccia, and silicic to intermediate flows, here
assigned to the Daggett Ridge sequence. According
to Cox (2014), isotopic ages from other stratified
units and volcanic dikes appear to restrict the
Minneola Ridge sequence to the interval 22.2 to
21.2 Ma; it is otherwise not directly dated.
Azucar Mine Sequence; Slash X Ranch Sequence.
These largely coeval units unconformably overlie
the Minneola Ridge sequence and are about
19.5–21.2 Ma based on over- and underlying units
in the Daggett Ridge area (Fig. 4). Correlative
deposits of Dokka’s (1986) formation of Slash X
Ranch yielded a K-Ar whole-rock age of 20.2 ± 0.3
Ma from an intercalated andesite flow at Daggett
Ridge (Fig. 2). According to Cox (2014), the Azucar
Mine sequence is composed of thick deposits of
coarse-grained basement-derived conglomerate
and sedimentary breccia, with lesser amounts
of sandstone and scarce beds of air-fall and
stream-deposited tuff that crop out near the west,
south, and southeast margins of the Newberry
Mountains. The rocks were mainly derived from
metavolcanic and plutonic rocks similar to those
exposed to the south in the Ord and Rodman
Mountains. The conglomerate unit consists mostly
of boulder-bearing cobble and pebble conglomerate and breccia-conglomerate of alluvial origin.
Minor amounts of debris-flow breccia and landslide (rock-avalanche) breccia are intercalated in
the conglomerate. The Slash X Ranch consists of
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coarse-grained basement-derived sedimentary
breccia and conglomerate interstratified with
lesser amounts of andesitic to basaltic flows. The
Slash X Ranch interfingers in part with the Azucar
Mine rocks.
Rhyodacitic, andesitic flows, lahar. Woodburne et
al. (1974) indicated that the Cady Mountains postCretaceous section begins with a succession of
andesitic and basalt flows correlated by Ross (1995)
with the Formation of Poe in the southwestern
Cady Mts, (Figs. 2, 4), and is correlated (Woodburne, 1998) with a succession of andesite, andesitic basalt, andesite to rhyodacite flows, breccias
and rhyodacite domes that crop out to the north,
in the central Cady Mountains and in the Afton
Canyon area (Fig. 4) to the north (Williamson,
1980; Moseley, 1978). In general these units correlate with the Pickhandle Formation and likely
reflect a comparable record of the extensional
interval in the region.
Hector Formation (in part). The Hector Formation (Woodburne et al., 1974) crops out in the
southern and northern Cady Mountains, and
adjacent southern Afton Canyon area (Fig. 4). It
apparently formed in an extensional basin, but its
upper part (Fig. 2) contains the Peach Spring Tuff.
As with the Formation of Poe, the basal Hector
Fm. rests unconformably on a terrane with on the
order of 100m of local relief, but likely reached
nearly 500 m, based on the thickness of the entire
unit. The formation has been tilted to the west
and southwest to as much as 45o (Woodburne et
al., 1974), but not strongly rotated. MacFadden et
al. (1990a) reported about 21o of clockwise rotation subsequent to about 15 Ma, but no early
Miocene rotation. This is compatible with the later
interval of rotation recognized by Ross (1995)
for the “Barstow” Formation of the southwestern
Cady Mountains, as discussed below. This also
is compatible with the post-“Troy Peak” correlation of the Hector Formation which underwent
substantial rotation subsequent to its deposition.
The Hector Formation record suggests that the
‘Troy Peak” rotation occurred prior to about 23
Ma.
As summarized by Woodburne et al. (1974),
the Hector Formation is composed of a largely
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tuffaceous and volcaniclastic (volcanic pebble
conglomerates) lower sequence that extends from
the base to a level of about 21 Ma. To the north,
this interval is coarser-grained and includes more
conglomeratic beds with clasts of andesite and
basalt than in the southern Hector outcrops, where
it contains fossil mammals of the earliest Miocene
Black Butte Mine Local Fauna of late (Ar3), but not
latest Arikareean age (Woodburne, 1998). As indicated by Albright et al (2008), Ar3 faunas range
in age from about 22.6–26 Ma. Fig. 2 shows the
Black Butte Mine L.F. in that span, below the ash
dated at 21.6 Ma, with the artiodactyl Merychyus
calaminthus above an ash dated at 22.9 + 0.4 Ma
(Woodburne, 1998 text, but not figure 5).
The upper part of the Hector Formation is more
clastic and occasionally tuffaceous than the lower
interval. It ranges in age from about 21–16 Ma
based on dated materials and the Logan Mine
Local Fauna in the southern exposures and
the Upper Cady Mountains Local Fauna in the
northern (Fig. 2). The Peach Spring Tuff has been
identified in the northern outcrops (Buesch, 1992).
Woodburne (1998) correlated the Logan Mine L.F.
as late Arikareean (Ar4), which ranges from about
22.6–19.5 Ma (Albright et al, 2008).
In the northern sequence, the Lower Cady Mountains Local Fauna was recovered (Miller, 1980)
from an interval between a basalt dated at about
20.5 Ma (Woodburne, 1998; Hillhouse et al.,
2010a) and the Peach Spring Tuff. This fauna is
poorly represented, and contains material generally referable to aletomerycine and merychyine
artiodactyls.
The Upper Cady Mountains Local Fauna occurs
about 65 m above the Peach Spring Tuff and
contains a diverse fauna that correlates well with
the Red Division Fauna from the Barstow Formation of the Mud Hills (Figs. 2, 4), considered to be
about 16.5–17.0 Ma in age and to correlate with
faunas of late (He2) but not latest (He3) Hemingfordian age (Woodburne, 1998).
As summarized in Woodburne (1991), Moseley
(1978) reported that the Hector Formation of
Afton Canyon is represented by a 570 m thick
sequence of fluvial and lacustrine strata with interbedded with laharic breccias, a major ignimbrite,
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and flows of basalt to andesitic lava that correlate
as indicated in Fig. 2. Marginal coarse-grained
facies suggest derivation from a source to the east.
The sequence also contains the Peach Spring Tuff.
The Hector Formation sediments are overall less
volcanogenic and volcaniclastic and tend to be
finer-grained than typical of extensional basincorrelated units in the Mojave Desert such as
the Pickhandle Formation and the Formation of
Troy Peak. In post-dating the Formation of Poe
(Fig. 2), the Hector deposits are younger than
the major interval of extension that affected the
southwestern Cady Mountains, but in displaying
only about 21o of clockwise rotation subsequent
to the time of the Upper Cady Mountains Local
Fauna (ca 16 Ma), these rocks also apparently did
not record the rotation to which the Formation of
Troy Peak was subjected. In addition, the tilting of
the Hector Formation also apparently post-dated
that of the formations of Poe and Troy Peak. In
this context, the Hector Formation of the Cady
Mountains appears to reflect conditions more like
those identified elsewhere in the Mojave Desert
region as being post-Peach Spring Tuff, and might
be seen as a relatively well-timed record of the
end of the extensional interval in this area. If the
base of the Hector Formation is taken at about 23
Ma, then post-extensional rotation apparently had
been completed by then in this region. See also
Glazner et al. (2002) which discounts extension
east of the Newberry and Rodman mountains,
and thus excludes the 19–20 Ma volcanic units
in the Sleeping Beauty area (Fig. 4) to the southeast considered by Glazner (1988) to have been
extended.
Miocene Postextensional Units
As noted below, the lower part of the Barstow Formation and equivalent units likely reflect tectonism
that is related to the prior extensional episode, which
thus continued into post-Peach Spring Tuff time. The
basins containing these sediments also appear to
reflect those associated with the earlier extension, but
the early presence and later expansion of lacustrine
conditions in at least the Gravel Hills-Calico basin as
well as the overall finer-grained aspects of sediments
in the other basins shows that whereas marginal
tectonism occurred it was neither as pervasive nor as
volcanically affiliated as had been the case earlier.
2015 desert symposium

Peach Spring Tuff. Ferguson et al. (2013) provided
an age of 18.78 ± 0.02 Ma for this ignimbrite that
erupted from the Silver Peak Caldera west of
Kingman, Arizona, and blanketed a wide region
that extended westward from near Seligman, AZ,
across southern Nevada to Barstow, CA, and as far
south as the Whipple Mts, southeast CA, of the
Colorado River Extensional Corridor (Ferguson
et al., 2013, fig. 1). The Peach Spring Tuff provides
a regional chronologic marker unit throughout
the region. See also Hillhouse and Wells (1991),
Glazner et al. (1986), Wells and Hillhouse (1989),
Nielson et al. (1990), and Hillhouse et al. (2010a,
b).
Barstow Formation. This unit is shown on Fig. 2 as
being widely represented in the central Mojave
Desert region, from the Gravel Hills on the west to
Alvord Mtn. on the east, and to range in age from
about 19 to 13 Ma. Correlatives include the Kane
Springs Sequence and “Barstow” Formation of the
Daggett Ridge-Newberry Mts. area, the upper part
of the Hector Formation of the Afton Canyon and
Cady Mountains areas, and the Spanish Canyon
Formation of Alvord Mtn. The Barstow Formation
overlaps in age with, but does not actually contain,
the Peach Spring Tuff, in sections portrayed in Fig.
2. The PST is, however, found in units correlative
with the Barstow Formation in Daggett Ridge,
Afton Canyon and the Cady Mountains, and
Leslie et al. (2010) recorded the PST in the Barstow
Formation at Harvard Hill (Fig. 4).
Miller et al. (2010, fig. 7) interpreted the Barstow
Formation to have developed in a number of
mostly NW-SE trending basins in the Mojave
Desert region (Fig. 4). In the Gravel Hills-Mud
Hills basin, the Barstow Formation is most
completely represented in the Mud Hills, where
it is composed of a fluviatile and lacustrine
sequence, with water-laid air-fall beds of tuff, and
reaches a thickness of about 1,800 m (Steinen,
1966, in part recorded in Woodburne et al., 1990).
At its basal contact, the lower, Owl Conglomerate,
member interfingers with the Pickhandle Formation, with the post-Pickhandle Basal member of
Steinen (1966) showing contribution of northern
landslide deposits of likely tectonic origin as well
as more fluvial contributions, but still of likely
tectonic input, from the south. From about 18 Ma,
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conglomeratic fluvial input continued from the
south and west throughout all of later Barstow
deposition. Lacustrine deposition began about 16
Ma (Miller et al. 2010). The Barstow Formation
is overlain by Quaternary alluvium in the Mud
Hills, and by the ca 3 Ma Black Mountain Basalt
in the Gravel Hills to the west. Woodburne et al.
(1990) noted that the Owl Conglomerate Member
is preserved on both the north and south sides of
the Mud Hills syncline and represents input from
those directions, with clasts from the Waterman
Hills being recorded in southern outcrops up
to about the level of the Rak Tuff (16.3 Ma). As
being more consistent with the associated fossil
mammals, the age and correlation of the Rak Tuff
to magnetic chron C5C.n3 (Reynolds et al., 2010)
is favored over the suggestion of Hillhouse et al.
(2010) for a correlation with C5Cr (ca 17 Ma).
In the Gravel Hills, the Barstow Formation is
about 1,500 m thick, with lacustrine deposition
recorded at its base, about 17 Ma. This is followed
by fluvial units and interbedded basalt, dated
at 16.5 + 0.4 Ma, and an extensive thickness of
marginal conglomeratic facies (Fig. 2). Dibblee
(1968) indicated that these were derived from
sources to the west, northwest, and north and
likely reflect the edge of the Barstow Basin in this
area.
In the Calico Basin, next east of the Mud Hills,
Singleton and Gans (2008) recorded an extensive
lacustrine unit (Calico Member) of the Barstow
Fm. in the Calico Mountains (Figs. 2, 4), that
reaches a thickness of about 450 m and is essentially correlative with the Owl Conglomerate
Member to the west as shown in Fig. 2. Singleton
and Gans (2008) also indicated that the lacustrine
units can be found in the eastern Mud Hills, as
well, so the two basins likely were continuous,
at least in part. Lacustrine sediments range later
than the Calico Member (Miller et al., 2010), so it
is evident that the Calico area was a long-standing
lacustrine depocenter for the Barstow Formation. If the two basins were continuous, it would
seem that a major Barstow Formation depocenter
extended from the Gravel Hills on the northwest
to the Calico Mts. on the southeast. Whether
or not this basin extended farther southeast to
Harvard Hill remains to be determined, but
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Leslie et al. (2010) not only recognized that the
Peach Spring Tuff is recorded there, in addition to
lacustrine sediments at about 19 Ma, but also that
marginal rock-avalanche breccias at the base of
the Barstow Formation indicate a local southern
edge comparable to that suggested for the Calico
Mts (Singleton and Gans, 2008). In Figs. 2 and 4,
these records are interpreted as having formed in
a single, relatively large basin in which lacustrine
sedimentation began earliest (ca 19 Ma) on the
southeast, and was recorded later in the northwest
(ca 16 Ma) as also reflected in the distribution of
beds of stromatolitic limestone, platy limestone,
and strontium-borate-bearing limestone that
occur in the Mud Hills later as compared with
the more easterly sites (Reynolds et al., 2010), and
which generally indicate shallow water, including
near shore to lake margin lacustrine, conditions.
The general coincidence of the Barstow and Pickhandle formations in this basin suggests that the
location and extent of the Barstow-Calico basin
reflected the dimensions of the prior Pickhandle
supradetachment breakaway basin of Fillmore
et al. (1994), and that the reflection of extensionrelated topography in early parts of the Barstow
Formation of the Calico Mts.-Harvard Hills
persisted later in more western areas. The strongly
explosive volcanic signature of extension recorded
by the Pickhandle Formation certainly was no
longer present by the time of the Barstow Formation, but conglomeratic and breccia facies in the
Mud Hills area attest to continued episodes of
tectonism on the basin margins.
The southern margin of the Gravel Hills-Calico
basin is not well documented west of Harvard
Hill and the Calico Mts. (Singleton and Gans,
2008) (Fig. 4), but outcrops of the Peach Spring
Tuff also are found in association with lacustrine
sediments in the Daggett Ridge–Stoddard Valley
area, and tuffaceous lacustrine to more fluviatile
sequences are recognized there in terms of the
Kane Springs sequence and “Barstow” Formation
(Fig. 2). Reconstructions of Buesch (1992) suggest
that a paleovalley extended northwestward from
the vicinity of Kane Springs and across Daggett
Ridge, but the northern boundary of this valley is
not well constrained. The Peach Spring Tuff has
been dated and identified by paleomagnetics in
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two localities north of, and two south of, Daggett
Ridge. Just why the Peach Spring Tuff is not
recorded in the central and western parts of the
Barstow-Calico basin is not well explained at this
time.
Fillmore et al. (1994) distinguished the extensionrelated intra-hanging wall basin that accommodated the Alvord Mtn. deposition of the Clews
Formation from the extensional basin of the
Pickhandle Formation to the west. Similarly, the
Barstow Formation of Alvord Mtn. appears to
represent a depositional setting separate from the
Gravel Hills-Calico basin. Byers (1960) indicated
that pebbles in the Alvord Mt. Barstow Formation apparently were derived from the northwest,
with a suggested highland in that direction, with
lower-most parts of the unit also having a source
from the Alvord Mtn. core. Byers (1960) suggested
a possible link of the Alvord Mtn. Barstow Formation with deposits in the western edge of the Opal
Mtn. quadrangle, 40 miles to the northwest, but
it appears more likely that the distribution of the
Alvord Mtn. unit was influenced by that of the
pre-existing Clews Formation.
Whereas there is no Pickhandle pre-cursor, it also
appears that the upper part of the Hector Formation of the northern Cady Mountains reflected
derivation in a basin associated with that district
(Fig. 4). Reynolds et al. (2010) and Miller et al.
(2010) also noted that coeval deposits of the
Alvord Mtn. (Spanish Canyon Fm., and “Barstow”
Fm.) and Cady Mts. (Hector Fm.) appear to reflect
conditions indigenous to their locations and to
not contain the stromatolitic and other limestone units typical of the Barstow Formation as
described above. On this basis, it appears that
coeval sedimentation to the east and southeast
of the Barstow-Calico basin likely was contained
in basins separate from that represented by the
Barstow Formation, s.s.
“Barstow Formation,” SW Cady Mountains. Ross
(1988) described beds correlative with the Barstow
Formation in the southwestern Cady Mountains.
He noted that the sequence is about 210 m thick,
and unconformably overlies basalt of the Formation of Troy Peak. The lower 60m is comprised
largely of conglomeratic units with volcanic clasts,
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with finer-grained tuffaceous sandstones and
siltstones predominate. Overall the sandstone
units interfinger westward with coarser-grained
deposits to the west, suggesting a local basin
margin in that direction. The eastern margin of
the basin is not well defined. Fossils of the horse,
Parapliohippus cf. carrizoensis have been recorded
in the lower 6m of section, suggesting an age of
about 16.5 Ma (Ross, 1995, recorded the fossils as
Merychippus cf. carrizoensis, with M. carrizoensis
being revised to Parapliohippus carrizoensis by
Kelly, 1995).
“Barstow Formation” of Daggett Ridge. This
incorporates the deposits of Camp Rock Road
(Cox, 2014), which consist of a sequence of sedimentary breccia, conglomerate, and sandstone
that crops out at the northwest front of the
Newberry Mountains directly east of Camp Rock
Road. The deposits form a gently north-dipping,
fining-upward succession that apparently is the
eastward continuation of a belt of sedimentary
rocks exposed west of Camp Rock Road (Dibblee,
1970). This sequence unconformably overlies the
conglomerate unit of the Azucar Mine sequence,
older units of the Minneola Ridge and Daggett
Ridge sequences, and is unconformably overlain
by the older alluvium of northwestern Newberry
Mountains.
The Camp Rock Road sequence consists of a lower
coarse-grained unit and an upper fine-grained
unit. The lower unit of breccia and conglomerate
consists of two locally interbedded sedimentary
facies: (1) structure-less monolithologic cobble
breccia of probable debris-flow origin, which is
composed exclusively of granitic detritus; and (2)
poorly stratified, stream-deposited polymictic
cobble conglomerate containing an assortment
of plutonic, metavolcanic, and Tertiary volcanic
clasts. The clasts in both facies are mainly subangular to angular and are lithologically similar
to older Tertiary rocks and Mesozoic crystalline
basement rocks exposed nearby to the south. This
unit probably accumulated on alluvial fans shed
northward from the Newberry Mountains and
adjacent areas.
The overlying unit of sandstone and conglomerate
consists of more conspicuously stratified fluviatile
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sandstone containing sparse interbeds of pebblecobble conglomerate. The conglomerate includes
well-sorted deposits containing rounded pebbles
and cobbles of Tertiary volcanic rocks, some of
which are unlike any volcanic rocks exposed in
the Newberry Mountains. Clast imbrication indicates that westward-flowing streams deposited the
well-sorted conglomerate. This evidence suggests
that at least part of the upper unit of the Camp
Rock Road sequence was deposited by an axial
drainage system that skirted the northern foot of
alluvial fans shed from the Newberry Mountains,
and was generally compatible with the valley
system occupied by the Peach Spring Tuff.
The breccia and conglomerate unit and overlying sandstone and conglomerate unit of the
Camp Rock Road sequence appear to correlate
lithostratigraphically with deposits of granitic
conglomerate and sandstone west of Camp Rock
Road (Dibblee, 1970, units Tsg and Tss, respectively), which several workers have correlated with
the Barstow Formation of the Mud Hills (Dokka,
1986, 1989; Dibblee, 1970). Conglomerates of
apparent eastern provenance may correlate with
a lens of conglomerate at the top of the Miocene
succession west of Camp Rock Road (Dibblee,
1970, unit Tsc). There also are some apparent
differences in facies between the two areas. The
interval above the granitic conglomerate unit west
of Camp Rock Road includes deposits of tuff and
shale (Dibblee, 1970), whereas similar deposits
were not observed in the Newberry Mountains
east of Camp Rock Road.
Age-diagnostic vertebrate fossils are locally
associated with the Miocene strata on the north
flank of hills west of Camp Rock Road. The fossils
are concentrated in an interval of interbedded
pebbly mudstone and platy limestone near the
top of Dibblee’s (1970) unit of granitic conglomerate (Tsg); they are latest Hemingfordian to early
Barstovian in age and probably correspond to
an isotopic age of about 16.2–16.3Ma (Dibblee,
1970; Reynolds, 1991). Lithostratigraphic details
seem to correlate the granitic conglomerate unit
with deposits near the top of the Owl Conglomerate Member of Dibblee (1968) in the Mud Hills
(Woodburne et al., 1990); these details, combined
with the cited evidence from vertebrate fossils,
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suggest that the granitic conglomerate unit west
of Camp Rock Road and the apparently equivalent
unit of breccia and conglomerate east of Camp
Rock Road accumulated between about 17 and 16
Ma. Overlying strata are undated but presumably
are middle Miocene in age.
Spanish Canyon Formation. This unit occurs in
Alvord Mtn. (Figs. 2, 4), where it is about 50–120
m thick; it overlies the Alvord Peak Basalt and
Clews Formation and is overlain by the “Barstow
Formation” (Buesch, 2014). It ranges in age from
19.5–18.0 Ma. In addition to locally derived
detritus, including granitic and mafic boulder
conglomerate, the formation includes two upper
flows of olivine basalt, underlain by the Peach
Spring Tuff (Hillhouse and Miller, 2011) and
stratigraphically lower tuffaceous units. Hillhouse
et al. (2010a) recognized about 56o + 6o of clockwise rotation of the Alvord Mts. subsequent to the
deposition of the Peach Spring Tuff. This compares
with about 21o + 8o of clockwise rotation subsequent to about 16 Ma for the Hector Formation of
the northern Cady Mountains (MacFadden et al.
(1990a; basically the same as 30o + 6o in Hillhouse
et al., 2010a), and indicates a degree of tectonic
separation between the two areas.
Kane Springs Sequence. The youngest Miocene
deposits in the southern Newberry Mountains
constitute the sedimentary rocks of Kane Springs
(also called Kane Springs sequence), a succession of conglomerate, breccia-conglomerate, and
sandstone, with sparse to common interbeds of
air-fall and stream-deposited tuff (Cox, 2014). An
intercalated thick layer of ash-flow tuff is mapped
and described separately as the Peach Springs Tuff.
These strata are largely restricted to a narrow easttrending structural and depositional trough that
Buesch (1992) called the Kane Spring paleovalley
and that is here termed the Daggett-Newberry
Basin. The Kane Springs sequence unconformably overlies the Azucar Mine sequence, Stoddard
Valley breccia, and Minneola Ridge sequence, and
its paleocurrents trend predominately westward,
perpendicular to the northward paleocurrents of
the older sequences. Thus deposition of the Kane
Springs sequence records a fundamental change
in paleogeographic setting. The unit includes the
Peach Spring Tuff, dated at 18.78 ± 0.02 Ma. The
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overall sequence is inferred to have accumulated
between about 19.5 and 17.4 Ma (Cox, 2014).
Miller et al. (2010) suggested the presence of two
NW-SE trending basins in the Daggett Ridge area
west of the Newberry Mts. (Fig. 3). These contain
lacustrine strata provisionally referred to the
Barstow Formation beginning at 19.5–18.7 Ma and
which contain outcrops of the Peach Spring Tuff.
These units are herein referred to the Kane Spring
Sequence.
Alluvial and fluvial beds of Northeastern Mojave
Province. A succession of interbedded fluvial
and alluvial units (Fig. 4) is comprised of a
thick interval of tuff and tuff breccia, followed
upward by mainly rhyolitic lavas and superjacent
basalts that range in age from about 22–10 Ma
(MacConnell et al., 1994; Schermer et al. (1996)
and Miller and Yount (2002) that are essentially
post-extensional in age. Whereas the oldest part
of the sequences has been dated at about 22 Ma
(MacConnell et al., 1994), there is no suggestion
that rocks of that age were involved in any extensional episodes. For the purposes of this report,
this part of the Mojave Desert region (NEM, Fig.
9) is considered to have been largely isolated from
the more western and southern parts of the region
until inauguration of the Eastern California Shear
Zone. Although the units reflected tectonic activities in this area, none experienced rotation until
the late Miocene.

Late Miocene interval of essentially nondeposition in the Mojave Desert region.
Figure 2 shows that little, if any, nonmarine or other
deposition was recorded in the Mojave Desert region
from about 13–6 Ma. Whereas recent studies have
improved our understanding of the record after
about 6 Ma, there still seems to be a depositional gap
during the previous 8 Ma. This is considered further
below.
Later Miocene: Onset of the Eastern California
Shear Zone
As discussed above, the onset of the Eastern California Shear Zone in the Mojave Desert region
seems to have been largely coincident with, and was
a response to, the opening of the Gulf of California
at essentially 6 Ma (Atwater, 1992; Atwater and
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Stock, 1998). As reviewed below, it is apparent that
the Mojave response to that event may have been
delayed somewhat as deposits there largely reflect
a somewhat later indication of tectonic activity, at
least to the extent that available chronologic data are
pertinent. Among the sequences that may reflect the
new tectonic setting, are the Black Mtn. Basalt of the
Gravel Hills, in the western part of the Mojave Desert
area (Burke et al., 1982), and the Goldstone Gravel in
the northeastern corner of the area (Figs. 4, 10). See
text.
Gravel Hills

The Black Mountain Basalt, which caps the Barstow
Formation in the Gravel Hills (Fig. 2), was dated
at 3.77 + 0.11 Ma (Oskin and Iriondo, 2004). It is
an important marker unit in that it demonstrates
about 1.8 km of right-lateral offset on the Blackwater fault (BWF, Fig. 1). The fault apparently
was part of the activity expressed by the ECSZ
(Andrew et al., 2014); it does not intersect or offset
the Garlock fault, nor document the beginning of
the ECSZ.
Calico Mts. to Northern Cady Mts.

Miller et al. (2011) reviewed the Pliocene and Pleistocene gravels in the central Mojave region, from the
Calico Mts. to the Cady Mts., including the Goldstone Lake area to the north, referring to them by
informal formation names. The Yermo Gravel occurs
east of the Calico Mts. and is best exposed in the
Yermo and Toomey Hills (Figs. 4, 10) where it unconformably overlies the Barstow Formation (Fig. 2).
Cobbles in the unit are consistent with having been
derived from Calico Mtn. outcrops, apparently as an
alluvial fan. In other places, such as Agate Hill (Fig.
10), lithologies suggest derivation from the northern
portion of the Calico Mts., whereas units referred
to the Yermo Gravel at Lime Hill (the eastern-most
of the outcrop sequence) seem to have been derived
from Alvord Mtn. to the north. The Yermo Gravel
is not dated directly, so its position on Fig. 2 is
conjectural.
The Older Alluvium of Newberry Mountain
(Daggett Ridge, Fig. 2) consists of boulder-cobble
gravel and conglomerate exposed on several low
ridges on the northwest flank of the Newberry
Mountains (Cox, 2014). These outcrops form the
east end of a laterally extensive belt of dissected
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piedmont alluvial fans that extends westward 30
km to about 5 miles west of Barstow (Dibblee,
1970, unit Qof; Bortugno and Spittler, 1986, unit
Qod; Cox and Wilshire, 1993, unit QTg). The alluvial-fan deposits are locally folded and faulted, but
they are essentially undeformed throughout much
of the belt; their strata generally dip very gently
northward and unconformably overlie lower or
middle Miocene deposits along the head of the
piedmont. Although the fully exposed alluvial-fan
succession in the northwestern Newberry Mountains is only about 25 to 50 m thick, borehole and
geophysical studies north of Daggett Ridge suggest
that more distal parts of the alluvial fans are 100
to 600 m thick and may locally grade northward
into playa deposits (Densmore et al., 1997, figs. 4
and 5, unit QTof).
Crude stratification and coarse-grained, imbricated, clast-supported fabrics indicate that northward-flowing torrential streams deposited the
older alluvium of northwestern Newberry Mountains in a proximal alluvial-fan setting (Cox, 2014).
The unit coarsens upward and contains abundant boulders near its top. Coarsening-upward
profiles were also observed in outcrops west of
the Newberry Mountains and may characterize
the entire belt of dissected alluvial-fan deposits
westward to Lenwood. Clast composition varies
laterally; deposits east of Camp Rock Road are
mainly derived from lower Miocene volcanic and
clastic rocks of the Newberry Mountains, whereas
those along and west of Camp Rock Road contain
abundant detritus of Mesozoic metavolcanic and
plutonic rocks derived from more southerly areas
in the Ord Mountains or Rodman Mountains.
The older alluvium of northwestern Newberry
Mountains apparently is older than most, if not
all, upper Cenozoic alluvial deposits in the study
area, given that it is deeply incised by modern
stream channels, contains thick zones of dense
calcrete precipitated from groundwater, and is
locally folded and displaced laterally considerable distances by strike-slip faults. Moreover,
extreme erosion at the head of the piedmont has
beheaded the original alluvial fans. Local and
regional geologic relations loosely restrict the
age of deposition between the middle Miocene
and middle Pleistocene, but a Pliocene age seems
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most likely. The proximal alluvial-fan deposits
exposed in the Newberry Mountains and adjacent
areas to the west possibly overlap in age with a
coarsening-upward sequence of playa and distal
alluvial-fan deposits exposed 3 km northeast
of Lenwood, which contains volcanic ash layers
tentatively bracketed between 2.06 and 2.5 Ma by
geochemical correlations (Cox et al., 2003, figs. 2
and 12, locality TC-2). Genetically related strata
concealed in the deep subsurface in areas west of
the Newberry Mountains could be considerably
older.
The Goldstone Gravel (Miller et al., 2011) was originally described by Miller and Yount (2002) as a
light-colored granitic gravel and sand unit that
occurs along the southern margin of Ft. Irwin,
with clasts of garnet-muscovite granite dike rock
and red-and-green striped metamorphic rocks
derived from the Goldstone Mining District to the
northwest (Fig. 10). Miller et al. (2011) also cited
Byers (1960) for recognizing a western source for
equivalent gravel deposits in the Alvord Mtn. area
(QTcg; Granitic Fanglomerate, about 300 m thick).
To the east of Langford Well Lake (Fig. 10) northderived clasts appear to have been derived from
the Bicycle Lake basalt, dated at about 5.5 + 0.2 Ma
(Schermer et al., 1996). Northwest of Alvord Mtn.
a lens of ash occurs relatively high in the section
that is correlated with an ash near Fort Irwin
dated at 3.4 + 0.2 Ma (Miller et al., 2011). .
The South Alvord Gravel occurs to the south and
southeast of Alvord Mtn. (Miller et al., 2011)
includes rocks stratigraphically comparable to
the Goldstone Gravel (Granitic Fanglomerate of
Byers, 1960), and rests unconformably on Barstow
Formation. Farther south, a more extensive development of the South Alvord Gravel in the Buwalda
Ridge area (Fig. 10) interdigitates with the Mojave
River Formation, and also may interfinger with
the Manix Formation (Fig. 2).
The Cady Gravel is a volcaniclastic gravel with
largely mafic constituents on the north side of
the Cady Mountains and lies largely south of the
Mojave River from Afton Canyon on the east to
Soldier Mtn. on the west (Fig. 10) It in part interfingers with the Goldstone Gravel in that units
designated as QTcg (Granitic Fanglomerate) by
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Byers (1960) are included in both units. In the
Afton Canyon area, it interfingers with the Mojave
River Formation, and overlies a fanglomerate
derived from Cave Mtn. In the Cady Mts., the
gravel contains tephra layers identified as the Tuff
of Mesquite Spring, Death Valley, dated at 3.28
+ 0.07 Ma. Near Manix wash, in the southern
Alvord Mtn. district, the Cady Gravel interfingers
with the basal part of the Manix Formation. In the
Afton Canyon area, the two units are in unconformable contact.
The Mojave River Formation is found along the
course of that river in the Yermo Hills, Afton
Canyon, and southern Alvord Mtn. areas (Nagy
and Murray, 1996), where it is considered to range
in age from 2.1–1 Ma. Although essentially a playa
unit in the basin axis, it interfingers laterally with
coarse-grained deposits considered to reflect a
southern source.
The Manix Formation reflects deposition in a major
lake that developed along the course of the Mojave
River from about 1.0–0.2 Ma (Jefferson, 2003).
It attains a thickness of about 40 m and reflects
a succession of basin margin fanglomerates,
followed by alluvial and fluvial deposits, those of
lacustrine to paralimnic origin, and capped by
fluvial-deltaic sequences. Interfingering between
lacustrine and fluvial units reflects at least four
major transgressive-regressive cycles over the past
0.5 m.y., with transgressive lacustrine events being
synchronous with cool/moist climatic conditions
considered to relate to even-numbered oxygen
isotope stages. The climatic setting contrasts
greatly with present-day aridity.
Areas marginal to the Mojave Desert Province
El Paso Basin

early Eocene age. The formation reaches a thickness of about 300–500 m, and is composed of
five members. The basal unit contains about 180
m of polymictic rounded boulder conglomerate,
followed upward by up to 80 m of waterlain tuff
and tuff breccia. This is succeeded by 50 m of dark
reddish brown flows of andesite, one of which
is dated as 18.1 + 1.2 Ma. The unit is overlain by
150 m of massive tuff breccia. The last is capped
by the Black Mountain Basalt (Fig. 2). All units
are of variable thickness so the 300–500 m figure
is approximate. The conglomeratic clasts apparently are derived locally, from the then uplifted El
Paso Mts. to the south. The 18- 17 Ma andesitic
and pyroclastic units were derived from eruptions
south and east of the present El Paso Mts., with the
Black Mountain Basalt of local origin.
The Dove Spring Formation (Loomis and Burbank,
1988) is a nonmarine, mostly clastic, volcanic
and volcaniclastic, unit that attains a thickness
of about 2,000 m, of which the first two of 6 units
are mostly conglomeratic, and account for about
one-third of the formation. Unit 3 (up to 125 m)
contains a diversity of sandstone, muds, and some
conglomerate, followed by unit 4, with up to 150
m of basalts and clastics similar to unit 3. Unit 5 is
similar to the preceding, but also contains volcanic
pebble conglomerates, volcanic ashes and tuff, and
upper beds of caliche. Unit 5 is capped by 500 m
of unit 6, which is a weakly consolidated unit of
clays, sandstones, and gravel with boulders.
Most of the non-volcanic sediment clasts were
derived from rocks in the present El Paso Mountains, whereas volcanic materials were derived
from units in the Mojave block to the south of the
Garlock fault. In the uppermost part, granitoid
plutonic clasts have a western source north of the
fault, apparently from the exposed Sierra Nevada.

This basin occurs north of the western part of the El
Paso Mountains in the Jawbone Canyon-RicardoLast Chance Canyon area (Fig. 3), on the north side
of the Garlock fault, and has been described chiefly
by Loomis and Burbank (1988), Andrew et al. (2014)
and papers cited therein.

Lava Mountains

The Cudahy Camp Formation is the oldest Neogene
unit in the El Paso Basin (Figs. 2, 3). As described
by Loomis and Burbank (1988), it is a nonmarine
volcanic unit that overlies unconformably the
nonmarine Goler Formation of Paleocene and

As indicated on Fig. 3, this range is about 25-30 km
northeast of the El Paso Mountains on the southern
side of the Garlock fault. The following is derived
from Andrew et al. (2014), but the work of Smith
(1964) is also recognized.
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Whistler et al. (2009, 2013) indicated that the Dove
Spring Formation ranges in age from about 12.5 to
somewhat younger than 8 Ma (Fig. 2).
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Eagle Crags volcanic unit. The Neogene sequence
begins with the Eagle Crags volcanic unit, widespread, discontinuous beds of felsic ash and
pumice lapilli tuffs. The tuffs range up to 15 cm in
thickness, are interbedded with arkosic sandstone,
and are overlain by lava of basaltic-andesite to
andesite that are intruded by porphyries of intermediate composition. The lavas are dated at 19.63
+ 0.32 Ma and 18.84 + 0.23 Ma, and are overlain
by volcanic dacite breccias. These rocks are correlated with (Fig. 2), and considered offset from, the
Cudahy Camp Fm. of the El Paso Basin (Monastero et al., 1997; Andrew et al., 2014).
The Middle Miocene basalt unconformably overlies
the Eagle Crags unit. The basalt is composed of 2-4
m thick units of porphyritic olivine and pyroxene,
with a total thickness of about 25 m. The basalt
is dated at 12.7 + 0.05 Ma to 11.66 + 0.06 Ma
(groundmass).
The Summit Range Volcanics begins with a few
meters of felsic plutonic and flow-banded rhyolite
conglomerate, followed by a sequence of tuffs,
dacitic lava, with the latter dated at 11.3 + 0.94 and
10.66 + 0.12 Ma on biotite and U-Pb zircon ages
of 10.966 + 0.0,042 Ma and 10.49 + 0.054 Ma. The
dacite flows reach a thickness of 50-150 m.
The Bedrock Springs Formation of the Lava Mts.
(Figs. 2, 3) is about 1700 m thick, contains fossil
mammals of late Hemphillian age (Smith, 1964;
Whistler et al., 2013), and represents a new depositional event that began about 8 Ma. The formation is characterized by arkosic sandstone, with
thin lenses of pebble to cobble conglomerate along
with limestone, abundant layers of siltstone, with
sediment transport to the northwest. The age for
the formation shown on Fig. 2 reflects the age of
its fossil mammals. Whereas Andrew et al. (2014)
indicate that the Lava Mts. Dacite overlies the
Bedrock Springs Fm. this is not followed here.
It may overlie some part of the Bedrock Springs
Formation, but that unit is distinctly younger in
other places based on containing fossil mammals
of mid Hemphillian age (Whistler et al., 2009;
2013).
As indicated in Fig. 2, the lower part of the
Bedrock Springs Fm. is correlated with the upper
part of the Dove Spring Fm. (Smith et al., 2002,
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Frankel et al., 2008) which matches well with the
composition and transport direction of the two
units (Andrew et al., 2014). Loomis and Burbank
(1988, fig. 14) indicated that member 5 of the Dove
Spring Fm. ranges in age from 10.5–7 Ma, with
member 6 ranging to 6 Ma.
The Conglomerate of Golden Valley is one of a
number of Plio-Pleistocene beds of conglomerate
that overlie the Miocene units in the Lava Mts.
area. The unit, with clasts of distinctive hornblende biotite, and basalt boulders, is undated.
Horned Toad Hills

Horned Toad Formation. The Horned Toad Formation occurs in the Horned Toad Hills, in the
northwestern Mojave Desert, just south of the
Garlock fault (Warren, Fig. 3), and is the first
Cenozoic deposit in this part of the Mojave Desert
region (Fig. 2). May et al. (2011) interpreted the
Horned Toad Formation possibly to have formed
in a sag basin developed along the Garlock fault,
and to record alluvial fan, fluvial, lake margin,
and lacustrine deposition therein during the late
Miocene and early Pliocene. Both the Horned
Toad and the Bedrock Springs Formation of the
Lava Mts. (Figs. 2, 3) appear to reflect activity
along the Garlock fault (see below). Subsequent
to their deposition, the Horned Toad sediments
underwent NW-SE contractional deformation in
the Pliocene-Pleistocene associated with basementinvolved reverse faults.
The Horned Toad Formation reaches a thickness
of about 425 m, with a thick basal member (300 m)
that is composed largely of conglomeratic arkosic
sandstone and conglomerate with granitic and
silicic subangular to rounded, pebble to boulder
size clasts. This is followed by up to 25 m of finergrained sandstones and siltstones that contain
the fossil mammals and other taxa of the Warren
Local Fauna. The faunal-bearing unit is capped
by the Lawlor Tuff, dated at 4.83 + 0.04 Ma, with
the Warren Local Fauna considered as ranging in
age from 4.85–5.0 Ma. The Lawlor Tuff is followed
by about 30 m of greenish mudstone, superceded
by about 40m of brown siltstone and overlying conglomeratic sandstones that is followed
upward by up to 90 m of channel sandstones and
conglomeratic units. Paleomagnetic data from the
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fine-grained sandstone unit into the base of the
brown siltstones portray an age range of 4.6–5.0
Ma, including the Lawlor Tuff. Although not
dated, the subsequent upward-coarsening interval
is considered to have ended about 4 Ma. The lower
300 m of the Horned Toad Formation is also
not dated, but based on its thickness, the lower
boundary of the formation could range to 7 Ma
(Fig. 4).
Avawatz Mountains

Avawatz Formation. Figure 3 shows that the Avawatz
Mountains occur at the southeastern terminus of
the Garlock fault. Spencer (1993) indicated that
the nonmarine Avawatz Formation is on the order
of 5,000 m thick, and was deposited in a basin
bordered on the northeast by the southwest-side
down normal Arrastre Spring fault (Fig. 3) just
south of the eastern end of the Garlock fault. As
indicated on Fig,. 2, the Avawatz Formation ranges
in age from about 21–11 Ma and comprises extensive conglomeratic units shed from the Avawatz
Mts. that were rising along the concurrently active
Arrastre fault (Spencer, 1990). This activity is not
closely related to concurrent events in the Mojave
Desert region to the southwest (Fig. 2) and ceased
prior to the advent of the Eastern California Shear
Zone. The Avawatz Local Fauna, of late Clarendonian age, was first recorded by Henshaw (1939), to
which Korth and Reynolds (1994) added some new
gophers.
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abstract—The tracks of two medium-sized camels representing ichnospecies Dizygopodium quadracordatum and Dizygopodium elachistum are the first Miocene vertebrate
fossils known from the southern Bristol Mountains. The tracks are preserved in fluvial
volcaniclastic sandstones. Palm, fern and monocots present in overlying limestones
suggest subsequent lacustrine or palustrine communities. The tracks are in a sedimentary
sequence that dates to >23.8 Ma. These sediments represent one of the oldest Neogene
basin-filling events in the central Mojave Desert. The camelid ichnospecies at other
localities are known from the late Arikareean North American Land Mammal Age at the
transition from the late Oligocene to the early Miocene epochs.

Location
The Bristol Mountains are located in California’s
central Mojave Desert, east of Barstow and west
of Needles. The southern extension of the Bristol
Mountains (SBM) is south of Interstate 40 and
north of National Trails Highway (Route 66), east of
Ludlow, northeast of the railroad siding of Bagdad,
and northwest of Amboy.

Stratigraphy
The SBM sedimentary section was deposited on a
weathered granitic surface composed of coarsely
crystalline plutonic Jurassic hypabyssal intrusions
and Cretaceous plutonic rock (Miller and others, 1982). The
first phase of regional Tertiary deposition was locally
sourced, poor to moderately bedded arkosic nonvolcanic sandstones and conglomerates (covered
or missing at the camel track locality), followed by
a volcaniclastic fluvial sequence containing camel
tracks (Oligocene volcanic sandstone, lower: Ovsl),
which grades into thin bedded tuffaceous sandstone
(Oligocene volcanic sandstone, upper: Ovsu) overlain by a rhyolite tuff (23.8 Ma) (Figure 1).
The rhyolite tuff (23.8 Ma) was followed by interbedded volcanic debris containing pulses of minor
200

sandstone sequences (Miocene volcanic rocks: Mv)
during local volcanism, followed by a sequence
dominated by sedimentary deposits including fossiliferous limestone beds with minor volcanic tephra
and banded rhyolite (Miocene volcanic and sedimentary rocks: Mvs) that underlie the 18.8 ± 0.1 Ma
Peach Springs Tuff (Hillhouse et al., 2010).
Camel tracks are preserved in well-sorted sandstones in a set of alternating well to poorly sorted
volcaniclastic red sandstones with reworked volcanic
clasts (Ovsl, Figure 1). At the track location, the
exposed base of Ovsl is 1.4 m above the underlying
granitic basement. Unit Ovsl consists of stratified
sand and pebble beds, with small channel forms
and cross beds. The unit is composed of red to pink
oxidized granitic mineral grains and lithic fragments, and angular rip-up clasts of white to beige
altered glassy ash. Individual cm scale beds are both
normally and reversely graded, although larger clasts
of tephra at the top of inversely graded beds may
represent low-density pumiceous float.
Above the lower unit (Ovsl) are white to beige
planar beds of Ovsu (upper) of stratified clay and
pebbles of predominantly reworked volcanic tephra
with minor granitic detritus. Silt and clay beds and
2015 desert symposium
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Figure 1. Stratigraphy of the fossil-bearing units within the SBM . A) Idealized stratigraphy of Mvs showing relative position of
discontinuous fossiliferous limestone outcrops relative to the Peach Springs tuff. B) Measured section at camel track locality. Unit
Ovsl is fine-grained sandstone with camel tracks, alternating with coarse facies. The red bed section is locally restricted. Unit Ovsu
consists of clay rich facies, and is found throughout the south Bristol Mts where the basal Tertiary unconformity is preserved. The
outcrop pictured shows alternating fine and coarse sandstone layers below the dated ash.

2015 desert symposium

201

r. e. reynolds, j. harvey, a. k. schmitt, and t. spinks | fossil plants, gastropods, and camel tracks ... bristol mountains

Figure 2. Dizygopodium elachistum.

Figure 3a and 3b. Drawing
of Dizygopodium elachistum
manus (left) and Dizygopodium
quadracordatum manus (below)
showing diagnostic characters.
Katura Reynolds drawings.

the matrix of clastic beds are dominated by swelling
clays developed from altered volcanic ash. This
unit contains scattered, shallow channels, rare mud
cracks, ripples, and sole marks, and is interpreted
as representing a shallow lake margin with occasional subaerial exposure. A well sorted crystal-rich
volcanic fall with feldspar, quartz and abundant
biotite is located at the top of Ovsu.
The Ovsu volcaniclastic and sedimentary sequence
is overlain by a Miocene volcanic and sedimentary
sequence (Mvs) of pulses of subaqueous and subaerial
flow-banded rhyolites, massive pyroclastic deposits,
volcaniclastic sediments, and with minor sedimentary rocks. Mvs sediments include ash-rich lacustrine
limestone beds containing plant fossils. These fossiliferous limestone beds underlie rhyolites and the 18.8
± 0.1 Ma Peach Springs Tuff (Hillhouse et al., 2010).
These fossiliferous limestone beds occupy a similar
stratigraphic position as the altered siliceous limestone beds at the “onyx” mine located 2.5 km south
of the Kelso Dunes powerline road in the northern
end of the southern Bristol Mountains.

Fossil description
The camel tracks in Ovsl appear to represent two
ichnotaxa. The larger “heart-shaped” manus (Figure
2) measures 10 cm long and 8 cm wide. The anterior
gap diminishes in the posterior third of the print.
A small indentation suggests a posterior gap. There
202
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Fig. 5: Fresh water gastropod, Lymnaea sp.
Figure 4. Dizygopodium quadracordatum

is no indication of a medial pocket, and no claw
marks are apparent (Fig. 3a). This imprint is referred
to Dizygopodium elachistum (Fig. 18; Sarjeant and
Reynolds. 1999).
The smaller manus, 8 cm long and 6 cm wide, is
quadrate (Figure 4). The anterior gap is of constant
width and extends to the posterior third of the print;
there is no medial pocket. The posterior margin of
the track is broadly concave and no claw marks are
apparent (Fig. 3b). This manual imprint is referred to
Dizygopodium quadracordatum (Fig. 17 a; Sarjeant
and Reynolds. 1999). Its size and morphology
is comparable to the D. quadracordatum track
described from early Hemingfordian NALMA sediments in the Cady Mountains (Reynolds, 2010).

Limestones within unit Mvs contain fresh water
gastropod (Lymnaea sp. Fig 5) and the silicified
remains of plants suggesting a streamside or pond
bank (riparian) community. The plant fossils are
tentatively identified as palm root (Fig 6), a cross
section of the fern Acrostichium sp. (Fig 7) and
structures with three to five pore-like openings
reminiscent of vascular bundles like that of pre-palm
or pre-yucca (?) (Fig 8). Also present is an unusual
monocot (Fig. 9), and fossil root casts (rhizoliths).
These fossiliferous limestone beds occupy a similar
stratigraphic position to more extremely altered
siliceous limestone beds forming an “onyx” mine
located 2.5 km south of the Kelso Dunes powerline
road.

Fig 6a and 6b: Palm root cross section.
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interbedded with rhyolites and below the 18.8 ±
0.1 Ma Peach Springs Tuff (Hillhouse et al., 2010).
The 23.8 Ma age suggests that the camel tracks are
within the late Arikareean North American Land
Mammal Age (NALMA; Tedford and others, 2004)
near the transition from the late Oligocene Epoch to
the early Miocene Epoch at 23.1 Ma (Finney, 2011).
The gastropod and plant fossils of Mvs are higher in
the section and are bracketed in age between 23.8 Ma
and 18.8 Ma.

Summary
Fig 7: Stem cross section of the fern Acrostichium.

Fig 8: Pre-palm or pre-yucca (?).

The late Oligocene date of the Ovsl and Ovsu sedimentary and volcanic rocks suggests that these units
and fossils therein are one of the earliest records of
Neogene basin formation and filling by within the
Mojave Desert. Other Mojave deposits of comparable age are the basalt, tuff, and conglomerate of
the Pickhandle Formations (23.7–21.3 Ma) of the
Calico Mountains and Mud Hills (Fillmore and
Walker, 1996; Singleton and Gans, 2008; Woodburne
and Reynolds, 2010) and the volcanic breccias and
the Black Butte Mine Local Fauna (late Arikareean
NALMA) of the southern Cady Mountains (Woodburne, 1998; Woodburne and Reynolds, 2010; Reynolds, 2010) which contain Late Arikareean mammal
fossils. The southern Bristol Mountains stratigraphy
suggests that late Oligocene camels walked through
braided stream sediments prograding into a developing depocenter isolated from other basins. Later,
lacustrine sediments filled the basin, followed by
volcanic deposits and lacustrine deposits containing
a fossil flora in the early Miocene. Fossiliferous limestone beds suggest local lake or pond environments
persisted at least locally until the widespread deposition of the Peach Springs Tuff (18.8 Ma).
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Fig 9: Unusual monocot.

Age of fossils
Camel tracks are preserved in sandstones of Ovsl
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Manganese deposits in the Cady Mountains,
San Bernardino County, California
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126 S. Helberta Ave. #2, Redondo Beach, CA 90277

Introduction
A series of manganese deposits that include the
Logan, Black Butte and Lavic Mountain mines occur
in brecciated zones in a SE trending band of Tertiary
andesite about 8 miles long in the Cady Mountains
(Trask, 1950; Dibblee and Bassett, 1966; Dibblee,
1967; Hewett and Fleischer, 1960). It was the conclusion of Hewett (1964) that these manganese oxide
deposits were hypogene in origin (deposited by
rising solutions) rather than supergene (formed by
descending solutions). This was based on associated
minerals in the manganese deposits, and the alteration of plagioclase in the host andesite to potassium
feldspar.

Logan Mine
The Logan Mine, also known as the Trans-Oceanic
or Treasure mine, is the western-most manganese
deposit in the Cady Mountains. It is located in
sections 28 and 32, T.9N. R.6E. about 18 miles east
of Newberry and 4 miles north of Pisgah siding. It
differs from the other manganese deposits in the
area in that the Mn mineralization fills well defined
veins to several inches wide in fractures in andesite
rather than cementing breccia. The
ore was mined from several open
cuts, to 125 x 30 feet, in a fissure zone
about 50 feet wide by 600 feet long.
The mine was located in 1930 and
the first ore, consisting of 71 tons
containing 44% manganese, was
shipped in 1934. From 1942–1943 the
mine was operated by Suckow Borax
Mines Consolidated which produced
300 tons of ore consisting of 40%
manganese (Wright, 1953).

about 40 miles east of Barstow. From Barstow, it can
be reached by taking Interstate 40 32 miles east to
the Hector exit. From Hector proceed 4 miles east on
old Route 66 and cross under the Interstate at Pisgah
siding. The mine is about 2.5 miles north of Interstate 40 and is reached by a dirt road that is just east
of the unpaved road that leads to a microwave relay
station.
There is extensive manganese mineralization in
this area and the Black Butte is one of six claims,
including the Big Reef, Hangover, Bobbie, Sullivan
and End Line, that were located by C. S. Van Doren
before 1939, at which time they were leased to H.
Weir Hess (Trask, 1950). The workings explore a
brecciated zone in andesite where fragments are
cemented with manganese oxides. During the 1940s
two tunnels were driven into a brecciated zone
(N. 10° W) in the andesite where fragments of the
wall rock were cemented with manganese oxides.
The lower tunnel was 74 feet long and the upper
tunnel, about 20 feet higher in elevation, was 54 feet
in length. Today there is no evidence of the individual tunnels and it appears that they were merged
into one large north trending cut or trench that is

Black Butte Mine
The Black Butte Mine is located in
low hills in Section 10, T.8N. R.6E.,
just south of the Cady Mountains,
206

Figure 1. View of the open trench at the Black Butte Mine.
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Figure 2. SEM photograph of acicular romanechite crystals from
the Black Butte Mine.

bounded on the east by a fault (Figure 1), the footwall of which consists of reddish-brown jasperoid.
One of the most impressive features of the footwall
is its extremely polished slickensided surface that
rivals that of polished stone on the facade of an office
building.
Concentric botryoidal crusts of black to dark
gray amorphous manganese oxides coating breccia
fragments are common to most of the prospects in
the area, however, there are two areas of interest for
micromounters (Adams, 2000). One is the large open
trench that was the site of the original two tunnels,
and the other is an outcrop that is about 0.25 mile
north of this zone and which probably represents
its northward extension (hereafter referred as the
northern claim) as it lies along the strike of the
former showing. Samples from both of these areas
were examined in a scanning electron microscope
(SEM) equipped with an energy dispersive x-ray
spectrometer (EDXS) and limited X-ray diffraction
(XRD) analyses were performed on representative
samples in order to identify the crystalline phases.
In the open trench some of the interstices between
breccia fragments contain cavities lined with dark
brown to black colored velvety coatings 2–4 mm
thick of romanechite, (Ba,H2O)(Mn4+Mn3+)5O10,
formerly known as “psilomelane.” Minor amounts
of hollandite, Ba(Mn4+Mn2+)8O16, were also identified
in the XRD pattern. Optically the velvety coatings
appear as if they may consist of acicular crystals,
which are evident in the SEM (Figures 2–3). It also
appears that the romanechite crystals are growing
on larger blocky crystals of another mineral. Tan
colored corroded barite crystals (to 0.5mm) are
2015 desert symposium

Figure 3. SEM photograph of acicular romanechite crystals
from the Black Butte Mine.

Figure 4. SEM photograph of pyrolusite crystals from the Black
Butte Mine.

occasionally found on the romanechite, as are very
minute (5–10 µm) orthoclase crystals (R. Housley,
pers. comm.). The presence of orthoclase in the
romanechite veins may be related to the replacement
of plagioclase in the host andesite by adularia. Blocky
silvery gray metallic pyrolusite crystals (to 0.5 mm)
are also common between breccia fragments (Figure
4) and some ramsdellite was found associated with
the crystals.
At the northern claim there are some subtle
differences in morphology but similar acicular
romanechite and blocky pyrolusite is found. The
pyrolusite tends to be slightly more striated, and in
some cases the romanechite was found as longer
acicular crystals that tended to be tapered. The
pyrolusite may also occur in parallel growth and on
some of these crystals minute tabular crystals (1 µm
x 8 µm) of an aluminum rich phase were observed.
It is conjectured that the Al rich phase may be an
207
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aluminum hydroxide (e.g. gibbsite,
etc.), or aluminum oxide hydroxide
(diaspore, boehmite, etc.). Significant
manganese appeared to be associated
with the tabular crystals but it is uncertain whether the electron beam was
penetrating through the crystals into
the underlying pyrolusite.
Calcite crystals (to 5mm), in various
morphologies, are found in some of
the veins and gypsum has also been
reported from the deposit. Vugs
containing coarse calcite crystals were
originally reported but there was no
sign of this material during several
recent visits.
Figure 5. Open cut at the Lavic Mountain Mine – view looking west.

Figure 6. Golden brown arseniosiderite vein from the Lavic
Mountain mine. FOV = 16 mm.

Figure 7. Golden brown arseniosiderite vein from the Lavic
Mountain mine. FOV = 5 mm.
208

Lavic Mountain Mine

The Lavic Mountain Mine, also known
as the Lee Lim, Garringer, Manganese 1-10 or Root
mines, is located at the top of the ridge in sections
22 and 23, T. 8 N., R. 7 E., about 5 miles northwest
of Ludlow. It is reached by taking the Broadwell
Lake–Crucero road north from Ludlow and then
following the pole line road 4 miles west to the base
of the mountains. A road originally led from the
mouth of the canyon to the ridge top but it has been
washed out in numerous places. The workings consist
of three manganese-bearing fissures in a brecciated
zone to 250 feet in width and 2300 feet in length, in
rhyolite and rhyolite breccia. The manganese bearing
zones are up to 20 feet wide and 100 feet in length.
The mine was first operated during World War I, at
which time 100 tons of ore with an average grade of

Figure 8. Feathery ferroceladonite and botryoidal goethite from
the Lavic Mountain mine. FOV = 3 mm.
2015 desert symposium
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Figure 9. SEM image of ferroceladonite from the Lavic
Mountain mine.

Figure 10. SEM image of chernovite-Y on goethite from the Lavic
Mountain mine.

(Figure 9). Surprisingly, micro crystals (2 µm) of
yttrium arsenate (chernovite-Y) consisting of stacked
plates were found associated with the ferroceladonite
(Figure 10). Minor amounts of calcite, fluorite (Figure
11) and barite also occur in the deposit.

Other Occurrences

Figure 11. SEM image of fluorite crystals from the Lavic
Mountain mine.

38% manganese was shipped (Wright, et al., 1953).
At that time a rail tramway connected the workings
with the base of the ridge. There are numerous open
cuts and a 42 foot inclined shaft. In 1942 the property
was leased to the Gold Hill Dredging Company of
San Francisco which explored the area with several
shafts, pits, and cross cuts but no ore was shipped.
The ore consisted primarily of black psilomelane
which cements the breccia and supposedly grades
to hematite at depth. The mine is most noted for the
occurrence of arseniosiderite, an uncommon Ca, Fe
arsenate mineral (Hewett, 1964). It occurs as golden
to orange-brown cross fiber veins (to 5 mm wide,
Figures 6–7) in the large north facing open cut at the
top of the ridge. Ferroceladonite veins have a similar
appearance but are more yellow green in color and
may have micro botryoidal goethite associated with
them (Figure 8). At high magnification the ferroceladonite has a branching moss-like appearance
2015 desert symposium

The Hansen claim is a small barite prospect located
at the end of the ridge southeast of the Lavic Mountain mine. (Sec 30, T. 8 N., R. 8 E.). It explores
several 4–14 foot wide barite-hematite veins with a
250 foot adit stoped to the surface. Sixty carloads of
crude barite were shipped prior to 1930 for oil well
drilling mud (Wright et al., 1953). Micro crystallized
mimetite has also been found at the Hansen claim (R.
Housley, pers. comm.).
At a now lost locality, somewhere near Ludlow,
excellent specimens of large zoned calcite crystals (to
10 cm) with diamond-shaped cores, that fluoresce
a bright orange-red color, had been found. In white
light the cores are slightly darker than the rim and
they are separated by a sharp black line that appears
to trace crystallographic planes and which probably
consists of manganese oxides (Robbins, 1993). Under
SWUV the rims fluoresce weak white and with the
bright red cores they make striking specimens. The
orange-red fluorescence of the cores is probably due
to the lead-manganese activator system, typical of
other red fluorescing calcites (Robbins, 1993). The
presence of manganese in these crystals suggests they
are associated with one of the manganese deposits in
the Cady Mountains.
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Geology and mining history of the Cronese,
Cave and Northern Cady Mountains,
San Bernardino County, California
Gregg Wilkerson

Bureau of Land Management, Bakersfield, California

Location
The Cronese and northern Cady Mountains are
in east-central part of San Bernardino County
between Barstow and Baker. The Cronese Mountains
are north of Interstate 15, while the Cave and the
northern Cady Mountains are south of it.
Geologic maps covering the areas of the Cronese,
Cave and northern Cady Mountains are found in
Dibblee and Bassett (1966) and Dibblee (2008a,
2006b). A composite geologic map adapted from
these sources is provided in Figure 1. Rock types are
described in these reports are:

Rock types
Qa Alluvium, cobble-pebble gravel and sand near
hills, grades outward into sand and silt in leel
valley areas; Includes dissected alluvium of
probable late Pleistocene age in fans.
Qg River terrace gravel, bedded, similar to Qog and
equivalent to Qt
Qoa
Older alluvial cobble-pebble gravel and
sand, light grey, massive to bedded.
Qog
Older alluvial gravel, bedded, moderately
sorted, rounded cobbles and pebbles, mostly of
Mesozoic meta-volcanic and Tertiary andesite.
Ta Andesite, greenish-gray, brown to dark reddishbrown, massive, generally porphyritic, possibly
in part intrusive.
Tt Tuff breccia, light grey to greenish-tan, massive to
bedded, or angular to sub-rounded fragments of
andesite in fine- to coarse grained tuff matrix,
deposited as volcanic mud flows and ash.
Tg Cobble gravel, buff to light gray, unbedded, of
smooth, well-rounded hard cobbles and some
boulders in friable matrix of pebbly tan to red
arkosic sandstone
Tss Sandstone, red, gray-white to tan, fine- to
coarse-grained, thick-bedded, arkosic,
commonly contains granitic pebbles and
2015 desert symposium

cobbles, locally tuffaceous, with local beds of
white tuff.
gqm
Granite to quartz monzonite, ligh grey,
massive, medium- to course-grained, of quartz
with sodic and potassic feldspar in varying
proportions, accessory minerals (biotite, sphene,
apatite, zircon, and magnetite.
qm Quartz monzonite, light grey, composed of
quartz, sodic and potassic feldspar and biotite,
in places porphyritic.
gr Granite, grey to dark grey or ping (pgr) hard,
massive, fine- to medium-grained, in places iron
stained, similar and in places a probable facies of
qm.
gn Gneiss or gneisssoid quartz diorite, dark gray,
medium-grained, with pophyroblasts of potassic
feldspar
ms Schist, dark gray, weathers brown, moderately
foliated, of biotite, muscovite, and quartz

Cronese Mountains geology
The Cronese Mountains lie between Cronese Lake
to the north and Cronese Valley to the south. The
mountains are dominated by granite (gr) and quartz
monzonite (qm, gqm). In the northwest part of
the Cronese Mountains, the granite engulfs roof
pendants of older gneissoid (gn) and metasedimenary (ms) rock. In this northwest area, the older
formations are covered with Tertiary andesite (Ta)
flows. Older alluvium (Qoa), and older gravels (Qog)
flank the southern slopes of the Cronese Mountains
north of Highway 15. A splayed fault system marks
Cronese Valley. This fault is traced 23 miles westward all the way to Coyote Lake.

Cave Mountains geology
The major fault mentioned above, which controls the
location of Cronese Valley, is the boundary between
the northern Cave and southern Cronese mountains.
The Cave Mountains are mostly granite-quartz
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monzonite (g–qm) in the northeast with Older
Quaternary gravel (Qog) in the southswest. There is
a roof pendant of Mezosoic sedimentary rock (ms)
between two west-southwest-east-northeast trending
faults at the Cave Mine in the southeastern part of
the mountains. The southern boundary of the Cave
Mountains is the Manix fault. This fault controls
the location of eastern Afton Canyon and can be
traced westward to the town of Manix (T.10N, R.04E,
Section 5).

The middle block has some Tertiary basalt (Tb) on
top of the Tertiary andesite (Ta). In the eastern part
of the western northern Cady Mountains, there are
exposures of Tss. These sandstones (Tss) are in depositional and in fault contact with Tertiary andesite
(Ta) and Tertiary basalt (Tb). The southern boundary
of the northern Cady mountains, for this report are
Wilhelm Wash and Baxter Wash

Northern Cady Mountains geology

The breakdown of mine types in the Cronese and
northern Cady Mountains is shown in Table 1. The
major mines, described alphabetically, are noted on
Figures 1 and 3. Mines are tabulated by mine name in
Table 2, and by major commodity in Table 3.

South of the Manix fault, between the northwest
branch of Baxter Wash and the upper reaches of
Afton Canyon, the northern Cady Mountains
expose, from west to east, Tertiary gravel (Tg),
Older gravel (Qog), granite–quartz monzonite, and
a metasedmentary roof pendant (ms). At the southeast end of the northern Cady Mountains, the older
gravels surround Tertiary andesite (Ta). The western
northern Cady Mountains are a fault blocks of
granite (gr) to the east, Tertiary tuff (Ta) and Tertiary
andesite (Ta) in the middle, and Tertiary andesite
(Ta) to the east. These fault blocks are up to the west.

Principle mines of the Cronese and northern
Cady Mountains

Afton Canyon Fluorite Mines
T.10N, R.06E, Sec. 7, SBB&M
-116o23’29.23”W ; 34o58’58.72”N

The Afton Canyon fluorite deposi includes
numerous fluorite occurrences referred to under
the names Afton, Bighorn Number 9, King R , and
Massen.
Fluorspar, with quartz, calcite and
Table 1. Mine types in the Cronese and northern Cady Mountains
siderite, occurs in veins in andesite and
Major Commodity
Number
Principal Mines
basalt. One zone, about one-eighth mile
of Mines
wide and one mile long contains abunor
dant veins from one-half inch to 8 inches
Prospects
wide; most strike N. 70°E and dip vertiBarium–barite
1
Massen
cally. In area 1 1/2 miles west-southwest,
Boron–borates
1
Dunn Siding
small fluorite tonnage obtained from
Clay–bentonite
1
Cronese Mud Mine
vertical vein, 4 ft . in maximum width,
Copper
2
Condor
along a granite-andesite contact. Vein
Feldspar
2
Unnamed pegmatite
followed by 150-foot shaft. (Wright and
Fluorine–fluorite
2
Afton Fluorite
others, 1953, Table , Fluorospar, No. 424,
Gemstone–semiprecious
1
Unnamed occurrence
p.146)
Gold
11
Smith
Wright and others (1953, Table, FluoroIron
16
Baxter, Cronese, Cave Canyon.
spar, No. 424, p. 146) identify additional
Cave Mountain
information about the Afton Canyon
Limestone
2
Marble Placer (Old Cave Mine)
fluorite mines in Burchard (1934:373, 374);
Manganese
2
Afton Canyon, Blackstone
Crosby (1951:633-636); Hewett (1936:
Mica
1
Unnamed
171 and 172); Tucker (1920:343); Tucker
Sand and gravel
3
Basin (mill tailings), Caltrans Pit
(1930:301-302); Tucker (1931:375,376);
Silica
1
Unnamed quartz occurrence
Tucker (1943:513,514, pl. 7.).
Stone

7

Midway Green, Cave Canyon,
Green Mountain Quarry

Talc–soapstone

4

Silver Sericite #1

Uranium

1

Cave Mountain group
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Figure 1. Generalized Geologic and Mine Map of the Cronese, Cave, and Northern Cady Mountains

Afton Canyon Magnesite Mines
(Cliffside or Van Deventer Mines)
T.11N, R.06E, Sec. 21, SW1/4 SBB&M
-116o21’27.36”W ; 35o03’17.75”N

These magnesite mines are on the south side of
Mojave River in Afton Canyon east of Afton. They
are bedded, white to pink, with fine- grained magnesite, 30 to 75 ft. thick. The magnesite crops out for
a horizontal distance of 400 to 500 ft, in a steep
canyon wall and parallel to overlying conglomerate
and underlying conglomeratic siltstone and thin
basalt flow (Wright and others, 1953, Table , Magnesite, No. 465, p.159).
Dibblee (2008a, 2008b) mapped the area as being
associated with a fault that downdropped Tertiary

2015 desert symposium

andesite (Ta) against granite (gr) and Tertiary tuff
(Tt). The mine is between two granite bodies.
A few car loads of ore were mined from short
adits by Cliffsi de Magnesite Company in 1917-1918.
Ore was carried by 1900-ft. aerial tram across the
Mojave river to a railroad, and shipped to International Magnesite Company, Chula Vista, California.
Reserves of 100,000 to 200,000 tons of ore above
canyon floor with 30% MgO content were identified in 1953. It was noted that the silica and lime
content high when the mine was idle in 1953 (Wright
and others, 1953, Table, Magnesite, No. 465, p.159;
Dibblee and Bassett, 1966, p. 4).

213

gregg wilkerson | geology and mining history of the cronese, cave, and northern cady mountains

Black Stone Mine
T.11N, R.06E, Sec 28, SBB&M
-116o20’59.56”W ; 35o00’43.49”N

This mine is east of the Mojave River 3 miles
southeast of Afton (Wright and others, 1953: 88,
114). Lenses of manganese oxides occur along a 1000
ft. contact between granite and limestone. There
was no production in 1953. This claim was owned
by J.H. Massen. The location noted by Wright and
others (1953, p. 88, Manganese Table, Map 283)
was placed by the U.S.G.S. in the center of Section
28 in the MRSD database. The nearest limestonegranite contact in the area is 1.0 mile north in Afton
Canyon.
Wright and others (1953, Table, Magnesite, No.
464, p. 149) identify additional information about
this mine in Bradley (1925:72-75); (Hewett 1936:117118); Schlocker (1942:6-7); Trask (1943:62,66, 84, and
160); Trask (1950 :194), Tucker (1921:353-354); Tucker
(1930c:264, 314); Tucker (1931:390); Tucker (1943:532,
pl.7); Tucker (1950:365) and Tucker and Sampson
(1931d:337).
Cave Canyon Iron and Marble Mines
(Baxter, Basin Mine)
(Marble Mine)
T.11N, R.06E, Sec. 11, 12, SBB&M
-116o18’18.36”W ; 35o03’12.02”N

The Cave Canyon mine, south of Cave Mountain,
has been the second largest source of iron in San
Bernardino county (Wright and others, 1953:65, 87).
This was also known as the Basin, or Baxter Mine.
The Cave Canyon Mine is one-half mile north of
Basin (formerly Baxter) siding on the Union Pacific
Railroad, and about 20 miles southwest of Baker. The
mine was owned by the California Portland Cement
Company, 601 West 5th Street, Los Angeles, California in 1953. They owned 11 patented claims.
The Cave Canyon deposits, intermittently mined
since 1930, were a source of iron ore used in the
manufacture of cement. The most complete description of the deposits has been furnished by Lamey
(1948; cited by Wright and others, 1953:93).
The iron-bearing minerals, principally magnetite and hematite with subordinate limonite, occur
in bodies that lie largely within an eastnortheast
trending belt about one mile long. The deposits
are enclosed in a complex of metamorphic rocks
(limestone, gneiss, quartzite, and schist) of possible
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pre-Cambrian age (Dibblee, 2008a, 2008b, ms unit).
The complex also contains intrusive bodies of acidic
to basic igneous rocks (Wright and others, 1953:93;
Dibblee, 2008a, gqm unit).
Fragments of wall rocks are commonly abundant within the iron-bearing deposits. In general,
the deposits and the enclosing rocks trend eastnortheast and dip at gentle to steep angles. Intricate
faulting, brecciation, and simple to complex folding
are characteristic. The deposits are exposed along
the south side of a small valley with a relief of about
200 feet. Their width and lateral extent are obscured
by Quaternary alluvial valley fill, talus and an older
Quaternary fanglomerate. The exposed iron-bearing
material lies in two principal areas, one at each end
of the belt. The two bodies thus indicated are each
at least 1,800 feet long and as much as 300 feet wide.
A few much smaller deposits lie within a few thousand feet of the principal zone. The mineralized
zone appears to be of contact metamorphic origin
and largely a replacement of limestone (Wright and
others, 1953:93).
Nearly all of the mine’s output was obtained from
an open cut on the west body. Early in 1952 the cut,
tadpole-shaped in plan, was about 800 feet long, 200
feet in maximum width and had faces mostly in the
range of 30 to 70 feet high. Other workings included
several shafts, adits and trenches. The maximum
shaft depth was about 150 feet. The maximum adit
length was about 580 feet. Mining operations were
being confined to periods of a few weeks spaced at
about two-year intervals Wright and others, 1953:93).
Wright and other (1953) identify additional
information about the Cave Iron Mine is Aubury
(1906:299); Bailey (1902:13); Boalich (1923:112);
Burchard (1948: 220); Cloudman and others
(1919:818); Hewett (1936:78); Hodge (1935, vol. l,
d : 44; vol 3, ap. E- 5:4); Jones (1916:pp.8); Lamey
(1948:69-83); Leith (1906:198); Lyon (1914:40); Powell
(1948:3-4, tbl. 2); Thompson (1929: 32, 509); Tucker
(1930a); Tucker (1931a:333-334; 43: 468, pl. 7)
There are seven special mineral surveys of the
Cave Mine: M4235, M4238, M4240, M4241, M4604,
M6805, and M6839. Plats for these mineral surveys
are available at http://www.glorecords.blm.gov/
default.aspx.
The Cave Mine has two mineral deposits and two
periods of operation. A rock quarry operation for
white limestone (Marble Mine) was there prior to
2015 desert symposium
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Table 1. Mines of the Cronese and Northern Cady Mountains listed by name
Site name

Mine

Latitude

Longitude

number

Major

Previous name

commodity

Afton Canyon

1

35.02170

-116.35750

Afton Canyon Deposit

2

34.99810

-116.38470

Manganese

\{Cliffside}\{Afton Magnesifte Deposit}\{Van
Deventer Mine}
\{Randall}\{Masson}\{Kings}\{Florite Canyon}\
{Erisman}\{Bighorn Number 9}\{Afton
Fluorspar}

Basin

3

35.04110

-116.30500

Sand and Gravel

Baxter Mine

4

35.05330

-116.30470

Iron

Cave Canyon Mine

Black Stone Deposit

5

35.01220

-116.35000

Black Stone Manganese

6

35.01222

-116.34970

Caltrans Pit

7

35.11390

-116.43720

Sand and Gravel

Afton Road Borrow Pit

Cave Canyon

8

35.05250

-116.30690

Iron

\{Basin}\{Baxter}

Cave Canyon

9

35.06667

-116.33330

Iron

Cave Canyon Deposits

10

35.04920

-116.30080

Stone

Deposit

\{White Marble}\{Evening Star}\{Cave Mountain Quarry}\{Cave Mtn Quarry}\{Baxter And
Ballardie}

Cave Canyon Mine

11

35.05310

-116.30470

Iron

\{Cave Canyon}\{Basin}\{Baxter}

Cave Mountain

12

35.11250

-116.35910

Iron

\{Meir}\{Arrowhead}

Cave Mountain

13

35.11000

-116.36030

Iron

\{Meir}\{Arrowhead Lode}

Cave Mountain Group

14

35.07920

-116.30640

Uranium

Cave Mtn Claims

Condor Group

15

35.11470

-116.42280

Copper

\{Elmo Proctor Copper Deposit}\{Frank Barbour

Cronese

16

35.09222

-116.35550

Iron

Cronese

17

35.09030

-116.35220

Iron

Cronese Mud

18

35.11780

-116.27780

Clay

Cronese Mud Mine

19

35.10000

-116.28330

Clay - Bentonite

Dunn Siding Mill

20

35.04610

-116.43690

Boron-Borates

Dunn Mill

Gnp #1

21

35.09610

-116.44030

Feldspar

Unnamed Prospect

Green Island Quarry

22

35.08780

-116.44110

Stone

Green Mountain Quarry

23

35.09280

-116.44030

Stone

Marble Placer

24

35.04610

-116.29940

Limestone

Massen

25

35.02720

-116.36750

Barium-Barite

Meir Group

26

35.09528

-116.35800

Iron

Meir Group

27

35.09500

-116.35830

Iron

Midway Green Quarry

28

35.11060

-116.43190

Stone

Sand & Gravel Pit

29

35.04080

-116.30250

Sand and Gravel

Silver Sericite #1 Mine

30

35.11060

-116.44420

Talc-Soapstone

Smith

31

35.03833

-116.32470

Gold

Smith

32

35.04190

-116.33280

Gold

Southwest Condor

33

35.11280

-116.42420

Copper

Unnamed 34

34

35.09000

-116.35830

Iron

Unnamed 35

35

34.99556

-116.41940

Gold

Unnamed 36

36

35.03667

-116.32690

Gold

Unnamed 37

37

35.11056

-116.35940

Gold

Claim 1945}\{Embee Claim #1 1976}

Dunn Quarry

Silver Sericite #1 Placer Claim

Extension

continues
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Table 1, continued.
Unnamed 38

38

35.02667

-116.35550

Gold

Unnamed 39

39

35.05389

-116.35300

Iron

Unnamed 40

40

35.09889

-116.36910

Iron

Unnamed Fluospar 41

41

35.03970

-116.30500

Fluorine-Fluorite

So Pacific Co Property

Unnamed Gold 42

42

35.02830

-116.35440

Gold

Unnamed Location

Unnamed Iron 43

43

35.10250

-116.36280

Iron

So Pacific Co Property

Unnamed Limestone 44

44

35.03750

-116.29310

Limestone

Southern Pacific Co Property

Unnamed Mica 45

45

35.07440

-116.29750

Mica

Unnamed Location

Unnamed Gemstone 46

46

35.05280

-116.34670

Gemstone

Unnamed Location

Unnamed Fluorite 47

47

34.99970

-116.37890

Fluorine-Fluorite

Unnamed Location

Unnamed Pegmatite 48

48

35.10530

-116.43860

Feldspar

Unnamed Gold Placer 49

49

35.09750

-116.44810

Gold

Unnamed Gold 50

50

35.11170

-116.36280

Gold

Unnamed Talc 51

51

35.11060

-116.44440

Talc-Soapstone

Unnamed Gold 52

52

34.99560

-116.41940

Gold

Unnamed Stone 53

53

35.10640

-116.42860

Stone

Unnamed Iron 54

54

35.05580

-116.35000

Iron

Unnamed Iron 55

55

35.09000

-116.35830

Iron

Unnamed Gold 56

56

35.09360

-116.44220

Gold

Unnamed Talc 57

57

35.10750

-116.44970

Talc-Soapstone

Unnamed Stone 58

58

35.09670

-116.43530

Stone

Unnamed Stone 58

59

35.08860

-116.32140

Stone

Unnamed Quartz 60

60

34.99110

-116.39940

Silica

Unnamed Sericite/Talc

61

35.10250

-116.45470

Talc-Soapstone

Unnamed Location
Section 35 Gold-Copper

Iron Occurrence

So Pacif Co Property

Mine 61

Table 2. Mines of the Cronese and Northern Cady Mountains listed by major commodity
Site name

Mine
No.

Latitude

Longitude

Major commodity

Massen

25

35.02720

-116.36750

Barium–Barite

Dunn Siding Mill

20

35.04610

-116.43690

Boron–Borates

Cronese Mud

18

35.11780

-116.27780

Clay

Cronese Mud Mine

19

35.10000

-116.28330

Clay–Bentonite

Condor Group

15

35.11470

-116.42280

Copper

Southwest Condor
Extension

33

35.11280

-116.42420

Copper

Gnp #1

21

35.09610

-116.44030

Feldspar

Previous name

Dunn Mill

\{Elmo Proctor Copper Deposit}\{Frank
Barbour Claim 1945}\{Embee Claim #1
1976}

Unnamed Prospect

Unnamed Pegmatite 48

48

35.10530

-116.43860

Feldspar

Unnamed Fluorite 47

47

34.99970

-116.37890

Fluorine–Fluorite

Unnamed Location

Unnamed Fluospar 41

41

35.03970

-116.30500

Fluorine–Fluorite

So Pacific Co Property

Unnamed Gemstone 46

46

35.05280

-116.34670

Gemstone

Unnamed Location

Smith

31

35.03833

-116.32470

Gold

Smith

32

35.04190

-116.33280

Gold

Unnamed 35

35

34.99556

-116.41940

Gold

Unnamed 36

36

35.03667

-116.32690

Gold
continues
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Table 2, continued
Unnamed 37

37

35.11056

-116.35940

Gold

Unnamed 38

38

35.02667

-116.35550

Gold

Unnamed Gold 42

42

35.02830

-116.35440

Gold

Unnamed Location

Unnamed Gold 50

50

35.11170

-116.36280

Gold

Unnamed Location

Unnamed Gold 52

52

34.99560

-116.41940

Gold

Section 35 Gold-Copper

Unnamed Gold 56

56

35.09360

-116.44220

Gold

Unnamed Gold Placer 49

49

35.09750

-116.44810

Gold

Baxter Mine

4

35.05330

-116.30470

Iron

Cave Canyon Mine

Cave Canyon

8

35.05250

-116.30690

Iron

\{Basin}\{Baxter}

Cave Canyon

9

35.06667

-116.33330

Iron

Cave Canyon Mine

11

35.05310

-116.30470

Iron

\{Cave Canyon}\{Basin}\{Baxter}

Cave Mountain

12

35.11250

-116.35910

Iron

\{Meir}\{Arrowhead}

Cave Mountain

13

35.11000

-116.36030

Iron

\{Meir}\{Arrowhead Lode}

Cronese

16

35.09222

-116.35550

Iron

Cronese

17

35.09030

-116.35220

Iron

Meir Group

26

35.09528

-116.35800

Iron

Meir Group

27

35.09500

-116.35830

Iron

Unnamed 34

34

35.09000

-116.35830

Iron

Unnamed 39

39

35.05389

-116.35300

Iron

Unnamed 40

40

35.09889

-116.36910

Iron

Unnamed Iron 43

43

35.10250

-116.36280

Iron

Unnamed Iron 54

54

35.05580

-116.35000

Iron

Unnamed Iron 55

55

35.09000

-116.35830

Iron

Marble Placer

24

35.04610

-116.29940

Limestone

Unnamed Limestone 44

44

35.03750

-116.29310

Limestone

Southern Pacific Co Property

Afton Canyon

1

35.02170

-116.35750

Manganese

\{Cliffside}\{Afton Magnesifte Deposit}\

So Pacific Co Property
Iron Occurrence

{Van Deventer Mine}
Unnamed Mica 45

45

35.07440

-116.29750

Mica

Basin

3

35.04110

-116.30500

Sand and Gravel

Caltrans Pit

7

35.11390

-116.43720

Sand and Gravel

Sand & Gravel Pit

29

35.04080

-116.30250

Sand and Gravel

Unnamed Quartz 60

60

34.99110

-116.39940

Silica

Cave Canyon Deposits

10

35.04920

-116.30080

Stone

Unnamed Location
Afton Road Borrow Pit

\{White Marble}\{Evening Star}\{Cave
Mountain Quarry}\{Cave Mtn Quarry}\
{Baxter And Ballardie}

Green Island Quarry

22

35.08780

-116.44110

Stone

Green Mountain Quarry

23

35.09280

-116.44030

Stone

Midway Green Quarry

28

35.11060

-116.43190

Stone

Unnamed Stone 58

58

35.09670

-116.43530

Stone

Unnamed Stone 53

53

35.10640

-116.42860

Stone

Dunn Quarry

Unnamed Stone 58

59

35.08860

-116.32140

Stone

So Pacif Co Property

Silver Sericite #1 Mine

30

35.11060

-116.44420

Talc–Soapstone

Silver Sericite #1 Placer Claim

Unnamed Sericite/Talc

61

35.10250

-116.45470

Talc–Soapstone

51

35.11060

-116.44440

Talc–Soapstone

Mine 61
Unnamed Talc 51

continues
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Unnamed Talc 57

57

35.10750

-116.44970

Talc–Soapstone

Cave Mountain Group

14

35.07920

-116.30640

Uranium

Afton Canyon Deposit

2

34.99810

-116.38470

Cave Mtn Claims
\{Randall}\{Masson}\{Kings}\{Florite
Canyon}\{Erisman}\{Bighorn Number 9}\
{Afton Fluorspar}

Black Stone Deposit

5

35.01220

-116.35000

Black Stone Manganese

6

35.01222

-116.34970

Deposit

development of the Cave Mountain Iron Ores. The
rock quarrying operation still has relics of its rail
system which loaded cars in series. There are mill
and crusher foundations extant at the south side of
the mining district.
The Cave Mountain Iron mine is still in operation.

Wright and others (Map No. 393, p. 132, 1953)
identify additional information about this prospect in Tucker (1930b:296); Tucker, (1931b:370); and
Tucker (1943a:508, pl.7).

Cave Mountain Magnesite Mines
(Arrowhead Lode, Meir)

T.12N, R.06E, Sec. 33, NW1/4, SBB&M
-116o21’08.43”W ; 35o05’25.06”N

T.12N, R.06E, Sec. 20, 21 and 29, SBB&M
-116o21’37.12”W ; 35o06’40.19”N

The Cronese Mine of the Cronese Mountains is
southwest of the Meir Group. The host rock I granitequartz monzonite (gqm). This deposit is listed in
Wright and others (Map 227, p. 70, 1953) and in
Southern Pacific Company, 1964, Volume III, page
133).

T.12N, R.06E, Sec. 20, 21 and 29, SBB&M
-116o21’28.04”W ; 35o05’43.05”N

The Cave Mountain mines are distributed on a
mass of granite-quartz monzonite (gqm. Dibblie,
2008a). Small bodies of magnetite were processed for
pig iron production. The small smelter was erected
in 1948 by Frank Fawver near Afton, but it never
operated (Wright and others, 1953, Iron Table, No.
14, p.65)
Wright and others (1953:65) identify additional
information about this prospect in Hewett (1936c:78)
and Tucker (1943:469, Pl.7.) There are two special
mineral surveys of the Cave Mountain Mine: M5937
and M5938. Plats for these mineral surveys are available at http://www.glorecords.blm.gov/default.aspx
Cronese Mine: Cowhole Mountain
T.12N, R.09E, Sec. 14, 15, SBB&M
-116o36’14.76”W ; 35o05’28.52”N

This mine is southeast of Soda Lake, south of
Baker. Chrysotile and amphibole asbestos were
reported as occurring in dolomitic limestone along
a belt of serpentine. They were undeveloped deposits
in 1953. The 1:250K Trona sheet of the California
Geologic Atlas indicates the mine is near a contact
between Quaternary sand and granite.
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Cronese Mine: and Meir Group:
Cronese Mountains

Cronese Mud Mine
T. 12N, R.07E, Sec. 18 and 19
-116o16’40.05”W ; 35o07’04.17”N
T.12N, R. 06E, Sec. 13 and 24
-116o16’59.67”W ; 35o06’00.07”N

In 1957 this mine was operated by T. and T. Oil
company, Santa Fe Springs and leased to Macco
Corporation. It supplied impermeable materials for
canal and reservoir linings (Wright and others, 1957,
Clay Table, Map No. 398, p. 137)
Dunn Siding Mill
T.10N, R.05E, Sec 15, NE1/4, SBB&M
-116o26’13.23”W ; 35o02’45.05”N

Talc was hauled by truck via Valley Wells to
Dunn siding on the Union Pacific Railroad and
thence to grinding mills in Los Angeles, California,
and Ogden, Utah. (Wright and others, 1953: 204).
The Anexx Silver Mine shipped ore from the Dunn
Siding (Wright and others, 1953: 139).
Dunn Siding is in the old Mojave River floodplain,
underlain by Older Quaternary Alluvium (Qoa).
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Massen Mine
T.11N, R.06E, Sec 20, SBB&
-116o22’03.28”W ; 35o01’37.93”N

This mine is southeast of Afton in Afton Canyon.
The mine occurs in granite-quartz monzonite
between two faults that cut Older Quaternary gravel
(Qog). It has small stringers of “good quality” barite,
2 to 6 inches wide, occur on limestone-schist contact.
This claim was owned by J.H. Massen. Wright and
others (1953, Barite Table, p. 134) identify additional
information about this mine in Tucker, 1921:334; and
Tucker, 1930:298; 372.
Midway Green Quarry
T.12N, R.05E, Sec. 22, SE1/4
-116o25’55.89”W ; 35o06’38.13”N

This quarry was noted in the U.S. Bureau of Mines
report of 1989 for expanding the U.S. Army Training
center. The quarry is shown as being in granitequartz monzonite, projected from the U.S.G.S. NRSD
database, but is probably in gneissoid rocks (gn).
Silver Sericite #1 Mine
T.12N, R.05E, Sec., 22, SW1/
-116o26’398.13”W ; 35o06’38.25”N

This talc-soapstone deposit was inventoried by
Anctil and others (1957). The deposit is in gneissoid
rocks (gn).
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The Mojave Desert in the U.S. Southwest contains
The Te–O bonds in Te oxysalt crystal structures
thousands of old mines and prospects, the vast
are usually the strongest bonds present, and these
majority of which were never economically profitminerals can classified according to the polymable. However, a few deposits, despite producing
erization of the Te polyhedra. The Te polyhedra
little ore, are now recognized as world-class localities
form isolated (neso) anions, non-cyclic oligomer
for secondary minerals, especially those containing
(soro), ring (cyclo), chain (ino), sheet (phyllo) and
tellurium (Te). Tellurium is an unusual element in
framework (tecto) anions, just as observed for SiO4
tetrahedra in the traditional classification of silicate
that its cosmic abundance is greater than that of
minerals!
any other element with an atomic number > 40, as
Observations of contact and overgrowth relationmeasured by relative number of atoms in C1 chonships have been used to establish which minerals
drite. Nevertheless, Te is one of the rarest elements
form before or after each other, and hence an overall
in the Earth’s crust (0.4‒10 ppb) and also in seawater
paragenetic sequence for Otto Mountain, where
(up to 0.0009 ppb). It is thus 3–5 orders of magnitude less abundant than
even-number elements that
are nearby in the periodic
table, such as tin and barium,
and is, in fact, rarer than
platinum or gold.
Given this fact, it is
remarkable that thirteen
new Te secondary minerals
have been described from
the Otto Mountain deposit
alone. Study of these new
phases has enabled us to
understand much more about
the roles that Te can play in
the environment, and about
the incredible diversity of Te
Figure 1. Paragenesis of Te species from Otto Mountain.
oxysalt crystal structures.
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possible. We have found that the Te oxyminerals
show a correlation between structure type and
position in the sequence. The more complex the
Te polymerization, the later it forms in a mineral
paragenesis (Figure 1). Therefore, the crystal structure can give us insights into where in a paragenetic
sequence a mineral is likely to form based on its Te
polymerization, even if there are no contextual data
available. It also enables us to predict the occurrence
and textural relationships of minerals that have not
yet been observed, or that might form in the future.
This approach will also be useful to apply to other
complex parageneses.
This study has been funded by The Ian Potter Foundation grant “tracking tellurium” to SJM, which we
gratefully acknowledge.
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Evidence for middle Pleistocene surface uplift
of the northern Cady Mountains, California
Norman Meek

Department of Geography, California State University, San Bernardino, CA 92407, nmeek@csusb.edu

abstract—Very little work has been reported on the locations and rates of mountain
formation in the central Mojave Block of California, except to attribute most uplift and
basin formation to activity that started in the latest Oligocene and was most active in
the Miocene. This paper reports new measurements of alluvial fan strata in the eastern
Afton basin that show, using time-averaged deposition rates, that rapid surface uplift of
the northern Cady Mountains in the Pyramid Canyon area probably began in the middle
Pleistocene, and was likely not substantial before that time. The significance of this
finding is that Quaternary diastrophism was probably responsible for creating eastern
Afton basin, which set up the conditions for the ponding of lakes that followed.

Introduction

contraction (Bartley et al., 1990) have been the focus
of numerous papers. With a few exceptions, such
as Miller et al. (2011) and Foster (2010, p. 204), very
little evidence has been reported regarding Pliocene and Quaternary mountain-building associated
with the faults in the central Mojave Desert. This

Paleogene deposits in the central Mojave Desert
tectonic block are either missing or not exposed
(Glazner et al., 1994, p. 3). However, Neogene strata
are abundant and are indicative of Basin and Range
extensional processes
(e.g., Woodburne et al.,
1985). Because many
Neogene deposits that
accumulated in basin
settings now crop out
in mountainous areas,
this indicates that much
regional vertical diastrophism must post-date
the Neogene strata.
NW–SE dextral faults
and E–W sinistral faults
are the predominant
modern tectonic features
of the Mojave Block
(Dokka and Travis,
1990). Significant offsets
along these faults (e.g.,
Dokka, 1983), along with
paleo-magnetic evidence
for mountain block rotations (e.g., MacFadden
Figure 1. Map of the Pyramid Canyon study area, just southwest of the Afton Canyon
et al., 1990), and evidence Campground. The distance from the southern transect locations to the Manix fault is about 1 km.
Annotated Google Earth image, 2015.
of late Cenozoic N–S
2015 desert symposium
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Figure 2. North-South cross-section of eastern Afton basin in the vicinity of Pyramid Canyon. Note that the heavily cemented
brown fanglomerate slopes south across the Mojave River and may continue in the subsurface all of the way to the Manix fault. The
source of the grey fanglomerate is the Cady Mountains to the south, and the grey fanglomerate rests unconformably atop the brown
fanglomerate (after Meek, 1990, p. 177).

is probably because the abundance of giant alluvial fans and bajadas throughout the Mojave Block
suggests that the mountains are being buried in their
own debris because vertical tectonic activity is rare
compared to the Basin and Range region north of
the Garlock fault (Bull and McFadden, 1977). The
alternative end-member position, which predates the
Landers and Hector Mine earthquakes in the 1990s,
is that “Quaternary tectonism may be responsible
for a significant portion of the present topographic
relief in the central Mojave Desert” (Meek, 1991). The
question arises, then: Is there evidence of substantial vertical diastrophism of Quaternary age in the
central Mojave Block? The purpose of this paper is to
document such evidence in one small piedmont area
with outstanding exposures, with the assumption
that similar activity could be the rule in other parts
of the region.

The study area
Just southwest of the Afton Canyon campground is
a railroad trestle over the Mojave River (see Fig. 1).
A stream valley, locally known as Pyramid Canyon,
joins the Mojave River at this location. Pyramid
Canyon drains a large portion of the northern Cady
Mountains and is deeply incised. Nearly all of the
tributary canyons in this region are deeply incised as
a result of the rapid base level drop associated with
the draining of Lake Manix (Meek, 1989a) about
21,000 to 20,000 radiocarbon years ago (Reheis et
al., 2015, p. 191–192; but normally reported as ca.
224

25,000 calibrated years (i.e., calendar years) by Reheis
and Redwine, 2008, p. 255; Reheis et al., 2012, p. 12;
Reheis et al., 2015, p. 196).
The upper basin strata are very well exposed as
a result of the incision (see Figs. 2 & 3). Ellsworth
(1932, p. 13 ff.) first described the two main coarse
sedimentary units in the vicinity of Pyramid
Canyon as the “brown fanglomerate” and the “grey
fanglomerate.” The brown fanglomerate (QTcg of
Reheis et al., 2014, p. 12) shows abundant evidence
of thick carbonate cementation (described by Reheis
et al., 2014, as a Stage V carbonate of Gile et al.,
1966), suggesting it accumulated very slowly in a
stable basin over numerous millennia. The heavily
cemented brown fanglomerate is still connected to its
Mesozoic granitic sources to the north and northeast,
and contains many clasts from Cave Mountain and
the large light-colored granite ridge just to the west.
For large areas it appears to be mostly undisturbed
from the time it accumulated, although locally
evidence of faulting and syntectonic warping can be
found.
Overlying the brown fanglomerate unconformably,
and usually in sharp contrast, is the grey fanglomerate (Qvg of Reheis et al., 2014, p. 11; and portions of
the “Cady gravel” of Miller et al., 2011). Because the
grey fanglomerate contains large amounts of basalt
and a variety of other volcanic rocks such as rhyolite
and some tuffs, the grey fanglomerate source areas
are the drainage basins south of the Manix fault (see
Fig. 1) where the volcaniclastic Hector Formation
2015 desert symposium
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crops out (Moseley, 1978;
Woodburne et al., 1985).
Pyramid Canyon and the
nearby streams draining
the northern Cady
Mountains carry the same
assemblage of volcanic
rocks that is exposed
from top to bottom in the
walls of the deeply incised
canyons. This indicates
that the sediment source
has not changed for the
duration of the exposed
sections.
In contrast to the
Figure 3. View looking north in Pyramid Canyon. The view is from near where the gently
brown fanglomerate,
southward-dipping cemented brown fanglomerate passes into the subsurface. Two people are
the grey fanglomerate
visible for scale (11/2/14 photo).
does not contain major
in post-Miocene time based on numerous distinchorizons of extensive
tive similarities in lithology and bedding of a thick
carbonate cementation. In the region south of where
Lake Manix was (i.e., within about a kilometer of the granitic fanglomerate formation (Tgg of Reheis et
Manix fault), the upper portions of the grey fanglom- al., 2014, p. 13). If Meek and Battles’ (1991) basic
conclusion of sinistral offset is valid, the eastern half
erate reveal an increasing abundance of windblown
of the offset granitic fanglomerate had to move by
sand that resemble cemented soil horizons from
the headwaters area of Pyramid Canyon to reach its
a distance. Up close, however, the abundant sand
current position (see Fig. 1). The granitic fanglomis easily crushed in hand because the cementation
erate contains a variety of granites, some Miocene
is weak. Apparently, a lot of windblown sand was
volcanics, and several unique lithologies for this
migrating around the margins of Lake Manix, and
region, such as a granite with large K-spar crystals
became incorporated in the alluvial fan strata.
The field evidence indicates that the grey fanglom- (for other examples, see Meek and Battles, 1991, p.
36, and Reheis et al, 2014, p. 13). After a thorough
erate accumulated very rapidly in comparison to
search, I have not discovered any of these distinctive
the brown fanglomerate. It is also clear that the grey
clasts in the walls of Pyramid Canyon, suggesting
fanglomerate could not have started to accumulate
north of the Manix fault in the Pyramid Canyon area that a lengthy period of sinistral movement along
the Manix fault must have preceded the uplift that
until the elevation of the northern Cady Mountains
was above the level of the brown fanglomerate. As the led to the accumulation of the grey fanglomerate
sedimentary wedge exposed in Pyramid Canyon.
relative elevation of the Cady Mountains continued
Confounding this interpretation is the fact that the
to rise, the grey fanglomerate sediment wedge
offset granitic fanglomerate rests at higher elevaprograded northward over the cemented fan, and
tions (~638 m) than the top of the grey fanglomerate
grew thicker.
(~573 m) both east and west of the Pyramid Canyon
The bounding fault for the uplift of the northern
area, essentially requiring that the eastern portion
Cady Mountains is the prominent and well-defined
of the granitic fanglomerate must have started and
Manix fault (sometimes termed the Afton Canyon
branch). The fault is active, having produced the 1947 then remained at a lower elevation than today when
it slid by the Pyramid Canyon headwaters area. I’ve
M6.2 Manix earthquake (Richter and Nordquist,
spent years contemplating other ways the granitic
1951; Richter, 1958). Meek and Battles (1991, p. 34)
fanglomerate could have been offset in a sinisreported about 3 miles (~5.2 km) of cumulative
tral fashion by the Manix fault without shedding
sinistral offset along this segment of the Manix fault
2015 desert symposium
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inference in this area
because the grey
fanglomerate accumulated relatively
rapidly. Fortunately,
the grey fanglomerate
also prograded into
a topographically
closed Afton basin
between two high
stands of Lake Manix,
creating what Meek
(1989b, p. 81) termed
the “interlacustrine
fanglomerate” (see Fig.
4). Because the interlaFigure 4. View looking north from near the South Afton beach ridge. The interlacustrine
custrine fanglomerate
fanglomerate is shown atop the MIS 6 green clays/sands, which sit atop the main grey fanglomerate.
sits conformably atop
Two persons surveying precise elevations are visible on the surface. This is the same surface that was
the grey fanglomerate
inundated by some Wisconsinan lakes, and is capped locally with tufa deposits. At first appearance
south of the green
on a black and white image like this one, the interlacustrine fan and underlying grey fanglomerate
resemble significantly different formations, but that is because the slopes of the interlacustrine fan are clays/sands, and has
covered with colluvium, whereas the underlying grey fanglomerate has vertical walls (11/2/14 photo).
the same slope and
volcaniclastic composiabundant sediments into the Pyramid Canyon area
tion as the underlying grey fanglomerate, it should be
of Afton basin. Since the terrane that slid by is still
considered the uppermost part of the grey fanglomfully exposed, and because the offset is only 5.2 km,
erate. It is identified as a separate time-stratigraphic
one cannot invoke legacy terranes and other rare
unit in this paper because it rests atop some of the
phenomena. Thus, all of the available evidence I’m
older Manix lake deposits, and predates the incision
aware of requires a lengthy period of lateral moveof the adjacent canyons that eventually diverted its
ment along the Manix fault followed by a period of
sediment sources.
surface uplift of the region immediately south of it to
The Lake Manix stands thus provide potentially
produce the grey fanglomerate wedge.
datable horizons that delimit the top and bottom of
The fact that there are not left-lateral doglegs of
the uppermost section of the grey fanglomerate, and
the entrenched channels that cross the Manix fault
allow for ballpark estimates of the average sediin the Pyramid Canyon area suggests that signifimentation rate of the grey fanglomerate at multiple
cant lateral movement has not happened since these
distances from the Manix fault. Using these average
channels became incised (ca. 20,000 calibrated years).
deposition rates, the amount of time required to
Thus, the sedimentary evidence for surface uplift of
accumulate the grey fanglomerate beneath the lowest
the northern Cady Mountains reported in this paper
Lake Manix clays can be estimated, and thereby the
should not be viewed as the time of first Manix fault
timing of the initial surface uplift of the northern
activity. Rather, it simply represents the approximate
Cady Mountains can be projected.
time when a regime of mostly sinistral offsets along
the fault may have changed to a regime of mostly
Field Measurements
vertical motion in the immediate area.
Precise measurements of the grey fanglomerate thickIf deposition rates of the grey fanglomerate can
nesses in the vicinity of Pyramid Wash were made
be estimated, then measuring the thickness of the
in late 2014 and early 2015 (see Fig. 5). All elevation
unit could indicate the approximate time when the
measurements were made via closed-circuit leveling
behavior of the Manix fault became mostly vertical
using a Lietz B1 Automatic Level with 32x magnificain the Pyramid Canyon area. This is a reasonable
tion and a 7.5 telescopic fiberglass rod calibrated in
226
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centimeters. The largest closure error was 7 cm, but
most closure errors were <3 cm, and all surveys were
started from the South Afton temporary benchmark
established by Meek in 1988 using a closed-circuit
leveling survey with a 3 cm closure error (Meek,
1990, p. 60). The interlacustrine fanglomerate thicknesses were measured at two different distances from
the Manix fault, about 490 meters apart. They were
both measured where green clays/sands of the MIS 6
stands of Lake Manix crop out. The top of the green
clays/sands marks the bottom of the interlacustrine
fanglomerate (see Fig. 4). The upper surface of the
interlacustrine fanglomerate is capped by a distinctive tufa deposit (hereafter the “shoreline tufa”) that
accumulated along the edge of an Early Wisconsinan
lake stand. Subsequently, lithoid tufas were deposited on rocks atop the interlacustrine fan during the
initial Middle/Late Wisconsinan transgression of
Lake Manix. The Early Wisconsinan shoreline tufas
are only found at the northernmost remnants of the
interlacustrine fanglomerate at about 524.9 m elevation; UTM 11S 555989 3876491; & 556118 3876480;
WGS84). The Middle/Late Wisconsinan lithoid tufas
are found in several locations across the uppermost
fan surface almost as far south as the South Afton
beach ridge, which also rests atop the interlacustrine fan. Based on a pattern of basal lithoid tufas
and overlying green clays/sands elsewhere in Lake
Manix, it is very likely that a substantial thickness of
Wisconsinan green lake clays once covered this upper
surface, but because they were unprotected, the clays
rapidly eroded off the surfaces soon after the basin
was breached when Afton Canyon formed. Similarly,
the only locations where the MIS 6 green clays/sands
crop out today in eastern Afton basin is where they
have been protected from erosion by progradation of
the interlacustrine fans.
The total thicknesses of the grey fanglomerate
were also estimated at the two distances from the
Manix fault in an innovative way because neither
basal contact is exposed at the surface. The heavily
cemented brown fanglomerate makes a distinct
exhumed surface over large areas north of the
Mojave River (see Fig. 1). That paleosurface projects
southward across the Mojave River, and the contact
can be traced in the walls of Pyramid Canyon and
numerous other surrounding canyons south of the
Mojave River. The slope of this surface north of the
Mojave River was measured at 0.231 over a 100 m
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distance, and near where the surface disappears
beneath the grey fanglomerate in Pyramid Canyon,
it was measured at a slope of 0.215 over a 97 m
distance. The very gradual decline in slope down the
cemented fan is to be expected. Most importantly, it
suggests that the slope can be projected southward
towards the Manix fault to estimate the approximate
depths of the grey/brown fanglomerate contact.
That, in turn, allows the total thickness of the grey
fanglomerate to be estimated using basic math at the
two positions where the thicknesses of the interlacustrine fan were measured.
Because precise distances are needed to estimate
the two positions where the grey fanglomerate thicknesses were measured, a tape measure survey was
made up the channel of Pyramid Canyon. Moreover,
the slope of Pyramid Canyon was measured (0.0468)
to permit more precise trigonometric distances to be
calculated in a horizontal plane (see Fig. 5).
Figure 5 shows the elevations and geometry of the
critical positions, and the numbers needed for the
mathematical calculations to estimate the subsurface
elevations of the grey/brown fanglomerate contacts.
The surveying work measured the interlacustrine
fanglomerate thickness at the southern transect position to be 5.7 m, and the mathematical work projects
that the thickness of the underlying grey fanglomerate is 64.26 m. At the northern transect position,
the interlacustrine fanglomerate is 3.45 m thick, and
the thickness of the underlying grey fanglomerate is
estimated to be 40.09 m. The ratio of interlacustrine/
grey fanglomerate thickness at the southern transect position is 0.086, and at the northern transect
position is 0.089, suggesting that the average deposition rates at two different distances from the Manix
fault were remarkably uniform in comparison to the
underlying grey fanglomerate thicknesses, and thus
should be reasonable surrogates for geologic time
under the assumption of uniform average deposition
rates.
Two small splinter faults have been mapped in the
study area (Reheis et al., 2014). One is confined to the
cemented fan near the mouth of Pyramid Canyon
and is not important to this study. Some deformation of the heavily cemented brown fanglomerate
is also visible on the east wall of Pyramid Canyon
just north of where the brown fanglomerate passes
into the subsurface, but the deformation does not
appear to cross to the west wall of Pyramid Canyon
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Figure 5. Elevation, slope, and distance measurements in the Pyramid Canyon area. Numbers without parentheses are actual
measurements. Numbers in boxed parentheses were determined mathematically using trigonometry. The slopes in regular
parentheses were measured over 100 m intervals in multiple locations and the most representative slope value chosen from all of the
available measurements. The left edge of the figure is the southern transect, and was located based on the southernmost outcrop of
the green sands/clays on the west walls of Pyramid Canyon. The upper right edge of the figure is the northern transect, and is located
at the position of the 80k shoreline tufa outcrops. The disappearance of the cemented fan beneath Pyramid Canyon wash occurs
about 10 m north of the northern transect.

and therefore does not appear to have substantially
affected any of the measured strata. The second
(southern) splinter fault has more significance
because it locally offsets the green clays/sands and
interlacustrine fan by about two to as much as five
meters in some excellent exposures. Because the fault
appears to postdate all of the measured strata, it must
be late Pleistocene or Holocene in age, but its young
age also means that it does not affect the measured
thicknesses of any exposed strata. On the other hand,
because the fault is located between the northern and
southern transects, it could theoretically cause the
projected measured thickness of the grey fanglomerate at the southern transect to be overestimated by
two to five meters. As a result, the basal ages of the
grey fanglomerate might be somewhat younger than
are estimated at the southern transect.

Analysis using average deposition rates
The prominent Early Wisconsinan shoreline tufa
crops out at the position of the northern transect.
This tufa was dated using U/Th by Jim Bischoff of
the USGS at 80,000 years (oral communication,
1990). Reheis et al. (2014, p. 7) report a much younger
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possible age for this tufa at 42±15 ka that may coincide with the first of the MIS 3 lake stands (Reheis et
al., 2015, p. 196).
In Afton basin there is widespread evidence, in
the form of a thick green sand/clay layer, for major
lakestands in Illinoian (MIS 6) time. These lakes
are mapped as Lakes 6 and 7 by Reheis et al. (2014,
p. 8), and their ages have been reported by Reheis et
al. (2012, figs. 7 & 9) from about 190 to 110 ka. An
earlier report indicates that several U/Th dates on
the basal tufas associated with this series of lakes
range from 138 to 71 ka (Reheis et al., 2007). Years
ago when I submitted a sample of the basal tufa for
U/Th dating, J. Bischoff reported (oral communication, 1990) that it was an “open system,” and thus too
contaminated for reliable dating. This might explain
the wide range of reported dates.
The most important variable in this project is the
amount of time represented by the interlacustrine
fanglomerate. The most reliable evidence limiting its
age is the Early Wisconsinan shoreline tufa deposited
on a small wavecut platform eroded into the upper
portion of the interlacustrine fanglomerate. In the
vicinity where this study was completed, there does
2015 desert symposium
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not appear to have been a significant accumulation
of the grey fanglomerate after the Early Wisconsinan
shoreline tufa was deposited. The interlacustrine
fanglomerate was subsequently inundated by later
transgressions of the lake, which is confirmed by the
Middle/Late Wisconsinan lithoid tufa remnants that
can be found locally atop the fanglomerate, in addition to the South Afton beach ridge gravels from the
final Late Wisconsinan stand of Lake Manix (Meek,
1990, p. 124).
The absence of post-Early Wisconsinan grey
fanglomerate deposition in this area may be the result
of inferred Illinoian-age beach ridges that partly or
wholly blocked fan sedimentation downslope from
their crests. The surveying revealed a comparatively
rapid elevation decline just north of the existing
South Afton beach ridge (MIS 2), in areas that were
likely covered with the hypothesized Wisconsinan
lake clays.
This evidence indicates the interlacustrine
fanglomerate prograded into the basin after the MIS
6 lakestand represented by the prominent green clays,
but the process had apparently ended by the Early
Wisconsinan lakestand. In this case, the interlacustrine fanglomerate may represent approximately
50,000 years of time if deposition commenced at the
end of the Illinoian about 130 ka and continued to
about 80 ka. On the other hand, Reheis et al. (2012,
figs. 7 & 9) show that a series of lakes existed in
Afton basin from about 190 to 110 ka, and Reheis
et al. (2007) report ages for this lake series perhaps
being as young as 71 ka. Reheis et al. (2015, p. 196)
report the first major Wisconsinan (MIS 3 and 2)
Table 1. Because the grey fanglomerate beneath the green clay/
sand layer is between 11.27 and 11.62 times thicker than the
interlacustrine fan shed from the same source, the age of the
grey fanglomerate base can be estimated based on the assumed
duration of interlacustrine fan sedimentation. All reasonable
deposition rates for the fanglomerate suggest a middle
Pleistocene age for the lowest grey fanglomerate sediments, and
by inference, the surface uplift of the local mountain source that
shed those sediments.

lake highstand (P1) occurred about 44 to 42 ka. With
these constraints, the interlacustrine fan might represent as much as 66,000 years (110 ka to 44 ka) or as
little as 27,000 years (71 ka to 44 ka).
My preferred interpretation for the duration of
the interlacustrine fan deposit is 50,000 years. It is
based on a belief that fan progradation is climatically driven in the Manix basin region, and thus the
interlacustrine fan would roughly correspond to the
MIS 5 interglacial.
Reheis et al. (2012, p. 25) report the initial rise of
the MIS 6 lakes in Afton sub-basin followed a catastrophic flood eastward just before 184 ka, and Reheis
et al. (2014, p. 8) report an U/Th age of 173.6 ± 8.7
ka from the basal zone of Lake 6 (the lake numbers
correspond to MIS stage numbers). The base of Lake
6 marks the top of the main grey fanglomerate in
Afton basin, and so for the purposes of this paper,
the top of the grey fanglomerate just below the thick
green clays/sands will be assigned an age of ~185 ka.
Extrapolating the average deposition rates of
the interlacustrine fanglomerate to the underlying
grey fanglomerate simply requires multiplying the
estimated age of the interlacustrine fan by 11.27
and 11.62 for the southern and northern transects,
respectively, and then adding those ages to 185 ka,
which represents the estimated age of the top of the
main grey fanglomerate (see Table 1).
Assuming that initial sedimentation of the grey
fanglomerate in this part of Afton basin was triggered by the rise of the volcaniclastic strata in the
northern Cady Mountains above the level of the
brown fanglomerate, then the numbers represent
ballpark age estimates for when this condition first
occurred. Because the southern transect is approximately 1 km from the Manix fault, some additional
time would have been needed for the grey fanglomerate to first prograde northward to the transect
positions. Nevertheless, this study shows that the
change from lateral to vertical tectonics along the
Manix fault in the Pyramid Canyon area most likely
occurred in the middle Pleistocene, and almost
certainly in the last million years.

Are alternate explanations possible?
The basic conclusion of this paper was published
25 years ago (Meek, 1989b, p. 80), but with less
supporting data than now. In the meantime, much
new information has come to light regarding regional
2015 desert symposium
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tectonics and the history of Lake Manix. None of it
has changed the only practical way that the evidence
can be interpreted. In my opinion, the basic conclusion of this paper that there has been surface uplift
of the northern Cady Mountains since the middle
Pleistocene, will be difficult to disprove until a major
rupture of the Manix fault occurs in this area, and
the local surface uplift, if any, can be measured.
For example, a reviewer noted that it might be
possible that the northern Cady Mountains could
have remained stable while eastern Afton basin
dropped, and the field evidence reported in this
paper would be similar. While this assertion is
indeed possible, there are at least two solid arguments against this hypothesis. First, the shoreline
features of the Late Wisconsinan stand of Lake
Manix are not only preserved throughout eastern
Afton basin, but are also found many miles away in
various parts of Coyote basin and elsewhere. They
are surprisingly uniform in elevation throughout the
basin (Meek, 1990, p. 60), with the possible exception
of South Afton beach ridge, which crests about 1.6 m
lower than the other beach ridge remnants. However,
this comparatively tiny beach ridge was built parallel
to the prevailing wind direction, was constructed of
much smaller rocks (Meek, 1990, p. 60), and probably had the shortest wave fetch of any beach ridge
in the basin. While its lower elevation might suggest
subsidence of the immediate area, it is also very likely
that it was never built by wave action to the same
elevations as the other beach ridges. The fact that the
Late Wisconsinan beach ridges and other shoreline
features around Lake Manix are so uniform in elevation over such a large area makes it difficult to invoke
the subsidence of any portion of the basin at rates
that would accommodate the rapid accumulation of
the grey fanglomerate since the middle Pleistocene.
A second argument against this hypothesis is
that the granitic fanglomerate, which is offset 5.2
km by the Manix fault, would have a much more
complicated movement history to be able to pass
by the Pyramid Canyon headwaters area and not
shed debris into Afton basin. If the northern Cady
Mountains remained stable at their current elevation,
the eastern Afton basin region north of the Manix
fault would first have had to rise almost 100 meters
so that the head of Pyramid Canyon could slide by
the granitic fanglomerate area at an elevation high
enough to prevent sedimentation from it into Afton
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basin, and then begin dropping fast enough to permit
deposition of the grey fanglomerate. These sorts of
alternative scenarios all require a more complicated
series of events than the basic one proposed here:
lateral movement of the eastern part of the granitic
fanglomerate at a lower elevation than today, followed
by surface uplift of the northern Cady Mountains
that resulted in the grey fanglomerate wedge.

Implications of This Work
Two of the three scenarios presented suggest that
the Lava Creek B ash (620 ka) and Bishop Tuff (767
ka) might be found in the lower portions of the grey
fanglomerate, since both of these tuffs are present in
Tecopa basin, and the latter has been reported in the
Mecca Hills region much farther to the south. But
since most of the basal contact of the grey and brown
fanglomerates is in the subsurface, it is not that
surprising that these tuffs have yet to be found in the
immediate area.
Reheis et al. (2012, p. 12) have provided evidence
that the initial influx of Mojave River water into an
internally-drained eastern Afton basin occurred as a
result of a breached barrier in the vicinity of Buwalda
Ridge. After that event, Mojave River water periodically flowed into Afton basin and supplied substantial
lakes.
Before the lakestands represented by the thick
green clays/sands, there is no evidence for lakes in
eastern Afton basin, even ones that would have accumulated locally. This suggests that the time represented by the brown fanglomerate was a period when
the drainage of eastern Afton basin flowed elsewhere,
perhaps downslope across what is today the northern
Cady Mountains, or possibly eastward to accumulate
in the Buwalda Ridge vicinity (Nagy and Murray,
1991, p. 28). Most importantly, the timing of initial
uplift of the northern Cady Mountains suggests that
it was the surface uplift of the mountains adjacent to
the Manix fault that obstructed and then reversed the
drainage to create eastern Afton basin.
It is important to understand that water from the
Mojave River hadn’t yet reached eastern Afton basin
in the middle Pleistocene. Given rapid surface uplift
of the northern Cady Mountains beginning in the
middle Pleistocene, it is possible that the formation
of eastern Afton basin may have proceeded rapidly
enough that it could have held a large lake by the
time the Mojave River had made it this far east. This
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would help to explain why no middle or early Pleistocene lake sediments have yet been discovered in
eastern Afton basin.
Finally, the fact that the heavily cemented brown
fanglomerate crops out south of the Mojave River
and is covered solely by the rapidly accumulating
grey fanglomerate suggests that the northern Cady
Mountains in the Pyramid Canyon area could not
have existed at anything close to their current elevation prior to the middle Pleistocene. The unconformity between the two fanglomerate formations
shows that the drainage reversal occurred quickly
and progressed northward at a relatively rapid pace
without much evidence of local ponding. Thus, any
proposals that suggest that uplift of the northern
Cady Mountains must date to the Pliocene or earlier
(e.g., Miller et al., 2011, p. 63) are not supported by
the evidence in the Pyramid Canyon vicinity.

Conclusions
Using estimates of average deposition rates of a
fanglomerate that accumulated between two stands
of Lake Manix, the time needed to accumulate a
much thicker fanglomerate from the same source
has been estimated at about 750,000 years. Since
the source for both fanglomerates is in the northern
Cady Mountains, this suggests that the mountain
range must have risen in the middle Pleistocene to an
elevation where it could begin shedding the fanglomerate into Afton basin. Since the same bounding
fault had previously offset a different post-Miocene
fanglomerate formation by about 5.2 km in a leftlateral sense without those sediments being shed
into Afton basin, this means that the present tectonic
regime of vertical tectonics must have begun in the
middle Pleistocene.
As a result of the rapid rise of the northern Cady
Mountains, the local drainage reversed and eastern
Afton basin formed. Despite only starting to form in
the middle Pleistocene, the basin was already quite
large when water from the Mojave River first flowed
into it about 185 ka. The primary implication of this
work is that much of the topography in the central
Mojave Desert region could be of Quaternary age,
perhaps associated with a regional tectonic change to
N–S compression.
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abstract—A small hill in the southern portion of Fort Irwin army base presents
several geomorphic clues regarding the history of uplift, faulting and erosion. The hill
is bounded on the north by the potentially-active Bitter Springs fault. A geomorphic
analysis of the hill using Google Earth Pro® identified numerous east-west oriented faults
that appear to be branches of the Bitter Springs fault. Fluvial patterns on and adjacent to
the hill indicate that the uplift is probably due to north directed movement on a lowangle thrust fault, or perhaps blind thrust fault, inclined at a shallow angle to the south.
Mapping tools, available as part of the Google Earth program, allowed the import of
geologic maps covering the area, to compare with fault mapping conducted for this study.
Except for the Bitter Springs fault, none of the other faults identified as offsetting portions
of the hill were recognized during the previous mapping efforts. Geomorphic relationships suggest that the lineaments represent potentially-active faulting. Uplift of the hill
along the thrust fault pre-dates the higher-angle east-west faulting. However, seismicity
in the vicinity of the site is sparse. The fault that uplifts the hill, and the faults that offset
the hill, appear to have originated during Pleistocene time.
An unnamed hill located in the southern portion
of Fort Irwin army base, California, is examined
through a geomorphic lineament analysis for
evidence of faulting. Fort Irwin occupies approximately 1,200 square miles in the northeast portion of
the Mojave Desert. The relatively small, oval-shaped
hill is located approximately 1.5 kilometers (1 mile)
east of Langford Well Lake. The hill is bordered
on the south by a west-trending drainage and the
Langford Lake Main Supply Route (MSR). Previous
geologic mapping by the California Geological
Survey (Jennings, 1975, 1977, 1992, 1994; Jennings et
al. 2010; Jennings and Bryant, 2010; Bryant, 2005),
the Dibblee Geological Foundation (Dibblee and
Minch, 2008) and the U.S. Geological Survey (Byers
and Gray, 1956; Byers, 1960; U.S.G.S., 2002, 2007,
2008) recognized the main trace of the Bitter Springs
fault bounding the north side of the hill. The Bitter
Springs fault in general displays evidence for uplift on
the north side of the fault, bounding the south side
2015 desert symposium

of unnamed hills located southeast of Camp Irwin.
These unnamed hills are also bounded by the Bicycle
Lake fault zone on the north and the Garlic Spring
fault on the west. The U.S.G.S. and CGS showed the
Bitter Springs, Bicycle Lake and Garlic Spring faults
as having last ruptured the ground surface approximately 750,000 to 1.6 My ago (Mid-Pleistocene)
(U.S.G.S., 2002, 2007, 2008; Jennings, 1992, 1994;
Jennings and Bryant, 2010). In addition, mapping by
Miller et al. (1994), Ford et al. (1992), Dokka et al.
(1994), and Hafner and Hauksson (1994) was also
reviewed for this study.
The unnamed hill represents an uplifted block
approximately 3 kilometers (2 miles) in length along
an east–west axis and approximately 1 kilometer
(0.75 mile) in width along a north–south axis. The
crest of the hill reaches a maximum elevation of 2332
feet above mean sea level (MSL). The toe of the slope
bordered by the Bitter Springs fault, along the north
edge of the hill, is approximately 2200 ft. MSL, while
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Figure 1. Location map.

the toe of slope bordered by the Langford Lake MSR,
along the south edge of the hill is approximately 2100
ft. MSL. The north-trending ridges on the south side
of the hill are uniformly inclined about 3.5 degrees to
the south and represent a former geomorphic surface
now dissected by south-trending drainages. The
north slope of the hill, bounded by the Bitter Springs
fault, represents an eroded fault scarp and is inclined
around 13 degrees to the north. The crest of the hill
is asymmetrically situated near the north edge of
the block with 88% of the block lying south of the
ridgeline at the blocks centerline and only 12% of the
block located north of the crest.
As measured along the north–south centerline of
the block, the main drainage is 1,130 meters (3700
feet) in length while the main drainage on the north
side of the block is only about 160 meters (525 feet) in
length. Most of the drainages on the hill are consequent to uplift of the block and do not cross the crest
of the hill. One drainage near the west margin of the
hill is antecedent, originating north of the hill and
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passing through the crestline to reach
the drainage along Langford Lake
MSR. The unnamed, east-trending
drainage following the Bitter Springs
fault has been diverted around the
north margin of the hill by uplift of
the block, exiting to Langford Lake
MSR drainage along the east margin
of the hill.
Although the hill is bounded on
the north by the Bitter Springs fault,
and the north-facing slope of the
hill is considered to have resulted
from fault movement, the hill does
not appear to owe its existence to
the Bitter Springs fault. Rather, the
relatively short length of the hill
(compared to the overall length of
the Bitter Springs fault), coupled with
the general oval shape of the block,
uplifted condition, and asymmetrical tilt of the hill, suggest that the
resulting form of the block owes its
uplift to a relatively small (1.5 kilometer long) unmapped thrust fault
underlying the block and inclined
approximately 10 degrees to the
south. This thrust fault may be blind,
but is more likely buried by alluvium
shed against the northern margin of the hill from the
larger hills to the north.
Geomorphic analysis of tonal and topographical
lineaments on images provided by Google Earth Pro®,
indicate that the hill has been offset by high-angle,
strike-slip and normal-oblique faulting subsequent
to uplift of the block. These high-angle faults are
generally oriented parallel to the Bitter Springs fault
and the crest of the hill. The lineaments representing
these faults are expressed on the imagery as tonal
linear and curvilinear alignments of darker-toned
vegetation against the lighter-toned sediments.
Darker tones representing seeps and springs are also
visible on both black and white, and color, imagery.
These tonal lineaments are best expressed on
plan-view and low-angle oblique views of the Google
Earth images. The Google Earth images date between
September, 1995 and August, 2014. The locations of
the lineaments are preserved as .kml overlay files
using the Google Earth Pro ‘path’ tool. The ‘paths’
2015 desert symposium
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of individual lineaments are replicated by extending
short line segments over the imagery by selecting
points along the lineaments. Each ‘path’ is labeled
with the name of the nearest geographic reference
point or closest mapped fault zone oriented parallel
(or subparallel) to the orientation of the lineaments
and numbered for individual identification. The
name and number of each lineament is also entered
into the description of the ‘path’ to allow for easy
identification while using Google Earth. Allowing
for the existing color codes used by the USGS and
CGS, lineament ‘paths’ are color coded in shades of
light blue and light fuchsia, to avoid confusion with
the colors already assigned to faults of varying ages.
The thickness of an individual ‘path’ is determined
based on the tonal strength and continuity of the
lineament. Lineaments that represent drainages
are generally eliminated from consideration unless
the projection of a lineament is found to align with
vegetation within the drainage. Lineaments associated with man-made features, such as roads, trails,
fencelines, property lines, culverts, drainage ditches,
berms, embankments, agricultural activities, buried
pipelines, above-ground utility lines, and aboveground or buried structures are generally ignored,
although frequently, man-made features follow
natural geomorphic features.
In addition to tonal lineaments, alignments of
geomorphic features are also preserved using the
‘path’ tool in Google Earth. These features are best
observed by using the virtual 3D imagery elevation
exaggeration tool within Google Earth. The vertical
exaggeration tool allows the enhancement of subtle
geomorphic features, such as escarpments, canyons,
mountain flanks, sidehill benches, windgaps, ridgelines, ridgeline notches, concave inflections, convex
inflections, landslide headscarps and landslide
sidescarps. The elevation exaggeration tool is at its
most effective when coupled with the oblique angle
function of Google Earth. The ability to view imagery
of varying years, at various inclinations, elevations
and orientations is the key to identifying linear alignments of geomorphic features commonly associated
with faulting. When joined with the tonal lineament
analysis, unmapped faults of varying amounts and
types of offsets are easily identified and preserved
by again using the Google Earth ‘path’ tool. All of
the lineaments identified on the hill in question
showed evidence of faulting, as displayed by offset
2015 desert symposium

drainages, offset ridges, aligned drainages, aligned
ridges, deflected drainages, deflected ridgelines,
abrupt changes in the widths of ridges, changes in
slope inclinations across the lineaments, the presence
of sidehill benches along the lineaments, and alignment of landslide headscarps along lineaments. Tonal
lineaments of aligned vegetative growth, on the hill,
along hill sides and across alluvium extending away
from the hill, suggest the presence of surficial and/or
near-surface fractures. These fractures, in conjunction with the geomorphic evidence rendered from
the review of the Google Earth imagery, significantly
increase the probability for faulting associated with
these lineaments.
The geomorphic mapping is enhanced by using the
Google Earth ‘new image overlay’ tool to incorporate
existing geologic, geomorphic, soil stratigraphic,
geophysical, seismological, petroleum, and geotechnical mapping into Google Earth. The maps are
imported to Google Earth, rectified by longitude and
latitude coordinates, or by best fit methods, rendered
relatively transparent, and compared and contrasted
with the independently generated geomorphic
lineament analysis to determine the probability that
individual lineaments represent previously unrecognized faults. In the case presented here, geologic
and geophysical maps previously issued by the
California Geological Survey and the U.S. Geological
Survey were translated into .kml files, imported to
Google Earth, rectified to geographic boundaries,
and compared with the lineament analysis for the
unnamed hill. None of the lineaments were shown on
any of the geologic maps, except for the Bitter Springs
fault.
Finally, the previous geologic mapping is examined for the presence of Pleistocene-age stratigraphic
units that may be offset along the pathway of some
or all of the lineaments. Lineaments expressed
geomorphically in materials of Pleistocene-age are
indicative of potentially active faults as defined by
the State’s Alquist–Priolo (A–P) Earthquake Fault
Zoning Act. If lineaments are expressed geomorphically in alluvium mapped as Holocene in age, then
the lineaments are considered to represent active
faults as again defined by the A–P Act. If, however,
the lineaments are identified only on the basis of
tonal alignments of vegetation through alluvium
of Holocene age, the lineaments may represent
fractures, rather than faults, or, if combined with
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offset geomorphic features of Pleistocene age, they
may represent a fault offsetting materials of Pleistocene age at depth, buried beneath a relatively thin
cover of Holocene-age alluvium. Xeriscape plants,
common to the Mojave Desert, are by their nature
deep-rooted and, as such, quite capable of extending
root systems through tens of feet of young alluvium
to reach moisture contained in fractures and faults
in Pleistocene-age materials at depth. These lineaments must be assumed to only represent potentially active faulting unless additionally (subsurface)
evidence is uncovered that would confirm a younger
age for the faulting. However, the association of
microseismicity aligned with surface lineaments
suggestive of faulting, would indicate the presence of
active faulting as defined by the current California
Building Code. Geologic mapping by both the State
and Federal geological surveys found the hill to be
comprised of older alluvial fanglomerates of Pleistocene age. The alluvium surrounding the hill is
mapped as either Quaternary is age or Holocene in
age. Introduction of seismological mapping as an
overlay to the Google Earth imagery found no correlation with the lineaments identified in this study.
Therefore, the high-angle lineaments are considered
to represent branches of the Bitter Springs fault.
The lineaments identified offset materials of Pleistocene age that comprise the hill. However, only tonal
lineaments were found to extend through younger
alluvium surrounding the hill. Some of the lineaments are correlative with young drainages, but only
incision, and not offset, could be conclusively identified from the Google Earth imagery. Therefore, all of
the lineaments identified are considered to have last
ruptured the ground surface during Pleistocene time,
consistent with the mapped age of the adjacent main
trace of the Bitter Springs fault. The thrust fault that
is considered to have uplifted the hill is older than the
high-angle faulting, but based on previous geologic
mapping, is probably Early to Mid Pleistocene in age.
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Introduction
The southern California late Miocene Anaverde flora
(Axelrod, 1950) is located at the western margin of
the Mojave Desert near Palmdale (Antelope Valley)
(Fig. 1). Today, the region is clothed with seemingly endless creosote scrub mixed with the western
extent of Joshua tree woodland, brightened by a sea
of wildflowers for brief periods in spring. The central
Transverse ranges to the west block maritime air
masses, producing a continental climate with annual
rainfall of <10 cm, almost all of it during winter
months. Cold air masses from the interior can
produce extreme low temperatures of < -16 C, while
summer extremes are well in excess of 40 C. Just 5
million years ago the region supported oak savanna
with gallery forests of frost- and drought-intolerant
broadleaved plants in a thermally moderate climate
with some summer rainfall. Since Late Miocene time
the region has experienced almost complete floristic
and vegetational turnover, and serves as a dramatic
example of just how young and unique the modern
vegetation of California actually is.
The modern climate of the Palmdale region is
primarily a consequence of two factors. The first
being disruption of the Indo-Pacific surface water
circulation during the middle Miocene (Romine and
Lombari, 1985), which initiated gyral circulation
in the Pacific. The resulting cold California current
produced increasingly summer-dry conditions
on the west coast of North America. The second
relates to a regression in relative sea level. Regional
tectonics caused westward retreat of the coastline
in conjunction with uplift of the San Gabriel Mountains that now isolate the region from maritime
influence.

Late Miocene (~6 Ma) paleogeography
Palinspastic reconstruction of western southern
California 6-4 Ma (Matti and Morton, 1993) restores
about 100 km of right lateral motion along the San
Andreas and associated faults since 6 million years
238

ago, placing the Palmdale region north northeast of
the Ventura Embayment. The Anaverde paleoflora
grew on the ocean-facing slope of the Mojave

Block prior to Plio-Pleistocene uplift of the
western Transverse Ranges. To the southeast
of Miocene Palmdale lay low hills consisting of
the San Gabriel and San Bernardino Mountains,
while the Tehachapi Mountains (part of the
Sierra Block) lay to the northwest. Both ranges
began to form ~ 9 Ma, although major uplift
is ~ 1.2 Ma and ongoing (Spotila, et. al, 1998).
During Anaverde time no significant topographic features separated the Palmdale region
from the ocean, roughly 80 km away.
Geology
The Anaverde Formation is approximately 6-5
million years in age, or late Miocene (Schorn et al.,
2007), on the basis of mammal remains. The formation is largely composed of sandstone, but fossil
plants are recovered from the informally named
“Clay-Shale Member (CSM; labeled Tac in Fig. 1b),”
which lies near the top of the formation. Excavation
during construction of the Antelope Valley Landfill
(AVLF) facility over several years has exposed a large
swath of the CSM, along with many of the fossils
used in this study. Arkosic sediment forming the
Anaverde Formation was most likely derived from
crystalline rocks of the Tehachapi Range, which
is the principal source of alluvium deposited in
the Antelope Valley today (Ponti, 1985). The finegrained sandstone and mudstone of the Anaverde
Formation distinctly contrasts with gravel fanglomerates deposited closer to the mountain fronts.
The CSM is dominated by tan, gray and redbrown arkosic sandstone. Gypsum is pervasive both
as cement and vein-filling. The majority of sandstone
beds are poorly-sorted muddy arkose in 1-5 cm-thick
beds capped by mudstone drapes containing 3-10
mm sequences of wavy and convolute, internally
cross-stratified laminations, commonly containing
2015 desert symposium
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The cross-laminated
intervals alternate with
2-10 cm-thick intervals
of well-sorted, mediumgrained plane-bedded
arkose containing
abundant fragmental
plant material oriented
parallel to current direction. These intervals also
contain few fragments
large enough to identify.
The sorting, thickness,
and lateral continuity of
plane-bedded intervals
indicates highly turbulent, high energy sheet
wash deposition.
Periods of quiescence produced intervals of massive, gray,
organic-rich claystone
and siltstone. However,
almost all plant material
that is large and wellenough preserved to
identify occurs in thin
mudstone laminations
capping cross-laminated
and plane-bedded
intervals, and in a few
5-8 cm-thick massive
muddy sandstone beds.
These mudstone caps
formed when fine sediment and plant debris
settled out of suspenFigure 1: 1a – Location of the Anaverde flora; 1b – Google satellite image showing location of
sion following episodes
Anaverde sites within the Antelope Valley Landfill. Paleoflora comes from the clay-shale member
(Tac) (insert).
of rapid turbulent
deposition.
climbing ripples and festooned cross-laminated
The
sedimentology
and
geological
relationships of
bed sets. Reworked plant material including leaves,
the CSM are consistent with deposition on a rapidly
twigs, and fragmented wood is common, but rarely
aggrading, heavily vegetated, alluvial plain. Rapid
as fragments large enough to identify. These interdeposition alternated with periods of quiescence,
vals were deposited rapidly under turbulent streamduring which fine sediment and plant debris settled
flow. Festooned bed sets and climbing ripple marks
indicate rapid deposition by small, rapidly migrating from suspension. The abundance of gypsum suggests
alternating, possibly seasonal, wet and dry periods.
sediment-laden rills.
One of the most interesting aspects of the
Anaverde Formation is the presence of abundant,
2015 desert symposium
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recovered during the course of this study, paint a
very different picture of the Anaverde flora than that
presented in Axelrod (1950). Table 1 summarizes
changes to the composition of the Anaverde taxa
since Axelrod’s (1950) treatment. While our study
added several new taxa to the flora, one of the most
significant results of this work is the revision of

Figure 2: Sandstone with mudstone drape containing plant fossils.

black carbonized plant material at some horizons.
While it is impossible to be certain, the occurrence of
such carbonized plant material may possibly indicate
the occurrence of forest fires or burial in a reducing
environment.

Fossils
Fossil plants primarily consist of the impressions of
partial leaves and fragmental debris of wood, roots,
and other plant parts (Fig. 2). Elongate plant material
is commonly aligned parallel to inferred paleocurrent direction. Although the plant fossils are nearly
all fragmental, there is little evidence of decay or
insect predation. This suggests that plant material
was relatively fresh upon burial, which is consistent
with rapid aggradation in a highly vegetated setting.
Fossils occur primarily as impressions, but some are
compressions with remnants of carbonized remains
on the leaf surface. Preservation in coarse sediment
limits the quantity and quality of leaf-surface details
in the impression fossils, although those preserved
in muddy sandstone and mudstone are surprisingly
detailed preserving features to the highest vein orders
(Fig. 4). Identification of leaf impression fossils to
genus and species level typically requires detailed
venation, and sufficient detail can be found in whole
and even some partial leaf fossils in the Anaverde
assemblage to permit genus and species level determinations of plants previously described from other
middle and late Miocene paleofloras of the region.

Revisions to Axelrod (1950)
Reexamination of the Anaverde type collections,
in combination with the recognition of new taxa
240

taxa previously recognized in the flora. Type
specimens of nine out of 20 taxa recognized
in the 1950 publication cannot be identified to
genus or species. Of these unidentifiable taxa, five
of the genera have their closest modern ranges in
the summer dry tropics of Mexico and Central
America, and all of the rejected species occur in
modern western Mexican summer dry subtropical Short Tree Forest of Gentry (1942). The
Taxonomic List of the Anaverde Flora
Magnoliopsida
Magnoliidae
		 Magnoliales
			Magnoliaceae
				Magnolia californica Lesquereux - Magnolia
			Lauraceae
				 Persea coalingensis (Dorf) Axelrod – Avocado-like
laurel
				 Umbellularia sp. Nuttall. – California Bay Laurel
Hamamelidae
		 Hamamelidales
			Platanaceae
				 Platanus paucidentata Dorf - Sycamore
		 Fagales
			Fagaceae
				Quercus wislizenoides Axelrod – Live Oak
				Quercus pliopalmeri Axelrod – Palmer Oak
				 Quercus dumosoides Axelrod – Scrub Oak
Dilleniideae
		 Violiales
			Salicaceae
				Salix wildcatensis Axelrod – Arroyo Willow
				 Salix sp. Linne. - Willow
				Populus prefremontii Goeppert – Cottonwood
				Populus trichocarpa Torrey & Gray – Cottonwood
Rosidae
		 Rhamnales
			Rhamnaceae
				 Ceanothus precuneatus Axelrod
		 Sapindales
			 Anacardiaceae - Sumac Family
				 Rhus prelaurina Axelrod
		 Sapindaceae
				Sapindus oklahomenss? Berry – Soap Berry
Lillopsida
Commelinidae
		 Typhales
			 Typhaceae – Cat tail
				Typha sp. Linne.
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presence of these taxa in the Anaverde flora has
been repeatedly cited as evidence that modern
California desert vegetation has its floristic roots
in the dry tropical flora of western Mexico (e.g.,
Axelrod and Raven, 1977; Axelrod, 1979), a
perspective that has persisted into the current
day (e.g., Graham, 1999). Taxonomic revision
of the Anaverde flora suggests, at best, limited
floristic ties to Mexican dry tropical forest, and
suggests the possibility that tradition views of the
floristic evolution of California desert vegetation
may require reexamination.

with periods of quiescence, during which fine sediment and plant material settled from suspension.
The occurrence of abundant gypsum as cement and
vein-filling strongly suggests the occurrence of a dry
season or episodic drought. Dominant plants in the
assemblage – Salix and Populus - are today dominants in unstable moist habitats throughout much
of the southwestern US, growing with dense thickets
of sedge and horsetail rush. Additionally, both
Magnolia and “Persea” require significant year round
moisture, and would have persisted in the Anaverde
environment only in perennially moist bottomlands. The abundance of aquatic pollen in the flora
suggests significant standing water (Lanny Fisk, 2014,
Climate and Ecology
personal communication).
The Anaverde flora reflects warm temperate vegetaOther components of the flora, including live
tion growing in an unstable alluvial setting that
oak
and Rhus cannot tolerate waterlogged soils,
experienced rapid sedimentation. This interpretation
and must have grown above permanently wet habiis supported by the sedimentology of fossil-bearing
tats. Although Quercus wislizenoides is pervasive
deposits, which indicate rapid aggradation in a
region that experienced episodic flooding, alternating among the sites sampled, both as macrofossils and
pollen, it is not a dominant element,
Table 1. The composition of the Anaverde flora from Axelrod (1950) and this report
suggesting that oaks were not abundant in the depositional site, but
were an important element of the
larger landscape. Given the climatic
regime of the flora it is likely that
some drier sites supported vegetation similar to modern California
oak savanna woodland that included
some modern chaparral elements
(e.g., Rhus prelaurina, and Ceanothus precuneatus).
Virtually all of the plants in the
Anaverde assemblage are characteristic of warm temperate settings, and
some, including Magnolia, are physiologically unable to tolerate seasonal
frost. These plants also require a
significant quantity of summer
moisture, and were extirpated from
California as summer drought
became severe during the later part
of the Neogene.
Fourteen broadleaved taxa
are currently recognized in the
Anaverde flora, along with a number
of unidentified broadleaved forms.
Of the 19 unidentified and identified
forms scored, 10 possess untoothed
2015 desert symposium
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leaf margins, and 9 have serrated margins. The spines
of live oaks are not considered teeth (Wolfe, 1993).
Although the sample size is too small to obtain
precise results, it is possible to estimate mean annual
temperature using the equation from Wolfe (1978):

late Miocene. Global climate has also cooled considerably since the Miocene. Even if the PalmdaleLancaster region lay adjacent to the coast today plants
such as Magnolia and avocado would still be unable
to survive in the absence of summer irrigation.

Mean Annual Temp (oC) = 1.141 oC + (0.306 * % untoothed species)

Comparison with other Miocene paleofloras
of the region

This results in an estimate of mean annual
temperature (MAT) of about 17.2 0C, which is very
close to the mean annual temperature of the region
today. Still, there is no doubt that the region today
is climatically much different than it was during the
late Miocene when the Anaverde flora grew. Average
January temperature in the region today hovers
near freezing, with extreme temperatures colder
than -160C. Mean annual precipitation today ranges
from 2 cm to about 7.5 cm, most of this in the winter
months. Many plants in the Anaverde flora would be
unable to survive under this climate.
Deposits of the Anaverde Formation interfinger
with sea level sedimentary rocks, while today the
region sits at a much cooler elevation of well over
750 m. Furthermore, the Palmdale region is today
isolated from the coast by mountain ranges, which
were not present when the Anaverde flora grew. These
mountains today isolate the region from coastal
climatic influence, causing the Palmdale-Lancaster
region to be drier, and to have more extreme annual
and daily temperature fluctuation than it did in the

Rapid sedimentation in basins of the western Mojave
region began ~ 20 Ma with the development of
the San Andreas Fault system. These basins hold
a number of Miocene and Pliocene paleofloras,
including the ~ 17 Ma Tehachapi flora (Axelrod,
1939), ~ 12 Ma Mint Canyon flora (Axelrod, 1940;
Ehlert, 2003), and the ~ 6 Ma Mt. Eden flora
(Axelrod, 1937). These floras are associated with
mammal faunas or have been radiometrically dated,
and document the development of regional vegetation from the mid Miocene warm period onward.
Elsewhere in California the Broken Hills paleoflora
(Axelrod, 1980) from Near Coalinga and the Turlock
paleoflora from the southern Sierra foothills are
coeval with the ~ 5 Ma Anaverde flora and document
the regional scope of latest Miocene vegetational
communities of the time.
Although all of these floras are in critical need of
revision, they document a trend of gradual climatic
cooling and increasing seasonal drought through
the Middle to late Miocene. The Tehachapi and Mint

Figure 3: Left, leaf of Populus trichocarpa;; right, closer view of the same leaf showing detail of higher venation.
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Canyon floras retain plants such as Lyonothamnus
and Arbutus that require some summer moisture
and/or cooler summer temperatures. All, including
the Anaverde flora, include live oaks as a numerical
dominant in an association of drought tolerant
shrubs and small trees that very likely formed an oak
savanna woodland. By late Miocene time the regional
flora had lost much of its diversity, and climate had
cooled significantly. The Anaverde, Broken Hills,
Turlock, and Mt. Eden floras all include a bottomland
association of sycamore, poplar, willow and laurel,
surrounded by oak savanna occupying drier habitats.
All of these assemblages reflect lowland vegetation
growing adjacent to the Pacific or to the Central
Valley inland sea over much of the southern half of
the state.
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Silver Mountain and the
Oro Grande Mining Company
Larry M. Vredenburgh

Tehachapi, California 93561, http://vredenburgh.org

In late 1880 the gold and silver mines on Silver
Mountain, situated about 5 miles northeast of the
present location of Oro Grande, San Bernardino
County became a focus of public interest following
the significant investment by three partners, Pasadena “neighbors,” Orville H. Congar, and Henry H.
Markham and Markham’s partner from Milwaukee,
Wisconsin, E. G. Hallock.
Oroville H. Congar, was born in New York in
1828. He moved to Wisconsin in 1843. After this he
graduated from the Chicago Medical College and
practiced medicine for several years. In 1850 he and
a small party of gold seekers headed to California.
In January 1851 he shows up in the census in Greenwood, El Dorado County.
In 1872 Dr. Congar testified as an expert witness
in Salt Lake City, on of behalf of The Cincinnati and
Illinois Tunnel Company of Utah during the infamous Emma Mine case. In his testimony he stated,
that he had “been engaged in mining more or less
since 1850, in California, Montana, Nevada, and
since 1864, in Utah; has been an assayer of ores; has
practical experience in mines, directing and working
in them; has scientific knowledge of mines, mineral
formations and their surroundings.”
In 1874 Congar and family moved to Pasadena
California where he became an accomplished
horticulturist.
Henry Harrison Markham was born in Wilmington, New York, November 16, 1840. In 1861
he moved with his parents to Wisconsin and on
November 1, 1863, he enlisted in the Union Army.
During Sherman’s march to the sea, his hip was
struck by a shell, an injury from which he never fully
recovered. After the war he moved to Milwaukee,
studied law, was admitted to the bar, and successfully practiced law.
In response to a newspaper ad, Markham
purchased a 23 acre ranch in Pasadena and in 1879
he, his wife and daughter moved to Pasadena, California. Shortly after the move to California he played
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Henry Markham, 1890.

a significant role in the management of the Oro
Grande Mining Company. Also among his accomplishments he became president of the Los Angeles
Furniture Company, a director in the Los Angeles
National Bank, San Gabriel Valley Bank of Pasadena
and the Southern California Oil Supply Company.
He also was among the founding Trustees of the
California Institute of Technology
In 1884 he was elected to Congress (49th Congress,
March 4 1885 – March 4, 1887). He served one term
representing virtually all of southern California,
but declined to run again. In 1890 he ran as the
Republican candidate for governor and was elected
by more than 10,000 votes, despite the fact that the
Democratic Party held most of the elected offices in
the State.
During Markham’s campaigns for Congress
and governor his opponents filled the newspapers
with letters and statements lambasting him for
hiring Chinese laborers in favor of Irish workers to
develop the Oro Grande Mine. The “smoking gun”
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which was used against him, was a letter known as
the “Old Pard” letter, penned in August 1881 to E.
G. Hallock (see below). This was at the height (or
perhaps just the beginning) of the anti-Chinese fever
that had infected the populous of California. This
letter and numerous “letters to the editor” which
were published to defame Markham’s character also
provide insight into the development of the Oro
Grande Mine.

Silver Mountain Mining
In January 1873, rich gold and silver ore was discovered by A. G. Lane five miles northeast of his ranch,
which was situated west of the Mojave River roughly
across from the present location of Oro Grande. Lane
dubbed the hill where he made his discovery Silver
Mountain, and soon the Silver Mountain Mining
District was established.
Prospecting and modest mining operations
continued throughout the 1870s. During meetings on
February 16, and March 27, 1880 the mining district
was reorganized and the boundaries modified.
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During these meetings Hamilton Pearl was elected
president and A. J. Spencer, recorder.
Los Angeles Mirror in May 1880 reported that
“Mr. A. J. Spencer brought to our office Monday, a
piece of ore… It assays over $2,000 in silver to the
ton, and copper enough to pay for working. There
is a four foot lode with one foot of pay rock. There
was also a gold lode discovered in the same district,
which assays $18,000 gold to the ton.”
Another brief article from May 1880 stated “Mr.
Sam Rogers who keeps a station on the Mojave is in
town [San Bernardino] today with a bonanza in both
pockets. He says it goes $1,000 and was found within
five miles of his house.”
The “mining bug” which had lain dormant in
Orville Congar since his move to Pasadena was
apparently reawakened by news of these discoveries. The San Bernardino Daily Times reported
on 20 Oct 1880 that A. J. Spencer and his partner
James Waldrip sold their claims to Dr. Congar [and
Markham and Hallock] for $8,000, with a $1,000
downpayment.
Two other claimants,
John Goldsworthy and
his partner William
Clancy, in lieu of selling
their claims each
acquired one-fifth ownership in the Oro Grande
Mining Company. The
face value of the stock
each of them were paid
was $30,000.
In a letter to the
Los Angeles Herald
Congar stated that he
was the founder of the
Oro Grande Mining
Company. He certainly
had the mining experience. Markham had the
money and connections
. . . or perhaps not! In a
letter to the Los Angeles
Herald, published 20
Sep 1884, Congar stated,
“Markham represented
himself as possessing,
and faithfully promised
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[$75,000] before the company was organized.”
However only a small portion of this capital ever
materialized. As for connections, E. G. Hallock,
who also invested $30,000 in this venture, was an
acquaintance from Milwaukee. Other Milwaukee
investors later proved invaluable in bailing out the
company.
Nov 3rd 1880 Markham and Congar left for San
Francisco to purchase a stamp mill for the Company.
Grading a site for the mill commenced immediately
but was brought to an abrupt halt “. . . on account of
the defective title to the millsite.” On December 12 it
was reported the millsite was moved, “a stone’s throw
from the original location.”
E. Turner and A. O. Bristol were contracted to
construct a water ditch along the Mojave River to
power the planned Oro Grande Mining Company
stamp mill, but it was Congar, Markham and E.
G. Hallock who assembled a workforce of Chinese
laborers in October 1880 to construct the water
ditch. The overseer of the Chinese laborers, Sui Sing,
distributed pay to the workers at the rate of $35 per
month. Additional Chinese laborers were transported Oro Grande in December. By the middle of
December the ditch was reported as being nearly
completed.
The length of the ditch was 14,250 feet and a
flume 900 feet long. The ditch/flume was constructed
to carry 4,000 miners inches (100 cubic feet per
second). Also, a dam was built across the Mojave
River. During the spring of 1881 Markham supervised its construction. After the ditch and dam were
completed the Chinese workers graded roads to the
various mines, and at times worked the Oro Grande
Mine.
In a May 7, 1881 letter to the Los Angeles Herald
a correspondent stated, “I am writing you from Oro
Grande, the supposed future Virginia City of California del Sur.” After describing other operations in
the district he reports that the Oro Grande Company
was working the Oro Grande, Oro Fino, Garfield,
Buena Vista claims and one or two others. All of the
claims are “…being worked to a depth of from 20 to
250 feet, and the ore hauled to the river, a distance of
six miles, where it is being crushed by their ten stamp
mill at the rate of one ton per hour.”
On June 1, 1881 E. P. Johnson was hired as Superintendent. Sometime later Johnson and Conger hired
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“a Mr. Chapman said to be an expert in working
Chinamen in the mines” as foreman.
The Chinese workers replaced the white workers
whom went to work at the Oro Fino Mine. John
Taylor, foreman of the mines, who could not, or
would not supervise the Chinese workers, resigned.
In a letter to the Los Angeles Herald (20 Sep 1884)
Samuel James, a still disgruntled former miner, stated
that the company thought that they “could force [the
white miners] to work for less pay by threatening
to replace them by hiring Chinese…” The company
thought that “they would be glad to take the pitiful
sum of $2.50 per day and board themselves… The
miners refused to work…. and were forced to seek
elsewhere for employment.”
On February 28, 1881, the Oro Grande Mining
Company was incorporated with the following directors: William Clancy, O. H. Congar, John Goldsworthy, E. G. Hallock, and H. H. Markham. Each
subscribed for 300 shares at $100 each share. Conger
was elected president and superintendent, Goldsworthy and Markham treasurer. Conger served as
president for two years.
Things did not go as planned, and soon the
company found itself $20,000 in debt. In July, 1881,
Markham went to Milwaukee and sold 600 shares
of stock for $31,000, or $51.67 per share. One of the
principal investors from Milwaukee, Dr. G. B. Miner,
returned with Markham in October to examine the
mine he had just purchased stock in. At this time
the Chinese workers were still at work under the
foreman, Chapman. However shortly after this time
the Chinese workers quit, due to “threats from the
white miners, a difficulty with the mine foreman and
other circumstances.”
In 1882, after the acquisition of stock by new
Milwaukee investors, the officers of the company
were C. T. Bradley, of Milwaukee, president; H. H.
Markham, of Pasadena, vice president; G. B. Miner,
of Milwaukee, treasurer; and J. D. Gilchrist, of Los
Angeles, Secretary.
The Silver Mountain mines turned out to be a bust
for the Oro Grande Mining Company, since the mill
couldn’t recover the gold and silver from the ore.
The story of the construction of an expensive mill to
support a more-or-less worthless mine is a familiar
one across the West. But the Oro Grande Mining
Company found itself at just the right place at the
right time. The closing of the Silver Mountain mining
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chapter proved to be just the end of the beginning. At
the same time Silver Mountain was being developed,
some 30 miles down the Mojave River the Waterman
Mine was discovered and on April 6, 1881 the King
Mine was discovered at Calico. On March 1, 1882
the Oro Grande mill began operating on ore hauled
some 40 miles from the King Mine, and on June 1,
1882, the Mining and Scientific Press reported that the
King mine was sold to the Oro Grande Company for
$300,000 with a $100,000 cash down payment. The
seemingly odd connection of Calico with Milwaukee
investors can be traced through Henry Markham.

Markham’s Financial Dealings
On November 1, 1890 three days before the general
election in which Markham ran for governor, A.
J. Spencer offered these details regarding and his
financial dealings with the Markham between 1880
and 1883.
I was the original discoverer of the
Oro Grande mine. I sold it to Colonel
Markham and others. At the time I sold
it, James Waldrip had an interest with me.
So had John Goldsworthy, and Judge Wm.
Clancy. They retained their interest and
Waldrip and I sold to Markhan, Conger
and Hallock. Waldrip and I sold for $500
cash each, and we were each to get $3,500
more. A long time passes and we never
got any of this money. In 1883, I think,
Charles Lawrence came to me and told me
Markham was burst, did not have a dollar;
that what little property he had saved he
had put in his wife’s name and that I had
better settle my claim for anything I could
get. He told me to go down to Los Angeles
and see Markham. I came down and went
to the office of Colonel Markham. He
acknowledged that he had sent Charlie
Lawrence to me, and said he was broke.
He said those mines are not worth a d----.
But I want to do as well by you as I can. If
you bring a suit on that claim I will have
to raise a little money to defend it, and I
would rather give you that than to give it
to the lawyers. I will give you and Waldrip
$1,000 each. We thought he was telling us
the truth and took the money. A few days
after a man named Cleghorn came to me
2015 desert symposium

and told me not to settle my claim against
Markham; that he had been making
inquiries and that Markham was worth
$50,000. I told him I had already settled
with Markham, and that it was too late.”
In 1887 suit was brought against Markham by
his former partners, E. G Hallock, O. H. Congar,
John Goldsworthy and William Clancy who accused
Markham of misrepresenting the value of the
stock that was sold to Milwaukee parties between
September 1881 and February 1882 in an effort to
raise capital. The defendants turned over about 600
shares to Markham for sale, then another 130 shares
were turned over to him which he sold to C. M.
Sanger. And later the balance of the stock, about 440
shares transferred to him as a sale. The defendants
accused Markham of pocketing $14,000. He stated
the stock was sold for a value less than it actually was.
A decision was rendered by Judge O’Melveny in
August 1888 against Markham. He was ordered to
pay just Hallock $1,100 and his court costs.
These details as well as an exact copy of his “Old
Pard” letter appeared in a two page supplement to the
October 24, 1890 edition of the Los Angeles Herald
as well as in the Daily Alta California of October 15,
1890.
In spite the campaign against Markham, he won
governorship by a comfortable margin. A biography
of the remainder of his life must be reserved for
another place and time.
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You have been more than kind to write
me so often. George sent me a package of
letters, three from you and three from my
wife to-day. It does me a great deal of good
to hear from you and to have you write
me so fully about the business out there. I
think when I get back, and you and I can
have a full talk about the matter, we will
take the bull by the horns ourselves and
see what can be done. If we can only make
that property pay a respectable dividend,
we can sell every dollar of our stock in
mill for a big figure, and the men I sold
to are red hot to push the thing through.
They say that we don’t need to go to
New York for money that there is money
enough here if the mines will warrant it I
got a letter from Pendegast congratulating
me on my success, and I sent him the
money, and says that they will look into
the concentrators at once. Can you drop
a letter to Ike James telling him that I will
bring the money to pay him, and to get the
amount, etc., also a release of the mortgage, or would you’ try the plan of having
some one buy the mortgage? As we once
talked of, I feel that he has been so kind to
us that we want to do by him what is right.
Think it over and do as you think best. If
I thought he would sell the mortgage for
much off to some one else, we, of course,
would be glad of the discount, and might
as well have it as any one else. Should you
think it best to try it, perhaps it would be
better to wait till I get there. I would be
ready to start next week were it not for
father and mother. They are both very low,
and it seems cruel to go and leave them
just now; should they improve will start at
once, and must go before long any way. I
feel as though I ought to be there, and my
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mill men are anxious to have me go. They
made me promise that I would give it my
personal attention or they would not put
their money in. I was very careful not to
say one word against any of our partners;
told them that all were doing our best.

he thinks. You must wait until I come
for the particulars as to all the boys. I do
believe Hallock, that we shall make some
money out of those damn mines after all.
I am glad that Irish crowd are out and
hope that the Chinamen will be all right.

I am afraid that you would cuss this
country a little were you in my fix. Four
weeks ago to-day I was taken with the
rheumatism, and for the last three weeks
I have not been able to put my left foot
to the floor, and can’t step a step without
crutches. I asked J. D. what he thought of
California now? and he says that Jarv Platt
says that everybody has rheumatism in
California, so that makes it so, I suppose.

I think I saw that Chapman when I was
there last. You must boss the thing the
best you can, as you know what is best to
be done better than I do. I thought that
we would pay all the debts, and then you
and I would look after our own stock, and
let the rest do the same; this is confidential, of course. When I get there we will
settle everything, and give each one the
stock that belongs to them; and after this
let them look out for themselves. You and
I have stood in the breach long enough I
think, don’t you? But say nothing until a
full settlement is had.

I have seen Reed a good many times, and
had good long visits with him. I will tell
what he said when I see you. He gave me
a pass till Dec 31. I have used it once. I
suppose that you have heard of the collision on the west end of the Road, and that
Hogan and another conductor came near
having another smashup at the east end.
Hogan is “laid off.” I have not seen him
since, but Kittell told me all about it, and
says that Hogan will be put on again soon,
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You will not have time to write me more
than once after getting this. I hope that
I shall telegraph my wife when I start or
you, whichever I think best. I want to see
you about as bad as I do my wife.
Please give my regards to Mrs. Hallock
and the Dock. Yours, etc., Henry.
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San Bernardino County Deeds
23-213, 23-218: 10/6/1880
William Clancy – in Silver Mountain Mining District. 2 deeds
24-190: 2/21/1881
John Goldsorthy to William Clancy. $1.00 ½ interest General Garfield so called the Oro Grande and ½
interest Buena Vista, 1/5 interest Sidewinder. Witness A. C. Holmes
24-213: 2/5/1881
John Goldsorthy to William Clancy. 1/2 interest in Silver Mountain Mining District.
24-406: 3/8/1881
William Clancy and Jane (wife of John) H. Goldsowthy of LA to William Sippy and M. L. Micks of LA
$300.00 mining claim in Silver Mtn. Mining District. Eureka Joe [located?] 9/29/80 & 10/4/80. Witness A.
C. Holmes, notary LA County
24-473: 12/4/1880
Edson G. Lewis to H. H. Markham (both of Los Angeles) $25.00. Enterprise #2 com. At the western
extremity of Oro Grande, Silver Mountain Mining District.
24-492: 3/25/1881
O. H. Conger, E. G. Hallock, John H. and Jane H Goldsworthy, William Clancy & H. H. Markham all of
Los Angeles to the Oro Grande Mining Company for 300 shares at $100 each all their interest in mining
claims: Garfield, Rio Grande, Sidewinder, Buena Vista, Oro Fino, Pequito, Hancock, Hermoso, Silver Mtn,
Apex, Basalt, Goldsworthy, Sobrieneto (?) Seguendo, Liningstone,
24-538 2/17/1880
Sidney Swarthout of San Bernardino to H. H. Markham of Los Angeles County. $350.00 SESW Sec 8 6N
4W
Mining Claim and Water Right Locations
Oro Grande Millsite at Oro Grande 10 miles E of old quartz mill. Mill erected s of 4/15/1881
4000 inches on the right bank to conduct water to 2 mill sites situated on the right bank of Sec
18 6N 4W about 2 ½ miles northerly from this point to be taken up and run 2 miles further to 2
other mill sites on the Mojave River for town, irrigation and domestic uses. Dated 10/15/1880 &
12/24/1880, E. G. Hallock, O. H. Conger, H. H. Markham, William Clancy, Jane H Goldsworthy.
Water Right Location 1/10/1881 Sec 18 7N 4W A. G. Lane & A. J. Spencer. Ditch to be taken from
the river at or near the SE corner T. J. Allison’s farm.
Millsite claim, 10 acres, NE corner of Sec 32 6N 4W, by A. G. Lane & A. J. Spencer
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abstract: Major ecosystem changes influenced mammalian paleoecology and diversity
in western North America during the Miocene Climatic Optimum (MCO; ~17-14 Ma).
The Cajon Valley and Crowder formations in the southwestern Mojave preserve diverse
mammalian fossils and record faunal response to environmental changes during this
warming interval. By sampling and analyzing paleosols within these formations, we
integrate the following approaches to reconstruct the local paleoenvironment during the
MCO: 1) phytolith assemblages; 2) stable carbon isotopic composition of preserved soil
organic matter; and 3) elemental geochemical analysis. This multi-proxy approach indicates the presence of relatively stable mixed forest and C3 grassland ecosystems through
time, with phytolith evidence of C4-grass presence in the Crowder Formation. Based
on the carbon isotopic composition of soil organic matter and the chemical weathering
index minus potash, we infer moderate variability in precipitation within our samples,
with a mean annual precipitation of ~800 mm for the two basins. We estimate mean
annual temperature utilizing three geochemical proxies, the paleosol weathering index,
clayeyness, and salinization, yielding average temperature estimates of ~11°C during the
late Hemingfordian of the Cajon Valley and Crowder formations. The climate and vegetation changes in these formations provide the local environmental context for evaluating
faunal response to global warming.

Introduction
The Miocene Climatic Optimum (MCO; ~17–14 Ma)
was a global warming interval (Zachos et al., 2001)
with diversification and paleoecological implications
for fossil and modern lineages of mammals (e.g.,
Barnosky and Carrasco, 2002). Peak mammal diversity in the fossil record of western North America
coincided with this interval (Finarelli and Badgley,
2010; Badgley et al., 2014), and several mammalian
lineages have deep diversification events situated
during the MCO (Hafner et al., 2007; Fabre et al.,
2012). The causes and consequences of the MCO
have been the subject of much study, from climate
modelers to paleontologists, due to similarities
between the middle Miocene and modern conditions
(e.g., similar continental configuration) and implications for the present-day global warming trend
2015 desert symposium

(Foster et al., 2012; Goldner et al., 2014). While proxy
records for sea surface temperatures generally agree
that the MCO was 2-4°C warmer than today (You
et al., 2009), proxy records for terrestrial systems
vary considerably across geographically widespread
localities, with a mean global warming of 6.8°C
(Goldner et al., 2014). Global warming during the
MCO was accompanied by changes in precipitation, seasonality, and composition and structure of
vegetation (Kurschner et al., 2008). Diverse climatic
and environmental responses in terrestrial ecosystems across North America influenced floras and
faunas in varied ways during the MCO. For example,
elevated productivity during warming may have
supported a higher diversity of browsing ungulates
(Janis et al., 2004; Kohn and Fremd, 2007) and
carnivores (Kohn and Fremd, 2008). Additionally,
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Figure 1. The location and geochronology of the Cajon Valley
and Crowder formations in the Mojave, San Bernardino County,
southern California (with location of nearby middle Miocene
Barstow and Hector formations included for reference). The
total thickness of the Crowder Formation is ~980 m, and the
total thickness of the Cajon Valley Formation is ~2440 m. Gray
shading indicates measured sections with a high concentration
of fossil localities and paleosol horizons.

the fossil record of small mammals suggests elevated
diversification rates and faunal turnover at both local
and regional scales during with the MCO (Finarelli
and Badgley, 2010; Badgley and Finarelli, 2013).
Global warming and subsequent environmental and
faunal changes were likely pronounced in the tectonically active intermontane west, where interactions
between developing topographic complexity and
climate warming steepened elevational gradients and
fragmented mammalian habitats (Badgley, 2010, see
also: Badgley et al., this volume).
Here we present methods and results for paleoenvironmental reconstruction of the Cajon Valley and
Crowder formations in the southwest Mojave region
during the MCO (Fig. 1). Based on dating from
biostratigraphy and paleomagnetic stratigraphy,
exposures of the Cajon Valley and Crowder formations in San Bernardino County, southern California,
were deposited from ~18–13 Ma and ~18–7.1 Ma,
respectively, with fossil beds spanning the Hemingfordian to Barstovian transition (~16.3 Ma) and the
MCO (Weldon, 1984; Liu 1990; Woodburne, 2004).
The Cajon Valley and Crowder formations represent
separate continental basins now physically adjacent
due to movement along the Squaw Peak Fault (associated with the San Andreas Fault System), but at the
time of deposition were separated by estimated tens
of kilometers (Meisling and Weldon, 1989). With a
rich fossil record of mammals (41 species from the
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Hemingfordian and Barstovian), the Cajon Valley
and Crowder formations are important records of
mammalian response to environmental changes
during global warming (Woodburne and Golz,
1972; Reynolds et al., 2008). We measured sections
and described lithologies through formational units
spanning the MCO. In the Cajon Valley Formation,
we measured Units 3 and 5 (~800 m), and in the
Crowder Formation, we measured Upper Unit 1–
Lower Unit 2 (~90 m). We sampled previously identified fossil beds and paleosol horizons within the
predominantly fluvial sandstone units for preserved
soil organic matter (SOM), phytoliths, and elemental
chemistry of clay-rich paleosols. Multi-proxy
approaches utilizing the geochemistry and phytolith
assemblages of paleosols have documented climate
and vegetation change in other parts of the Cenozoic
continental record, including from the Early Eocene
Climatic Optimum in the Wind River and Green
River basins in Wyoming (Hyland and Sheldon, 2013;
Hyland et al., 2013a), indicating strong potential for
paleoenvironmental reconstruction from the paleosol
record of the Cajon Valley and Crowder formations.
Based on samples from paleosols preserved
in these formations, we integrate three different
methods to assess past vegetation composition and
climatic conditions. Each of the following approaches
for paleoenvironmental reconstruction is described
below: 1) plant phytolith assemblages for relative
proportions of forest and grass indicators; 2) stable
carbon isotopic record of SOM for inferring the
proportions of C3 and C4 vegetation and precipitation; and 3) elemental chemistry proxies for precipitation and temperature. We present results from each
of these analyses and evaluate the vegetation composition and temperature and precipitation conditions
during the middle Miocene deposition of the Cajon
Valley and Crowder formations. We compare local
paleoenvironmental reconstructions and assess the
spatial and temporal heterogeneity of vegetation and
climatic conditions between the two basins. Assessment of local ecosystem history provides the environmental context for evaluating changes in species
richness, community assembly, and paleoecology of
mammalian faunas in these formations during the
MCO.
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Approaches for paleoenvironmental
reconstruction
Phytoliths
Phytoliths are silica bodies formed within the
plant cells of several vascular-plant groups and are
readily incorporated into soils during plant decay
(Piperno, 1988; see also: Loughney and Smith, this
volume). Phytoliths have high preservation potential,
especially in sedimentary deposits such as paleosols that are often devoid of plant macrofossils and
palynomorphs (Strömberg, 2004). With a diversity
of distinct morphotypes, phytoliths are useful for
identifying plant sources at various taxonomic levels
(Piperno, 2006). Phytolith assemblages from the
sedimentary record enable the reconstruction of past
floral composition, ecosystem characteristics, and
certain phytolith taxa can be useful indicators of
past climate conditions (Strömberg, 2004). Phytolith
analysis has been the basis for recognizing several
major vegetation shifts, such as the regional expansion of grassland ecosystems through the Cenozoic
(Edwards et al., 2010; Strömberg, 2011).
The phytolith record of the Cajon Valley and
Crowder formations was previously unknown;
however, lignites present in Unit 5 of the Cajon
Valley Formation provided an indication of wet,
forested habitats during the Barstovian as well as
preservation potential for plant macrofossils (Woodburne and Golz, 1972). Thus far, we have processed
and analyzed eight paleosol samples for phytoliths
from the Cajon Valley and Crowder formations,
following procedures from Strömberg et al. (2007).
All eight paleosol samples yielded countable (>200
diagnostic phytoliths) assemblages, and phytoliths
were categorized by plant functional group (forest
or grass indicators) based on morphotypes defined
in Strömberg (2003, 2005). Grass phytoliths were
further identified to C3 and C4 subfamilies. We
calculated relative proportions of forest, C3 grass, and
C4 grass indicators from the total diagnostic morphotypes. Bias towards a greater abundance of grass
morphotypes compared to aboveground vegetation
has been documented in modern soils (Hyland et al.,
2013b). This bias is minor in Inceptisols (-1.7 %), the
predominant paleosol type in the Cajon Valley and
Crowder formations; however, potential production
and preservation bias may influence the composition of phytolith assemblages and should be taken
2015 desert symposium

Figure 2. Environmental records from the Cajon Valley
Formation. A) Pie diagrams indicating the proportion (± 2%)
of C3 grass (gray) and forest (white) morphotypes in the total
phytolith assemblage. B) The carbon isotopic record of soil
organic matter (SOM); gray bars indicate analytical error. C)
MAP estimates, ±1 standard error, based on δ13CC3 (gray circles)
and CIA-K (black triangles). C) MAT estimates, ±1 standard
error, based on three elemental-chemistry proxies: paleosol
weathering index (black circles), clayeyness (dark gray squares),
and salinization (light gray triangles).

Figure 3. Environmental records from the Crowder Formation;
Ba = Barstovian. A) Pie diagrams indicating the proportion
(± 2%) of C3 grass (gray), C 4 grass (black), and forest (white)
morphotypes in the total phytolith assemblage. B) The carbon
isotopic record of soil organic matter (SOM); gray bars indicate
analytical error. C) MAP estimates based on CIA-K index and
MAT estimates based on paleosol weathering index, clayeyness,
and salinization from one Inceptisol sample situated at 4 m
(~17.5 Ma).
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into account when interpreting the phytolith record
(Hyland et al., 2013b).
Preliminary results from phytoliths offer promising insights into the vegetation composition and
structure of the Cajon Valley and Crowder formations during middle Miocene deposition. Four
phytolith samples from the Cajon Valley Formation
record a mixture of forest and C3-only grass indicator
types, with an increase in the proportion of grasses
higher in the section (from 24% to 45% of the total
flora; Fig. 2A). In contrast, we find the earliest record
of C4 grasses in the Mojave region from the Crowder
Formation at ~17.5 Ma (Fig. 3A). Phytolith assemblages from the Crowder Formation are composed
of roughly equal proportions of grass and forest
morphotypes in all four samples analyzed, suggesting
a stable floral composition throughout the section.
Grass phytoliths preserved in Crowder paleosols are
primarily from C3 grasses, with C4 grasses making up
only 1–4% of the phytolith assemblages. The phytolith records of these formations indicate a mixed
forest and grassland ecosystem with some spatial
heterogeneity between the two basins, especially in
terms of C4 grass presence, and an increase in grass
abundance during the MCO in the Cajon Valley
Formation.
Carbon isotope record
The presence and relative abundance of C3 and C4
vegetation in an ecosystem can also be recorded by
the stable carbon isotopic composition, expressed as
δ13C, of SOM and mammalian tooth enamel from
fossil herbivores via processes outlined in Figure 4
(modified from Koch, 1998). In terrestrial settings,
photosynthetic pathway is the dominant control

Figure 4. Average carbon isotopic values and fractionations
among atmospheric CO2, C3 and C 4 vegetation, primary
consumers, and soil organic matter. This figure illustrates the
various pathways and assumptions to be considered when
interpreting the stable carbon isotopic composition of preserved
biological materials (i.e., past atmospheric CO2 composition, C3
and C 4 end-member composition, and fractionation factors for
large versus small mammals). Figure modified from Koch, 1998.
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of vegetation δ13C values, with C3 plants strongly
discriminating against 13C during CO2 fixation in
comparison to C4 plants (e.g., Smith and Epstein,
1971). This results in distinct, non-overlapping
carbon isotopic compositions, making it possible
to differentiate each vegetation type (Cerling et al.,
1997). The carbon isotopic composition of bulk SOM
reflects the average composition of the overlying
vegetation, while the carbon isotopic composition of
tooth enamel reflects diet, thereby enabling inference
of the vegetation available for consumption when
analyzing herbivore species (Koch, 1998). These two
records serve as proxies for vegetation on different
temporal and spatial scales: SOM is an in situ but
time-averaged record of above-ground vegetation
(Koch, 1998), whereas tooth enamel records vegetation consumed during tooth formation, potentially
from a broad area depending on animal home-range
size and migration patterns (Cerling et al., 2003).
Thus far, we have integrated the SOM carbon isotopic
record with phytolith assemblages from paleosols of
the Cajon Valley and Crowder formations in order to
track changes in vegetation across the MCO (Figs. 2
and 3). Ongoing work to sample mammalian fossil
teeth aims to assess local vegetation heterogeneity.
In addition to evaluating vegetation, the carbon
isotopic composition of SOM can be an indirect
proxy for climate. Due to differences in photosynthetic pathway and physiology, C3 grasses tend to
be favored in cooler, more humid ecosystems and
C4 grasses tend to be favored in warmer, more arid
ecosystems, although other factors, such as atmospheric CO2 levels, also play a role in C3 or C4 vegetation dominance (Ehleringer et al., 1978; Sage, 2004).
For modern C3 plants, there is a significant negative
relationship between foliar carbon isotopic composition and mean annual precipitation (MAP; Diefendorf et al., 2010). Based on these relationships, we can
interpret changes in δ13CSOM from the Cajon Valley
and Crowder formations as potentially reflecting
local changes in precipitation during the MCO.
We pretreated and analyzed paleosol samples (n =
25) from the Cajon Valley and Crowder formations
for δ13CSOM in the Stable Isotope Laboratory at the
University of Michigan Department of Earth and
Environmental Sciences, following the methodology
of Hyland and Sheldon (2013). Changes in the carbon
isotopic composition of the atmosphere during the
Cenozoic must be taken into consideration, and
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the carbon isotopic composition of both SOM and
tooth enamel should be adjusted according to the
atmospheric CO2 composition at the time of their
formation (Koch, 1998; Tipple et al., 2010). We
corrected our δ13CSOM results based on atmospheric
δ13CCO2 values presented in Fox et al. (2012) for the
Hemingfordian (δ13CCO2 = -5.3 ‰) and Barstovian
(δ13CCO2 = -5.1 ‰). After this correction, using a
two-component mixing model and known fractionation factors for C3 and C4 photosynthesis (Fig. 4),
we estimated the relative proportions of C3 and C4
vegetation based on δ13CSOM (Figs. 2B and 3B). Based
on our model, the δ13CSOM record from paleosols
indicates the presence, in relatively low proportions,
of C4 grasses in both the Cajon Valley and Crowder
formations (up to 10% and 15%, respectively). The
carbon isotopic composition of paleosol SOM implies
higher proportions of C4 vegetation on the landscape
than does the phytolith record, which records no
C4 grasses in the Cajon Valley Formation and 1–4%
C4 grasses within the Crowder Formation (Figs. 2A
and 3A). Because assumed isotopic values of past
atmospheric CO2 and mixing model end-members
can influence the estimated proportions of C3 and C4
vegetation based on δ13CSOM, we prefer to interpret the
presence or absence of C4 grasses in the ecosystem
based on phytolith evidence. Phytoliths are a direct
source of paleobotanical information compared to
δ13CSOM; therefore, we infer changes in the δ13CSOM
to be predominantly climate-related. Integration of
these two records highlights the value of multi-proxy
approaches for paleoenvironmental reconstruction.
Since the phytolith assemblages record a principally C3 ecosystem, variable δ13CSOM values in the
Cajon Valley and Crowder formations are inferred
to reflect changes in precipitation during the deposition of these formations. Utilizing equations based
on relationships between modern δ13CSOM in pure-C3
environments (δ13CC3) and MAP from Diefendorf et
al. (2010), we estimated MAP as ranging from 530 –
1650 mm in pure-C3 Cajon Valley Formation ecosystems (Fig. 2C). Due to large standard error on these
estimates, the absolute values of MAP are difficult
to interpret; however, relative changes in precipitation may be valid. Because C4 grasses are present in
the Crowder Formation, MAP estimates are more
qualitative in nature, with δ13CSOM values indicating
variability in local MAP similar to that of the Cajon
Valley Formation, and potentially a decrease in
2015 desert symposium

MAP at the top of the section during peak global
temperature of the MCO (Fig. 3B). Overall, the Cajon
Valley and Crowder formations document similar
variability in δ13CSOM and possibly show a drying
trend late in the MCO. Paleosols from the Crowder
Formation, on average, have higher δ13CSOM values,
suggesting some spatial differences between the
basins, and a greater contribution of C4 vegetation or
drier local ecosystem in the Crowder Basin during
the middle Miocene.
Paleosol elemental chemistry
Integration of the phytolith and δ13CSOM records
from the Cajon Valley and Crowder formations
allows us to directly infer vegetation composition
and indirectly infer local paleoclimate. An additional
proxy for terrestrial temperature and precipitation
comes from the elemental composition of clay-rich
paleosols. Most paleosols from the Cajon Valley
and Crowder formations are weakly developed,
and only a few Inceptisols within our measured
sections qualify for elemental geochemical analysis
(n = 4). Whole-rock elemental analysis (Na, Mg,
K, Ca, and Al) of palesosol samples was conducted
using X-ray fluorescence at the ALS Chemex Lab
in Vancouver (BC) Canada, and several chemical
weathering indices were calculated from molecular
ratios (Retallack, 2001). The chemical weathering
index of alteration minus potash (CIA–K) was used
to infer MAP (Sheldon et al., 2002). Three indices
were used to infer mean annual temperature (MAT):
the paleosol weathering index (PWI; Gallagher and
Sheldon, 2013), Inceptisol clayeyness (Sheldon, 2006;
Sheldon and Tabor, 2009), and paleosol salinization
(Sheldon et al., 2002). Relationships between these
indices and MAP and MAT have primarily been
evaluated in certain modern soil types along climate
gradients and have large standard errors. Therefore,
results from paleosol analyses should not necessarily
be interpreted in terms of absolute temperature or
precipitation values, but rather as an indicator of
the direction of change through time (Hyland and
Sheldon, 2013; Hyland et al., 2013a).
Three paleosols from the Cajon Valley Formation
and one paleosol from the Crowder Formation were
identified as Inceptisols and analyzed for elemental
chemistry. MAP estimates range from 740–799 (±
181) mm for the Hemingfordian section of the Cajon
Valley Formation and 807 (± 181) mm for the late
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Hemingfordian of the Crowder Formation (Figs. 2C
and 3C). The CIA–K-based estimates fall within standard error of the δ13CC3 MAP estimates and suggest a
fairly stable precipitation regime in the Cajon Valley
Basin during the late Hemingfordian. MAT estimates based on the PWI, clayeyness, and salinization
proxies suggest relatively low temperature variation
across the Hemingfordian paleosols sampled (Figs.
2D and 3C). Results from the PWI proxy indicate the
greatest temperature stability, ~10°C for all samples,
while the clayeyness and salinization proxies suggest
temperature differences up to ~3°C. Temperature
estimates from the clayeyness proxy provide the
clearest evidence for local warming during the
MCO. Some variability in MAT estimates does exist
among these proxy records; however, the relative
consistency of our results (estimates from different
indices falling within the standard error of other
indices) increases confidence that these reconstructions are tracking temperature changes during the
Hemingfordian. Absolute temperature estimates are
lower than expected (cooler than present-day coastal
California), and relative changes are small compared
to those in other terrestrial records (Goldner et al.,
2014). In part, low temperature estimates may be
explained by the coastal proximity of these basins
during the MCO. However, the absolute value of
temperature estimates may also be unreliable within
weakly developed paleosols and under conditions of
relatively high rainfall; therefore, assessing relative
change is more useful than absolute temperature estimates. Although floral composition differs somewhat
between the two basins, precipitation and temperature estimates suggest similar climatic conditions.

Environmental Significance
Results from this study add to prior paleoenvironmental reconstructions of the Mojave region during
the MCO based on the lithological and faunal records
of the Cajon Valley and Crowder formations (e.g.,
Woodburne and Golz, 1972; Reynolds et al., 2008).
Primarily composed of arkosic sandstone with intermittent siltstone and conglomerate beds, the depositional environment for the Cajon Valley and Crowder
formations is inferred to be fluvial in nature, with
features most closely resembling a large-scale braided
stream and floodplain system (Woodburne and Golz,
1972; Foster, 1980; Winston, 1985; Meisling and
Weldon, 1989). The lignites and freshwater limestone
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facies in Unit 5 of the Cajon Valley Formation indicate the presence of shallow standing-water bodies,
perhaps during gradual infilling of the basin during
the Barstovian (Woodburne and Golz, 1972).
Integration of the sedimentary and proxy records
of these two formations provides important information about terrestrial ecosystem evolution during
the MCO for the Mojave region. Our contributions
include documentation of the vegetation through
phytoliths and the carbon isotopic composition
of SOM preserved in paleosols. Additionally, we
estimate MAP based on δ13CC3 in the Cajon Valley
Formation and based on the CIA–K proxy for late
Hemingfordian samples from both formations.
Finally, we provide estimates of MAT based on three
paleosol proxies. The phytolith and carbon isotopic
composition of paleosol SOM suggests mixed forest
and grassland ecosystems, composed primarily of C3
vegetation, with local differences between the two
basins. We find the earliest evidence for C4 grasses
in the region within the Crowder Formation. While
the vegetation composition of the Crowder Formation changes little over time, the record suggests an
increase in grasses as a proportion of the total flora
in the Cajon Valley Formation during the MCO. The
precipitation record from the Cajon Valley Formation varies around a mean of ~800 mmyr-1 during the
MCO. A single Inceptisol from the Crowder Formation records a similar MAP estimate (807 ± 181 mm).
Temperature estimates do not change significantly
over time or between formations, suggesting that
the local temperature response was spatially homogeneous and small compared to other terrestrial
records of warming during the MCO.
Ongoing work includes analyzing samples from
additional sections of the Cajon Valley and Crowder
formations in order to better assess spatial heterogeneity and temporal variability in environmental
conditions during the MCO. Additionally, we are
investigating the carbon isotopic composition of
small-mammal tooth enamel to infer diet and
thereby the vegetation available for consumption.
Small mammals are abundant and diverse in the
fossil record of the Cajon Valley and Crowder formations, making them potentially useful indicators
of local environmental conditions with fine-scale
variation in their stable isotopes recording aspects
of habitat heterogeneity and seasonal climate variability (e.g., Hynek et al., 2012; Gehler et al., 2012).
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Development and refinement of in-situ infrared laser
ablation sampling methods enable us to sample the
tooth enamel of small mammals to provide information about their paleoecology and local environment (Sharp and Cerling, 1996; Passey and Cerling,
2006). Results from this ongoing and future work
will augment the Mojave record, enhance our understanding of terrestrial-ecosystem response to global
warming during the MCO, and provide the environmental context for evaluating mammalian diversity
and paleoecological changes through geologic time.
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abstract—Three chalicothere specimens, including a partial skull, from late Hemingfordian and early Barstovian faunas of the Cajon Valley Formation, Mojave Desert
Province, of southern California are described and referred to Moropus sp. Two additional late Hemingfordian specimens, one from the Bopesta Formation (Phillips Ranch
local fauna) and the other from the Caliente Formation, are also referred to Moropus sp.
The chalicotheres represented by these specimens were all smaller than contemporary
North American species Tylocephalonyx skinneri and Moropus merriami. The presence of
chalicotheres in the Cajon Valley Formation but not in the better-known Barstow Formation is nearly comparable with the fossil distribution of the equid Archaeohippus mourningi and is consistent with environmental and depositional differences between the two
formations.

Introduction
The Cajon Valley Formation is located in the
southwestern Mojave Desert Province of southern
California (Fig. 1). Sediments have been exposed
in Cajon Pass (Fig. 2) by headward erosion along
Cajon Creek, a drainage that is rapidly capturing the
headwaters of the Mojave River that runs northeast
toward Death Valley. Cajon Pass is at the junction
of the Pacific Plate and the North American Plate,
and interaction between these tectonic plates has
elevated the San Gabriel Mountains, to the west of
Cajon Pass, and the San Bernardino Mountains to
the east. This uplift has exposed 70 million years
of sedimentary section, including the Late Cretaceous marine San Francisquito Formation (Kooser
and Reynolds, 1985; Lucas and Reynolds, 1991),
the Oligocene to early Miocene marine Vaqueros
Formation (Woodring, 1942; Barnes and Reynolds,
2007; 2009), and early Miocene through Pleistocene continental deposits (Woodburne and Golz,
1972; Woodburne, 1991; Reynolds, 1991, 2008).
2015 desert symposium

The extreme local tectonism caused the Transverse
Ranges (San Gabriel Mountains and San Bernardino
Mountains) to reach their maximum height of more
than 10,000 feet by less than 500,000 years ago.
The tectonic events described above have resulted
in extraordinary environmental changes in the
southwestern Mojave Desert Province over time.
While many of these changes can be traced in the
rock sediments themselves, fossil remains entombed
in the sediments help us reconstruct long extinct
faunas and correlate them with their contemporaries
in other regions. Broader scale understanding of
biogeographic changes emerges as we study a variety
of faunas and a variety of animals within them. One
mammalian group that has the potential to shed
light on the past environments in which they lived
is the chalicotheres. Like other perissodactyls, the
extinct chalicotheres were herbivorous, but they
were unusual in having claws instead of hooves on
their terminal (ungual) phalanges. The chalicothere
lineage first appeared in the early Eocene, but the
obviously clawed Chalicotheriidae emerged later,
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by Oligocene time. Near the
Oligocene-Miocene boundary,
the chalicotheriid subfamily
Schizotheriinae reached North
America. Two genera, Moropus
and Tylocephalonyx, are known
from North America during
the Miocene, and of these,
Moropus is the more widespread
(Coombs, 1998).
Chalicotheres were browsers
on leaves, twigs, and sometimes
bark and fruit (Semprebon et
al, 2011). They are often associated with forests or woodlands
or, in drier regions, with treed
areas along watercourses. They
are relatively uncommon as
fossils and are often fragmentary
when found, so classification is
difficult. Given their rarity, it is
of some interest that chalicothere fossils occur in Miocene
deposits of the Cajon Valley
Formation. This paper describes
these fossils and discusses their
significance and environmental
context.

Figure 1. Map of the southwestern Mojave Desert showing the location of Cajon Pass and
exposures of the Cajon Valley Formation and Crowder Formation.
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Connecticut; NALMA, North American Land
Mammal Age.

The Cajon Valley Formation
Woodburne and Golz (1972) described the sedimentary section and paleosols of the Cajon Valley Beds,
compared them to stratigraphically adjacent formations, and presented late Hemingfordian through
middle Barstovian NALMA biostratigraphy. The
Cajon Valley Formation was later renamed and
remapped (Morton and Miller, 2003) but we refer
here to the detailed mapping by Woodburne and
Golz (1972).
Liu (1990) and Reynolds (1991) refined the age of
the lowest Cajon Valley Formation units based upon
magnetic polarity tied to small mammal assemblages
from paleosols (Reynolds, 1991). Magnetostratigraphic sections developed by Liu (1990) indicate that
the time of the transition from the Hemingfordian to
2015 desert symposium
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Barstovian NALMA in the Cajon Valley Formation
was at about 16 Ma, while the contact between Unit
3 and Unit 5 (Unit 4 is locally restricted geographically) is within the earliest Barstovian NALMA,
as suggested by Woodburne and Golz (1972). The
Cajon Valley Formation is nearly 9,000 feet thick,
and contains fossils suggesting that the sediments
span portions of the late Hemingfordian through
Barstovian NALMA, perhaps representing a period
between 18 and 13.5 Ma (Liu, 1990; Woodburne,
1991; Reynolds, 1991).
The Cajon Valley Formation is lithologically and
stratigraphically distinct from the adjacent Crowder
Formation that occurs to the east across the Squaw
Peak Fault (Liu, 1990; Reynolds, 1991; Woodburne

and Reynolds, 2010; Weldon, 1985; Meisling and
Weldon, 1989; Miller and Weldon, 1992). Deposition
of both started at a similar time (about 18 Ma) in
the middle Hemingfordian NALMA (Weldon, 1985;
Woodburne, 1991; Reynolds, 1991).

Systematic paleontology
Order PERISSODACTYLA
Owen, 1848
Superfamily
CHALICOTHERIOIDEA Gill, 1872
Family CHALICOTHERIIDAE Gill, 1872
Sub-family SCHIZOTHERIINAE
Holland and Peterson, 1914
Genus MOROPUS Marsh, 1877
MOROPUS sp.
Chalicothere specimens were
recovered from two different
levels in the Cajon Valley Formation. All the material currently
resides in the collections of the San
Bernardino County Museum.
Distal metapodial

Figure 2. U.S. Geological Survey map (Morton and Miller, 2003) of the area around
Cajon Pass, showing numbered units of the Cajon Valley Formation (Tcv).
2015 desert symposium

The stratigraphically lowest chalicothere specimen was recovered
from the late Hemingfordian Dip
Slope Locality (SBCM 1.103.8 =
RV 6988=UCMP 3146) within
Unit 3 of the Cajon Valley Formation. This locality is a series of
white arkosic sediments, with
each depositional event capped
with a thick, brick-red paleosol
containing fossils. Composite
sections (Woodburne and Golz,
1972, Fig 8) indicate that this and
associated localities are approximately 250 feet above the base
of the 900 foot thick Unit 3, and
therefore 650 feet below the nearest
contact with Unit 5. This specimen
consists of an isolated distal metapodial recovered during paleontological construction monitoring
and salvage of the BNSF Triple
Track Project (Reynolds, 2008)
as LSA specimen number 07SB
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9-26-1, from LSA locality
TCV3-12. The specimen is
now curated into the collections of the SBCM. Associated
fauna includes Parapliohippus
carrizoensis, Archaeohippus
mourningi, Dyseohyus sp.,
Bouromeryx cf. B. milleri, and
Leptarctus ancipidens (Wagner
and Reynolds, 1983).
The distal metapodial, 07SB
9-26-1 (Fig. 3), has distinctive articular morphology
that readily identifies it as
belonging to a chalicothere. Its
shape and size suggest that it
is a metatarsal, the asymmetry Figure 3. Distal metapodial, a probable right Mt IV, specimen #07SB 9-26-1, housed in the
SBCM, from LSA locality TCV3-12, Unit 3 of the Cajon Valley Formation. Left, dorsal view,
of the articulation indicates a
right, side view. Scale bars = 1 cm.
side digit, and the particular
Lytle Creek. This specimen comes from the lower
shapes of the phalangeal
third of Unit 5, the Barstovian portion of the Cajon
and sesamoid facets resemble those of a right Mt
Valley Formation, approximately 500 feet above the
IV. Enough of the shaft is present to suggest that
contact of Unit 5 with Unit 3 (see composite sections
its depth narrows considerably just proximal to the
distal articular facets. Abrasion of the specimen pres- in Woodburne and Golz, 1972, Fig 10). This chalicothere specimen was found stratigraphically above a
ents precise measurement, but the maximum distal
locality containing a large Barstovian equid (Scaphowidth (32 mm.) and maximum distal depth (33.1
hippus or Acritohippus) and stratigraphically below
mm.) suggest that this chalicothere was relatively
the Tower 19 local fauna (SBCM 1.103.40), which
small. In contrast, the maximum distal widths of Mt
includes Paradomnina relictus, Lanthanotherium sp.,
IV of Moropus elatus (34.9–51.2 mm., 8 specimens
Petauristodon sp. cf. uphami, Harrymys maximus,
in Coombs, 1978, table 6), Tylocephalonyx skinneri
Archaeohippus mourningi, and Acritohippus stylo(43.1–48.5 mm., 5 specimens in Coombs, 1979, table
dontus (Reynolds, 1991). The chalicothere skull
8), and Moropus merriami (41.2–47.5 mm., 5 specimens from Nevada and Nebraska) are larger. Two late locality (SBCM 1.103.59) consists of a gray colored,
coarse fluvial greywacke.
Arikareean Mt IV specimens from the Gulf Coast
SBCM L1585-1940 is a small partial skull with left
have smaller distal widths (25.0 mm., Toledo Bend,
and
right M1–M2 in place (Fig. 4). Most of the rear
Texas; 26.2 mm., Buda Florida; Albright, 1999, table
part of the skull is missing; there is some preserved
4), but they are more gracile, with a slenderer distal
bone associated with coarse matrix in this area, but
shaft. Coombs et al. (2001) referred the Toledo Bend
little morphology can be determined. At first glance
and Buda chalicotheres to Moropus cf. oregonensis,
there appears to be some degree of dorso-ventral
a small-sized species best known from the John Day
flexure between the anterior and posterior parts of
Formation of Oregon. Metapodial 07SB 9-26-1 does
the skull, but this apparent condition is likely to be
not preserve enough morphology for precise taxonomic designation, but it probably does not belong to an artifact of preservation. Very little of the braincase
and skull roof is visible, but there is no clear evidence
any of the species above.
of a dome.
Partial skull with upper molars and duplex phalanx
The right side of the anterior skull clearly shows
Skull—A partial chalicothere skull with maxillary
some important landmarks. The right zygomatic arch
dentition (SBCM L1585-1940) and a duplex phalanx
were recovered in 1980 by then-SBCM curator Reyn- is very well preserved and extends in an arc from
above the anterior end of M2 (Fig. 4A). The orbit
olds under authorization from Gary Ernie, USFS,
262
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Figure 4. Right (A), left (B), and palatal (C) views of the partial skull, SBCM L1585-1940, from Unit 5 of the Cajon Valley Formation.
Visible teeth are left and right M1 and M2, with fragmentary roots of right M3. Scale bars = 3 cm.
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Table 1. Measurements (in mm.) of M1, M2, and M3 of Moropus sp. from the Cajon Valley Formation compared to those of other
Miocene North American chalicotheres. L = maximum length; W = maximum width; ~ = approximate. Moropus sp. refers to
specimens that are not clearly referable to named species at this time; they are not necessarily the same species. Ranges for M. elatus
are based on AMNH, CM, UNSM, and ACM specimens and those for T. skinneri on AMNH specimens. Measurement sources:
Coombs (1978, 1979), Coombs et al. (2001), Coombs and Hunt (in press), and Coombs (unpublished data records).
Taxon/specimen

Fauna/formation

L M1

W M1

L M2

W M2

SBCM L1585-1940 (right)

Cajon Valley Fm. (CA)

30.8

26.0

43.0

31.8

SBCM L1585-1940 (left)

Cajon Valley Fm. (CA)

29.8

~24.6

43.0

32.1

46.4

35.9

47.0

35.5

L M3

W M3

40.3

-

48.3

37.8

41.7

34.1

Moropus sp.

SBCM L1585-1940 (left)

Cajon Valley Fm. (CA)

AMNH FAM 54905

Runningwater Fm. (NE)

33.0

29.6

AMNH FAM 54906

Runningwater Fm. (NE)

36.0

32.0

AMNH FAM 54913

Martin Canyon local
fauna (CO)

31.7

29.5

UWBM 54870

Rose Creek Mbr., John
Day Fm. (OR)

34.7

31.2

YPM 10030

John Day Fm, Unit D,
Sutton Mtn (OR)

-

~23.6

YPM 10030a

John Day Fm, Unit D,
Sutton Mtn (OR)

YPM 10030b

John Day Fm, Unit D,
Sutton Mtn (OR)

AMNH FM 7259

John Day Fm, (OR)

41.3

31.5

PU 17055

John Day Fm. (OR)

40

32

Moropus oregonensis

26.2

22.5

37.1

26.8

Moropus cf. oregonensis
UF 16916

Buda local fauna (FL)

27.6

Moropus elatus

Agate & Morava Ranch
Quarries (NE)

N = 17

N = 10

N = 14

Range:

32.4–41.2

30.3–39.0 45.7–55.9

38.8–44.0 50.6–59.8 ~41.4–49.9

Median:

37.7

33.6

53.1

42.0

53.3

44.1

FMNH P12094 (left)

Near Jay Em (WY)

35.7

31.7

49.6

40.8

48.3

36.5

Tylocephalonyx skinneri

Sheep Creek Formation
(NE)

N = 11

Range:

31.0–42.8

32.1–35.6 45.0–~57.2 34.8–42.6 44.0–55.2 35.7–42.7

Median:

35.8

34.2

Moropus hollandi

N = 10

49.1

N=9

40.1

49.4

39.2

Moropus merriami
UCMP 35582

High Rock Canyon local
fauna (NV)

-

~35.8

AMNH FAM 54167: M3?

Lower Snake Creek fauna
(NE)

52.5

40.5

AMNH FAM 54166: M3?

Lower Snake Creek fauna
(NE)

50.7

39.4

AMNH FAM 54165: M3?

Lower Snake Creek fauna
(NE)

54.0

42.3
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Figure 5. Occlusal view of partial left M3, found near and
probably belonging to SBCM L1585-1940, in Unit 5 of the Cajon
Valley Formation. Black shaded surface and adjacent mesostyle
are broken. Scale bar = 2 cm.

lies above the zygomatic arch, but its exact outlines
are obscured by matrix. The infraorbital foramen
lies approximately at the boundary of the premolar
row (not preserved) and M1. There is no prefrontal
fossa. Details of the left side of the skull are poorly
preserved (Fig. 4B), but the location of the infraorbital foramen and a trace of the zygomatic arch are
visible.
The skull has been laterally compressed postmortem in such a way that the palate is very narrow
and the teeth on the left side are slanted inward to
lie on a different plane from those on the right (Fig.
4C). The maxillae have been broken off anteriorly
somewhere along the line of the premolar row. None

of the premolars remains (there are some signs of
alveoli on the right side but not on the left), and it
is impossible to tell whether permanent premolars
had yet erupted or whether the deciduous teeth were
still in place. We do know that this was a relatively
young individual, because M1 and M2 are not much
worn. Broken roots of M3 remain on the right side,
but there is too little remaining to determine how far
this tooth had erupted. The near lack of wear on the
posterior part of M2 suggests that M3 and m3 were
not yet in full occlusion.
Dentition—Table 1 gives the measurements of the
teeth, and Figure 4C gives a close view of the M1 and
M2, especially those on the right side. M1 is slightly
longer than wide, with a slightly slanting ectoloph.
Both the parastyle and mesostyle are well developed;
the metastyle is slightly flattened by wear and abuts
the base of the large M2 parastyle. A faint vertical rib
is present on the buccal side of the ectoloph leading
to the tip of the paracone. No crista or crochet is
present. The light wear on this tooth is confined to
the ectoloph and metaloph. Therefore the protoloph is well preserved, and the small paraconule is
still visible. As is typical in the Schizotheriinae, the
protocone is posterolingual to the paracone; thus the
low protoloph, after descending from the paraconule,
curves posterolingually to the base of the protocone.
The tip of the protocone is sharp and still unworn.
The anterior cingulum parallels the protoloph,
separated from the latter by a distinctive but narrow
anterior valley. The valley ends in a pit anterolingual

Figure 6. Dorsal (A), volar (B), and lateral (C) views of right duplex of digit II of the manus, SBCM L1585-1941, from Unit 5 of the
Cajon Valley Formation. Scale bar = 1 cm.
2015 desert symposium
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to the protocone, whereas the cingulum continues
as a ridge ascending up the anterolingual side of the
protocone to its tip. The lingual cingulum is closely
appressed to the protocone anteriorly but forms
a ridge posteriorly, partly occluding the lingual
opening of the central valley. The posterobuccal base
of the protocone is slightly folded within the central
valley. There is a well-developed postfossette, which
is almost but not completely closed off posteriorly
by a cingular ridge descending from the hypocone
toward the metastyle.
M2 is substantially larger and more elongated than
M1, especially in the part of the ectoloph between the
parastyle and mesostyle. It is very similar to M1 in
basic morphology, but many of the characters noted
for M1 are more obviously developed: the buccal rib
on the ectoloph at the paracone, the height of the
paraconule, the wider anterior valley and deeper
anterolingual pit, and the more pronounced posterior
cingular ridge almost closing off the postfossette. The
base of the protocone is larger than that of M1, but
the tip is still pointed.
Although no M3 is known from the maxilla of
SBCM L1585-1940, an isolated left M3 (Fig. 5) was
found very close, may belong to the same animal,
and was accessioned under the same specimen
number. This tooth is unworn. Its anterior part is
much taller than its posterior part, suggesting that it
may have been incompletely erupted. The parastyle
is well-developed, but the mesostyle has broken off,
making the original shape of the tooth difficult to
ascertain. Many aspects of the tooth are similar to
those of M1 and M2 of SBCM L1585-1940, but there
are some differences. The anterior V of the ectoloph
is a bit flatter (less deeply V-shaped) and the base
of the protocone within the central valley slightly
larger. The posterior V of the ectoloph is more flat
than concave, as is typical of M3, so this part of the
tooth is narrow and the metastyle is weak. The metaloph and posterior cingulum form a lingual V with
its apex at the hypocone. This V encloses a clearly
developed postfossette, which has a slitlike posterior opening between the metastyle and posterior
cingulum.
Duplex phalanx—In all the Schizotheriinae
except Schizotherium and Borissiakia, the proximal
and middle phalanges of digit II of the manus fuse
to form a single bone called the duplex (Coombs and
Rothschild, 1999). Similar fusion also occurs between
266

the proximal and middle phalanges of digit II of the
pes in a slightly smaller subset of Schizotheriinae.
Formation of a duplex on an additional digit (probably III) of the pes apparently also occurs in a few
schizotheriines (Coombs, 2004, 2009; Fahlke and
Coombs, 2009).
SBCM L1585-1941 (Fig. 6) is the distal end of a
duplex, including the fused area between the two
phalanges. It almost certainly belongs to digit II of
the manus, in that it is slightly asymmetrical and the
volar part of the distal facet is large and somewhat
flared. What remains of the shaft is wide and deep,
as is also characteristic of duplex bones of digit II
of the manus. Like the skull from the same locality,
this duplex was not large and probably belonged to a
small to moderate-sized individual.
Comparisons
This section concentrates on the skull and dentition
of SBCM L1585-1940, since the other remains from
the Cajon Valley Formation are too incomplete for
useful comparison.
Moropus elatus, M. hollandi, and Tylocephalonyx
are the only North American Miocene chalicotheres for which complete skulls have been described
(Holland and Peterson, 1914; Coombs, 1978, 1979;
Munthe and Coombs, 1978). In all these skulls the
muzzle is deep anterior to the eyes. No prefrontal
fossa is present. The skulls of M. elatus and M.
hollandi are very similar to each other in having a
flat skull roof extending from between the orbits to
the lambdoid crest. Multiple specimens of M. elatus
show differences in the skull roof related to size,
with paired supraorbital crests uniting posteriorly to
form a single, small sagittal crest in larger (presumed
male) skulls, while these crests continue posteriorly
in parallel without fusing in smaller (presumed
female) skulls (Coombs, 1975). Tylocephalonyx,
in contrast, has a dome above the braincase that
involves notable expansion of the frontal and parietal
bones. The shape and size of the dome are somewhat
different in the available skulls of Tylocephalonyx
(Munthe and Coombs, 1978), but in the two specimens that are complete in lateral view the beginning
of the upsweep of the frontal bone is visible above the
orbits.
The skull of SBCM L1585-1940 has a deep muzzle,
like both Moropus and Tylocephalonyx. While postmortem damage and distortion make the skull roof
2015 desert symposium
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Figure 7. A: Buccal view of partial left ramus, UCMP 21671, with p3 fragment and p4–m2 in place, from the late Hemingfordian
Phillips Ranch local fauna, Bopesta Formation, Kern County, California. B and C: Dorsal (B) and volar (C) views of a right
calcaneum, UCMP 102679, from a probable very late Hemingfordian fauna at Road Gap Canyon 2, Caliente Formation, San Luis
Obispo County, California. Scale bars = 1 cm.

difficult to evaluate, there is no evidence of a dome.
Given that the little worn molars show that this skull
belonged to a subadult individual, it is possible that
this skull could conceivably represent a young Tylocephalonyx that had not yet developed a dome. We
know nothing yet about the ontogeny of the dome
in Tylocephalonyx. Nonetheless, the lack of a dome
suggests instead that SBCM L1585-1940 belonged to
Moropus.
Although teeth often provide the most important morphology for defining extinct mammalian
genera and species, there are many problems using
them for this purpose in chalicotheres. Within a
well-known species, such as M. elatus, differences
in size, morphology, and wear can create deceptive
variation; on the other hand, teeth of species that are
clearly different based on other criteria can look quite
similar. Nonetheless, certain attributes of the teeth of
SBCM L1585-1940 are helpful. On the unworn M3,
the buccal origin of the metaloph is well separated
from the mesostyle, unlike the metaloph of unworn
M3 specimens of Moropus oregonensis and M. elatus,
where it is quite close. SBCM L1585-1940 has an
ectoloph rib at the paracone, a sharp protocone and
well-developed hypocone, unlike Tylocephalonyx
skinneri, in which an ectoloph rib is usually absent,
the protocone on an unworn molar is blunter and the
hypocone is more reduced (especially on M3).
Molar measurements can be useful in differentiating species, but also confusing in light of the
2015 desert symposium

variation in species for which multiple individuals
are known (Table 1). Still, it seems clear that the
molars of SBCM L1585-1940 are smaller than those
of M. elatus and T. skinneri and larger than those of
M. oregonensis. The early Barstovian species Moropus
merriami is becoming increasingly known from
fossils excavated in Nevada and Nebraska. Only a
few upper molars of this species have been found,
however (Coombs, 2004). Morphologically they are
similar to the molars of SBCM L1585-1940, but they
are larger (Table 1). The closest match for SBCM
L1585-1940 in size and morphology is to certain early
Hemingfordian specimens from the Runningwater
Formation of Nebraska, the Martin Canyon local
fauna of northeastern Colorado, and the Rose Creek
Member of the John Day Formation of Oregon. To
date, all of these specimens have been attributed to
Moropus sp. (Coombs, 1998; Coombs and Hunt, in
press)
Therefore, while the available chalicothere material from the Cajon Valley Formation provides an
important window, previously unavailable, onto the
diversity and biogeography of Moropus in North
America, it is not sufficient for a precise taxonomic
placement at this time.

Other chalicothere material from California
A small number of chalicothere specimens come
from other localities in California. None includes
elements that can be directly compared with the
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Table 2. Measurements (in mm.) of p4, m1, and m2 of Moropus sp. from the Phillips Ranch local fauna, Bopesta Formation,
compared to those of other Miocene North American chalicotheres. L = maximum length, W = maximum width (usually on
talonid); ~ = approximate. Ranges for M. elatus are based on AMNH and CM specimens and those for T. skinneri on AMNH
specimens. Measurement sources: Coombs et al. (2001) and Coombs (unpublished data records).
Taxon/specimen

Fauna/formation

L p4

W p4

L m1

W m1

L m2

W m2

Phillips Ranch local fauna (CA)

18.2

11.0

24.1

13.7

34.1

17.3

UF 180233 (cast)

St. Mark’s River, Leon County (FL)

15.2

9.3

17.9

10.8

24.0

12.3

LSUMG-V2490

Toledo Bend local fauna (TX)

24.6

13.5

Moropus elatus

Agate & Morava Ranch Quarries (NE)

N=8

Range:

~24.5–29.2

16.4–20.0

28.5–35.5

17.7–21.8

40.6–48.0

21.2–25.0

Median:

26.3

17.5

32.8

20.2

43.5

23.2

Sheep Creek Formation (NE)

N = 11

Range:

22.4–26.6

14.4–16.6

31.6–36.7

18.8–21.5

41.3–48.7

22.1–25.5

Median:

24.5

15.5

33.5

20.0

46.1

23.9

23.9

16.2

Moropus sp.
UCMP 21671
Moropus cf. oregonensis

Tylocephalonyx skinneri

N = 13

N = 12

N = 10

N = 10

Moropus merriami
UCMP 12595

Virgin Valley local fauna (NV)

SCNHM VMO 789 (left)

Yellow Hills fauna (NV)

SCNHM VMO 433

Yellow Hills fauna (NV)

40.9

21.6

AMNH FAM 54164

Lower Snake Creek fauna (NE)

22.8

16.4

30.4

18.3

AMNH FAM 54898

Lower Snake Creek fauna (NE)

23.8

15.9

32.3

19.3

AMNH FAM 54182

Lower Snake Creek fauna (NE)

23.0

17.6

33.9

20.7

material from the Cajon Valley Formation, but the
present paper provides an opportunity to discuss
them briefly.
The most complete of the chalicothere specimens
from California is a partial ramus, UCMP 21671,
from the Phillips Ranch local fauna (UCMP locality
V2577). It was first reported (but not figured) by
Buwalda (1916: 79). The late Hemingfordian Phillips
Ranch local fauna comes from the Bopesta Formation (Quinn, 1987), which is exposed in the Cache
Peak area northeast of Tehachapi and northwest of
Mojave in Kern County. An ash collected just below
the deposits yielding the Phillips Ranch local fauna
was dated at 17.1 Ma by Evernden et al. (1964, KA
478).
Buwalda identified the teeth in UCMP 21671 as
three premolars and a molar. In fact they are a fragmentary p3 and complete p4-m2. Buwalda’s identification was probably prompted by the relatively small
size of these teeth, but in fact only the anteriormost
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40.0

19.4

45.3

25.0

39.3

22.3

45.9

24.9

of the three complete teeth is a premolar (Fig. 7A).
UCMP 21671 was referred to Moropus sp. by Buwalda
(1916), as well as by subsequent authors. Lower cheek
teeth are not very helpful for species discrimination
in Moropus. The m1 and m2 show the following characters: straight lophids (except for the slightly curved
paralophid) that form sharp angles at the protoconid and hypoconid, metaconid and “metastylid”
(twinned metaconid) of almost equal height, and
very weak buccal and lingual cingula. Measurements
of the teeth are as follows (in mm.): p4 length 18.2,
trigonid width 9.5, talonid width 11.0; m1 length 24.1,
trigonid width 12.5, talonid width 13.7; m2 length
34.1, trigonid width 15.9, talonid width 17.3. When
these measurements are compared with lower teeth
of other Miocene North American chalicotheres
(Table 2), it is clear that UCMP 21671 is at the lower
end of the size distribution.
James (1963: 13) mentioned the presence of a
fragmentary perissodactyl tooth, possibly part of
2015 desert symposium
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an upper premolar or first molar of a small chalicothere, from the late Hemingfordian Hidden Treasure
Spring local fauna (UCMP locality V5676) of the
Cuyama Valley Badlands, southwestern California.
Kelly and Lander (1988: table 3) and Tedford et al.
(2004) also listed the occurrence. Locality data place
the find in the gray-bed lithofacies of the Caliente
Formation in Dry Canyon. Unfortunately, several
careful searches (by MCC) of the UCMP collection
from the Hidden Treasure Spring local fauna have
failed to locate such a tooth. Until such a specimen is
verified, the presence of a chalicothere in this fauna is
unsubstantiated.
However, among material collected from the
Caliente Formation at Road Gap Canyon 2 (UCMP
locality V5646), San Luis Obispo County, California,
is a calcaneum, UCMP 102679, of a small chalicothere, which has never been noted previously in the
literature. Repenning (pers. commun., 1972) placed
the locality in the area of marine intertonguing of the
Caliente Formation in the eastern Caliente range, just
west of section #2 shown by Repenning and Vedder
(1961: C-236) and between 3000 and 4500 feet above
the base of the section. If the calcaneum is not from a
marine bed, it must be from the continental red-beds
found in the area; it is possibly very late Hemingfordian (faunal list Hf in Repenning and Vedder,
1961: C237). It is of some interest to note that the
Caliente Range lies west of the San Andreas Fault and
therefore the late Hemingfordian animals entombed
there would have lived more than 240 km. south of
their present location (Kelly and Lander, 1988), and
latitudinally south of Cajon Pass.
UCMP 102679 (Fig. 7B,C), the calcaneum from
Road Gap Canyon 2, has an incompletely preserved
calcaneal tuber, which has a broadly triangular crosssection and no particular rugosities. The ectal facet
for the astragalus is transversely broad in the tibial
(= lateral) direction but does not extend very far onto
the calcaneal tuber. It is not raised on a platform
above the level of the tuber, but there is a small, not
very obvious, facet for the tibia developed along its
tibial edge. The ectal facet comes close to the sustentacular facet and may be confluent with it (unclear
because of specimen damage). The sustentacular
facet is sub-oval. The morphology of UCMP 102679
is clearly different from calcanea of Moropus elatus
(figured in Coombs, 1978) and M. hollandi. It resembles calcanea of M. merriami (see Coombs, 2004)
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quite closely, but it is much smaller. Its greatest width
(63.0 mm.) is 65–75% of that of known calcanea for
M. merriami.
Repenning and Vedder (1961: C-237) also listed
a chalicotheriid in an Arikareean assemblage in
continental deposits a few miles east of those yielding
the calcaneum, UCMP 102679. Repenning (pers.
commun.) identified the remains as the proximal
one-half of a rather small duplex bone, abraded
and badly gnawed by rodents, and a ?chalicothere
tooth fragment. The faunal list from this assemblage
included several other land mammals, including
Oxydactylus brachyodontus [? = Paratylopus
cameloides (Wortman)] and Parablastomeryx aff. P.
falkenbachi Frick, both restricted elsewhere to the
late Arikareean and early Hemingfordian.
The main significance of the ramus with teeth
from the Bopesta Formation and the calcaneum from
the Caliente Formation, both referred to Moropus sp.,
is that they are relatively small. Along with the specimens from the Cajon Valley Formation, they provide
evidence for chalicotheres of small size living in
southern California during the late Hemingfordian
and early Barstovian.

Discussion and conclusions
The late Hemingfordian and early Barstovian specimens from California described here all belonged
to relative small chalicotheres. Chalicotheres of the
same species do display some sexual dimorphism
in body size (Coombs, 1975). In Moropus elatus, the
smallest specimens of M1 are 79–80% the length of
the largest, and a very small radius might be as little
as 73% the length of the largest radius (Coombs and
Hunt, in press). In the present case all five of the
specimens that have been recovered from southern
California are considerably smaller than contemporaneous Tylocephalonyx skinneri and Moropus
merriami. It is unlikely that all these specimens
belong to very small females of some larger-sized
species. Given the different body parts represented,
we cannot determine whether all the California
specimens belong to a single small-sized species,
though this is possible.
The best-known Miocene North American chalicothere species (M. elatus, M. hollandi, M. merriami,
T. skinneri) are medium to large sized. Moropus
oregonensis, from the late Arikareean of Oregon
and probably the Gulf Coast (Coombs et al., 2001),
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is the smallest Miocene species. What we know of
its morphology is sufficiently different from SBCM
L1585-1940 and the rest of the California material
that they are unlikely to be the same species.
In the early Hemingfordian, dental material from
Nebraska (Runningwater Formation), Colorado
(Martin Canyon local fauna), and Oregon (Rose
Creek Member of the John Day Formation) represents one or more chalicotheres that are small but
intermediate in size between M. oregonensis and
larger-sized species (Coombs and Hunt, in press; also
see Table 1). The upper molars of SBCM L1585-1940
show a general similarity in size and morphology
to these specimens. It is possible that the SBCM
L1585-1940 and other late Hemingfordian to early
Barstovian small chalicotheres from southern California are survivors of such a lineage from the early
Hemingfordian.
We should also consider the possibility that the
California specimens belong to a small-sized relative
of Moropus merriami or even a small-sized population of that species. M. merriami is first known
from the late Hemingfordian (Massacre Lake local
fauna; Morea, 1981) of northwest Nevada. It has been
found at a number of localities in Nevada in the
early Barstovian and also reached the Great Plains
(Lower Snake Creek fauna of northwest Nebraska)
at that time (Coombs, 2004). The upper teeth of M.
merriami are not well known, but the few known
upper molars generally resemble those of SBCM
L1585-1940 despite their larger size. The calcaneum
of UCMP 102679 from the Caliente Formation is
also morphologically similar to, but smaller than,
calcanea of M. merriami.
The rich late Hemingfordian and, especially, early
Barstovian faunas of the Barstow Formation of the
Mojave region of southern California are devoid
of chalicotheres. Given that chalicotheres, despite
their rarity, do occur in the Cajon Valley Formation
creates questions of how different environmental
or depositional conditions might have affected the
fossil record of these animals. Pagnac and Reynolds
(2010) approached this question in their discussion of the equid Archaeohippus mourningi, which
is known from numerous specimens in the late
Hemingfordian and early Barstovian faunas of the
Cajon Valley Formation. A. mourningi occurs in
the Barstow Formation, but it is very rare. Thus the
horse A. mourningi and the chalicothere Moropus
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have roughly analogous distributions in the two
formations.
Pagnac and Reynolds (2010) compared the depositional environments of the Barstow Formation and
Cajon Valley Formation on the basis of sedimentary
evidence. They concluded that the Cajon Valley
Formation had more sporadic high-energy sedimentation from nearby highlands than the Barstow
Formation. Between the pulses of sedimentation, the
Cajon Valley Formation developed stable red-brown
paleosols (fossil soil horizons) that were absent in
the Barstow depositional basin. According to Pagnac
and Reynolds, the soil surfaces of the Cajon Valley
area may have developed stable vegetation that lasted
for several thousand years. Channels at the margins
of the “red-beds” probably contained riparian plant
species. They concluded that these moister and more
vegetated environments favored A. mourningi. The
same arguments pertain even more forcefully to the
chalicothere, because chalicothere occurrences are
very strongly correlated with the presence of the trees
and shrubs on whose leaves, twigs, bark, and fruit
they may have fed (Semprebon et al., 2011; Schulz
and Fahlke, 2009; Coombs, 1983; Schaub, 1943).
Thus the occurrence of Moropus in the Cajon Valley
Formation but not in the Barstow Formation adds
additional support to the hypothesis of Pagnac and
Reynolds (2010) about why some mammalian taxa
are differentially entombed in these two geographically close and contemporaneous deposits.
We conclude that the late Hemingfordian and
early Barstovian chalicothere material collected from
the Cajon Valley Formation and in the collections
of the San Bernardino County Museum belongs to
Moropus sp. The available specimens are not sufficient for further species designation at this time. This
chalicothere was smaller in body size than its known
North American contemporaries T. skinneri and M.
merriami. Two other chalicothere specimens from
the late Hemingfordian of southern California, a jaw
ramus with teeth from the Phillips Ranch local fauna
and a calcaneum from the Caliente Formation, also
represent a small chalicothere and are referred to
Moropus sp. While Moropus sp. occurs in the Cajon
Valley Formation, it is not known from the nearby,
contemporaneous, and better-known Barstow
Formation. The chalicothere occurrences may reflect
moister and more vegetated environmental conditions in the ecosystem whose remains are preserved
2015 desert symposium

m. c. coombs and r. e. reynolds | chalicothere material from ... the cajon valley formation

in the Cajon Valley Formation. They support the
hypothesis of environmental conditions more congenial to tree and shrub browsers proposed by Pagnac
and Reynolds (2010), based on sedimentological
studies and the differential distribution of the equid
Archaeohippus mourningi.
The Cajon Valley chalicothere lived in a time of
relatively high browser diversity. Following the early
Barstovian, chalicothere fossils become extremely
rare in North America, though isolated finds have
been documented through the end of the Barstovian and into the Clarendonian (Coombs, 1998). It
is difficult to determine exactly when chalicotheres
disappeared from the New World. In any case, their
increasing rarity corresponds with the decline of
other browsing herbivorous mammals and the reduction of woodland savannas following the Miocene
climatic optimum, approximately 17 to 15 million
years ago (Janis et al., 2000, 2002, 2004; Mihlbachler
et al., 2011).
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abstract—Proheteromys maximus was recognized by G. James in 1963 as an enigmatic
rodent that inhabited southern California during the Miocene Epoch, approximately 15
million years ago. The genus Proheteromys has always been poorly known and understood, although several Miocene species of rodent have been assigned to this genus.
Slowly, the features of these rodents are becoming better known, and fossils from the
Barstovian Cajon Valley Formation provide information that distinguishes P. maximus
from other similar species. We recognize P. maximus as Harrymys maximus (James), in
the subfamily Harrymyinae of the family Heteromyidae.

Introduction
A large geomyoid rodent collected from early
Barstovian deposits in the Cajon Valley Formation of southern California has been assigned to
Harrymys maximus (James), new combination.
Proheteromys maximus James (1963) was described
from Kent Quarry (UCMP locality V-5666), Barstovian North American Land Mammal Age (NALMA)
in the Caliente Formation, based on an isolated
tooth (UCMP 54593) identified as a left m1 or m2,
that we recognize as a right M1. The genus Proheteromys was named by A. E. Wood (1932) for a primitive geomyoid rodent (Proheteromys floridanus)
from the Hemingfordian NALMA Thomas Farm
local fauna in Florida. Wood (1932) also described
a more advanced species of Proheteromys, Proheteromys magnus, from the Thomas Farm local fauna,
noting that P. magnus is characterized by having
a J-shaped occlusal wear pattern that is developed
in the modern genus Heteromys. Wood interpreted
P. magnus as a member of the lineage leading
toward Heteromys and its relatives (the subfamily
Heteromyinae). Later, in a comprehensive study of
the evolution of heteromyid rodents, Wood (1935)
assigned two other species, Proheteromys matthewi
n. sp. from the upper Rosebud fauna (late Arikareean NALMA) in South Dakota, and Proheteromys
parvus, new combination, from an unknown locality
believed Orellan or Arikareean NALMA in Colorado, to Proheteromys. Thus, the genus Proheteromys
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was interpreted as an important link between
primitive Oligocene geomyoids and some modern
genera of the family Heteromyidae. Subsequently,
over a period of 28 years, five additional species—
Proheteromys fedti (Macdonald, 1963), Proheteromys
gremmelsi (Macdonald, 1963), Proheteromys sulculus
(Wilson, 1960), Proheteromys cejanus (Gawne, 1975),
and Proheteromys maximus (James, 1963)—were
described, often based on small or poorly characterized samples.

SYSTEMATICS
Family HETEROMYIDAE Gray, 1868
Note that Flynn et al. (2008) did not recognize
Harrymyinae Wahlert (1991) as a subfamily of
Heteromyidae; they placed Harrymys Munthe, 1988
in the Geomyoidea incertae sedis, along with several
other problematic genera (Tenudomys Rensberger,
1973; Mojavemys Lindsay, 1972; Phelosaccomys
Korth and Reynolds, 1994; Dikkomys Wood, 1936;
and Lignimus Storer, 1970). We place Harrymys in
the Harrymyinae, recognizing dental similarity
of Harrymys irvini, H. woodi, H. magnus, and H.
maximus as sufficient diversification to represent a
heteromyid subfamily. Wahlert (1991) recognized
Harrymyinae as a subfamily of Heteromyidae based
primarily on cranial features of Harrymys irvini;
cranial features of the species H. woodi, H. magnus,
and H. maximus are virtually unknown.
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Subfamily HARRYMYINAE Wahlert, 1991
HARRYMYS Munthe 1988
Genotypic species: Harrymys irvini Munthe, 1988
Included species: Harrymys woodi (Black, 1961)
(originally described as Dikkomys woodi); Harrymys
canadensis Korth 1995; Harrymys magnus (Wood,
1932) (originally described as Proheteromys magnus);
and Harrymys maximus (James, 1963) (originally
described as Proheteromys maximus). Note that
Flynn et al. (2008) suggested that Dikkomys Wood,
1936, and Lignimus Storer, 1970, when better
known might also be recognized as members of the
Harrymyinae.
Diagnosis (largely after Wahlert, 1991): Large
and relatively high crowned heteromyid rodent with
rostral perforation, stapedial canal enclosed by bone,
parietal somewhat retreated from occiput, and origin
of temporal muscle restricted to lateral portion of
the bulla; unique expansion of auditory bulla. Cheek
teeth steep-sided, and rooted; P4 with lateral union of
transversely elongated, single-cusped protocone and
large, distinct entostyle, hypostyle small or absent,
between entostyle and posterior cingulum. Upper
molar teeth strongly bilophate, with initial union of
lophs medially in relatively late wear; protoloph and
metaloph usually subequal in width, protoloph is
usually relatively straight and slightly higher than the
metaloph, which is usually inflated posteriorly.
Wahlert (1991, Fig. 2 and p. 12) also noted that both
upper and lower incisors of Harrymys irvini have a
gently rounded anterior surface that lacks a sharp
anterolabial shoulder. This feature also occurs on all
known incisors of the cricetid genus Eumys. Korth
(1995) noted that lower incisor of H. canadensis is
also “narrow, flattened anteriorly, and rounded laterally.” Although he did not illustrate a cross-section of
the incisor, his description of H. canadensis sounds
similar to that of H. irvini; incisors of other species of
Harrymys are poorly known.
Description: dp4. Occlusal outline wedge-shape,
narrow anteriorly and relatively straight posteriorly. Four main cusps (large and labial hypoconid,
medium size and labial protoconid, smaller and
lingual metaconid, small and near the midline
mesoconid); mesoconid with four lophids: a short
labial lophid joining protoconid, a high anterior
lophid joining the anterior cingulum, a long lingual
lophid joining the metaconid and a short posterior
2015 desert symposium

lophid directed toward the hypoconid. Posterior side
of the hypoconid continues lingually as the posterior
cingulum that turns anteriorly and terminates short
of the metaconid, anterior side of the hypoconid is
directed obliquely toward the posterolingual corner
of the tooth to enclose a central basin. The lingual
transverse valley remains open until late wear.
p4. Occlusal outline is rounded rectangular,
wider posteriorly, with the anteroposterior axis
oriented approximately equal to the transverse axis.
Three prominent and subequal cusps (protoconid,
metaconid and hypoconid) and a slightly smaller
protostylid are compressed anteroposteriorly at
their apex, and both anterior cusps (protoconid and
protostylid) and posterior cusps (metaconid and
hypoconid) united medially after moderate wear by
narrow lophs. Union of the protolophid and metalophid occurs near the midline by union of lophs from
the protoconid and hypoconid. A minute hypostylid
appears low on the labial side of the hypoconid. A
slight anteromedial swelling occurs low (below the
level of cusps) on the anterior side of the tooth. A
posterolophid is directed lingually from the posterior
side of the metaconid that, with wear, joins the labial

Figure 1. Lower dentition of Harrymys maximus. A. L15851915, Ldp4 (occlusal); B. K1585-1913, Rp4 (occlusal); C. L15851913 (anterior); D. L1585-1932,Lm1 (occlusal). E. L1585-1932
(labial). F. L1585-1936, Lm3 (occlusal); G. L1585-1936 (labial).
275

e. lindsay and r. e. reynolds | harrymys maximus (james)

side of the hypoconid to enclose a shallow posterior
basin. The labial transverse valley is slightly wider
and deeper than the lingual transverse valley. A
shallow and very narrow valley separates the anterior
protoconid and protostylid in 1 of 3 specimens, and
persists until late wear. Anterior and posterior roots
are prominent, and are commonly united medially at
their base.
m1. Occlusal outline is rounded rectangular with
a much longer transverse axis than anteroposterior
axis; the anterior face of the tooth is flexed slightly
concave anteriorly and the posterior face of the tooth
is straight. Two subequal cusps (protoconid, and
hypoconid) are located near but labial to the midline,
with a small metaconid and entoconid located on
the lingual side of the tooth; smaller protostylid and
hypostylid are located labial to the protoconid and
hypoconid; the hypolophid is slightly lower and
transversely narrower than the metalophid. The
metalophid cusps (protoconid, metaconid, and protostylid) are united anteriorly by the anterior cingulum,
and the hypolophid cusps (hypoconid, entoconid,
and hypostylid) are also united anteriorly by an
anterior loph of the hypolophid; in late wear the
hypoconid and entoconid are also united posteriorly
by the posterolophid that is directed labially from the
posterior side of the entoconid. The protostylid joins
the labial anterior cingulum and in late wear closes
the labial transverse valley; the hypostylid joins the
hypoconid anteriorly, and (with more wear) posteriorly. The metalophid and hypolophid are initially
joined labially by the protostylid and hypostylid after
early wear, and are joined medially in late wear. Base
of the enamel is very irregular, distinctly lower on the
labial side of the tooth. Anterior and posterior roots
are prominent, united medially at their base.
m2. Occlusal outline and cusps are similar to
those of m1, although size of the tooth is slightly
smaller. Union of cusps and lophids are also similar
to m1. Base of the enamel is more uniform than m1
and is slightly lower on the lingual side of the tooth.
Roots are similar to those of m1.
m3. Occlusal outline is subrectangular, with long
axis oriented anteroposteriorly. Cusps are obliterated after early wear, with a minute protostylid and
indistinct or absent hypostylid; the protoconid and
metaconid are united anteriorly by a short anterior
cingulum; hypoconid and entoconid are united
anteriorly by a short and weak anterior lophid. The
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hypolophid is distinctly narrower than the metalophid; both lophids have a deep posterior inflection
which helps to define limits of separate cusps. The
hypolophid and metalophid unite medially in late
wear. Base of the enamel is relatively straight with
the enamel slightly lower posteriorly. Anterior and
posterior roots are narrow relative to roots of anterior
teeth, and are joined slightly at their base.
P4. Occlusal outline is oval, slightly wider than
long. The protocone is large, single cusped and
elongated transversely; it weakly joins the hypostyle
lingually by a short and narrow loph. The hypocone
is large, placed lingual relative to the protocone, and
unites posteriorly with the smaller metacone and
small hypostyle by a narrow posterior cingulum.
The posterior cingulum continues lingually, flexes
anteriorly to strongly join the hypostyle. The only
preserved P4 specimen from the Cajon Valley
Formation (SBCM 1585-1901) has the lingual side
of the hypostyle missing. The labial transverse sinus
is wider but only slightly deeper than the lingual
transverse sinus. A minute and low cuspule (?protostyle) fills much of the labial transverse sinus. Base of
the enamel is slightly lower on the protoloph than the
metaloph. Three prominent and separate roots are
present (anterior, posterolingual and posterolabial).
M1. Occlusal outline is rounded rectangular, with
the longer axis oriented transversely. Six cusps, a
large and medial protocone and hypocone, smaller
and labial bilobed paracone and anteriorly long

Figure 2. Upper dentition of Harrymys maximus. A. L15851901, LP4 (occlusal); B. L1585-1901 (anterior); C. L1585-1904,
LM1 (occlusal); D. L1585-1904 (lingual); E. L1585-1910, LM2
(occlusal); F. 1585-1910 (lingual).
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metacone, plus small and lingual protostyle
and hypostyle. A narrow anterior cingulum
unites the protostyle and paracone anteriorly,
and a narrow central loph unites the paracone
and protocone, and with more wear, will unite
these cusps with the protostyle. The metaloph
cusps (metacone, hypocone, and hypostyle)
are united posteriorly by a narrow posterior
cingulum. The protoloph and metaloph are of
subequal width and commonly straight anteriorly and slightly rounded posteriorly. There
is no posterostyle. Early wear on the lingual
cusps (protostyle and hypostyle) and the labial
cusps (paracone and metacone) tends to be
triangular, whereas wear on the protocone and
hypocone tends to be more circular. Initial
union of the protoloph and metaloph is medial
in late wear. Transverse sinuses are subequal in
depth labially and lingually. Base of the enamel
is slightly lower anteriorly. Four prominent
roots (2 anterior and 2 posterior) are slightly
united proximally.
M2. Occlusal outline and cusp-cingulum
morphology are similar to those of M1; M2 is
distinguished from M1 primarily on its slightly
smaller size and reduced stylar cusps. Width
of the lophs is subequal, except that in 1 of
3 specimens the protoloph is slightly wider
than the metaloph. As in M1, initial union of
the protoloph and metaloph is medial in late
wear, and transverse sinuses are subequal in
depth labially and lingually. Base of the enamel
is relatively uniform, with no distinct difference in depth on any surface. Four separate,
moderate size, and subequal roots are present.
M3. No M3 teeth of H. maximus are recorded
from the Cajon Valley Formation at the present
time.

Environment of Deposition
Harrymys maximus dentition (SBCM 15851901) from the Cajon Valley Formation Tower
19 locality (SBCM 1.103.40) was recovered
from lacustrine sediments that consisted of
both dark green granulite and light green silty
sandstone. This locality in Unit Tcv5 is approximately 1,482 feet above the basal contact with
Unit Tcv3. Erosion has removed the overlying
transition to Unit Tcv6 (Reynolds, 1991). The
2015 desert symposium
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Tower 19 locality (Reynolds, 1991) has several taxa in
common with the Kent Quarry in the Dome Springs
fauna of the Caliente Fm. where Proheteromys
maximus was first reported (James, 1963).
The presence of hackberry (Celtis), hedgehog
(Lanthanotherium), flying squirrel (Petauristodon),
and the small “forest horse” (Archaeohippus) suggests
a well watered forested area with brushy understory,
or a wooded streamside (riparian) community.

Age and Correlation
The Upper Dome Spring Fauna of the Caliente
Formation (Tedford et al. 2004, p. 174) where P.
maximus was first reported (James, 1963) was considered Barstovian (NALMA). Subsequent biostratigraphic work, along with more precise radiometric
dating of ashes in the Barstow Fm. has permitted
several faunal divisions of the Barstovian sequence,
although boundaries separating these intervals are
still in flux. A four-fold division of the stratigraphic
sequence in the Barstow Formation can generally be recognized in the Mud Hills of the Mojave
Desert Province. This division includes a basal Rak
division (Late Hemingfordian, based on the Rak
Quarry, about 16.3 Ma), a Green Hills Division (early
Barstovian, about 16 to 15 Ma), a Second Division
(middle Barstovian, about 15 to 14 Ma), and a Skyline
Division (late Barstovian, about 14-13 Ma). Thus,
stratigraphic sequence in the Barstow Fm in the Mud
Hills spans about 3.5 my, from about 16.5 to about
13 Ma, but it would be difficult to define and defend
precise boundaries for the four tentative divisions of
Barstovian LMA at this time. The Barstow fauna of
1941, on which Barstovian LMA was defined, represented only the fauna from the Skyline and Upper
Barstow divisions as now recognized. Tentatively,
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Kent Quarry in the Dome Spring Canyon fauna
of the Caliente Fm. is considered middle Barstovian, about 15 Ma so the Tower 19 fauna in the
Cajon Valley Fm. is also considered about 15
Ma. See Woodburne and Reynolds (2010) for
a thorough review of the tectonic and geologic
framework for biochronology of the Mojave
Desert Province.
In the context of the biostratigraphy of the
Barstow Formation Pagnac (2009) noted
the presence of Acritohippus stylodontis and
Archaeohippus mourningi indicate that the
Tower 19 locality is older than 14.8 Ma which
suggests that Harrymys maximus was present in
the middle Barstovian Land Mammal Age.

Discussion
Several other geomyoid species were initially
assigned to another geomyoid genus. Apletotomeus
crassus (Reeder, 1960) and Akmaiomys incohatus
(Reeder, 1960) had been assigned to the genus
Proheteromys by Wood (1980), and to Heliscomyidae
by Flynn et al. (2008), Proheteromys nebraskensis
(Wood 1937) was later considered by Korth (1989) to
be the lower dentition of Kirkomys milleri Wahlert
(1984), a florentiamyid family of Geomyoidea. Both
the species Proheteromys bumpi (Macdonald, 1963)
and the species Proheteromys ironcloudi (Macdonald,
1970) are now rejected because of poor documentation and are considered Proheteromys sp.
The confusing history of the genus Proheteromys
illustrates the difficulty of identifying features of
species in which tooth wear destroys many of the
important systematic characters, and this is a consistent characteristic of virtually all geomyoid rodents.
In moderately worn teeth of geomyoid rodents,
maximum tooth dimensions are often the only reliable features, and size is a common factor in separating closely related species. Revisions of taxonomy
are a measure of progress, common to all science
disciplines; and new data virtually always require
new interpretations.
Herein, we focus on the large species of Proheteromys, P. magnus and P. maximus, which are readily
distinguished from the small and primitive species
of Proheteromys, and assign these two species to
the genus Harrymys Munthe (1988), which was
recognized a separate subfamily (Harrymyinae) of
Heteromyidae by Wahlert (1991) based primarily
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on the cranial and dental characters of Harrymys.
Both Wahlert (1974, 1978, 1983, and 1985) and Korth
(1993, 1995, and 1997) have found useful synapomorphies in cranial features of geomyoid rodents
that have helped to clarify relationships among these
groups. We also hope that removing P. magnus and
P. maximus from Proheteromys will help differentiate
the small primitive species of Proheteromys from
other geomyoid taxa.
As a co-author of the chapter on Geomorpha in
Volume II of the “Evolution of Tertiary Mammals
of North America” edited by Janis, Gunnell, and
Uhen, eds, 2008), Lindsay and co-authors transferred the species P. magnus and P. maximus to the
genus Harrymys without thorough documentation.
Lindsay apologizes for that faux pas and provides the
following justification for that taxonomic transfer.

Biogeography
Harrymys was a relatively large heteromyoid rodent
recorded primarily from early Miocene deposits
in western North America. H. maximus recorded
only from Barstovian and Harrymys magnus in the
Hemingfordian Vedder fauna (Harrymys magnus
(Lindsay, 1974) are late survivors of this Miocene
heteromyid radiation, whose descendants, kangaroo
rats (Dipodomys) and pocket mice (Perognathus) are
widespread and diverse in southwestern deserts of
North America, while possible relatives, the spiny
pocket mice (Liomys and Heteromys) are confined
to the most southern parts of North America.
It remains a biological mystery why these small
heteromyid rodents that have been so successful
and prolific in North America, with a presence for
some 20 million years in the southern part of North
America, did not become established in South
America during the Great American Interchange
during the late Pliocene that affected numerous other
mammalian groups.
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New ursid and talpid occurrences
from Hemingfordian and Barstovian units
of the Cajon Valley Formation, Cajon Pass,
California
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abstract—Two new vertebrate taxa, an ursid and a talpid, are recorded from Hemingfordian and Barstovian land mammal age sediments of the Cajon Valley Formation at
the southwestern edge of the Mojave structural block. Ursavus sp., a Hemingfordian
bear, occurs at the Dip Slope locality in red paleosols of Cajon Valley Formation Unit 3.
A mole, Domninoides sp., occurs in lacustrine sediments of the Barstovian Cajon Valley
Formation Unit 5. Unit 5 also produced a nonvertebrate assemblage containing the
land snail Succinea sp and fresh water planorbids, with plant taxa that include emergent
monocots and riparian trees: hackberry, sycamore, and bay.

Introduction
The Cajon Valley Formation is located in southern
California’s southwestern Mojave Desert Province
where it contacts the San Gabriel Mountains of
the Transverse Ranges. Exposed late Cretaceous,
Oligocene, Miocene and late Tertiary to Quaternary
sediments provide 70 million years of paleontological
history. Miocene continental deposits include the
Cajon Valley Formation and the Crowder Formation (Woodburne and Golz, 1972; Woodburne, 1991;
Reynolds, 1991, Reynolds and others, 2008).

Background
Fossils were collected, preserved, described and
curated during the 2008 Burlington Northern and
Santa Fe (BNSF) Cajon Main Third Track Project
through sediments in Cajon Pass (BNSF MTT
project; Reynolds, 2008). Excavation encountered
fossiliferous Miocene continental sediments of the
Crowder Formation (Units Tcr 4 and Tcr 5) and
Cajon Valley Formation (Units Tcv2, Tcv3, Tcv5 and
Tcv6), as well as the underlying San Francisquito
Formation.

Methods
The BNSF MTT project involved following earth
moving equipment, examining areas disturbed by
2015 desert symposium

excavation, and recognizing and collecting vertebrate
fossils and associated environmental indicators.
Fossils were jacketed, removed, and then prepared
and stabilized in the LSA Associates, Inc. laboratory. Fossiliferous sediments including lacustrine,
playa and paleosol matrix, were wet screen-washed
through -20, -30, -40 mesh screens to recover small
to microscopic vertebrate fossils. Recovered specimens were identified, inventoried, and discussed in
a report for the Lead Environmental Firm of Tom
Dodson and Associates to present to the lead agency,
San Bernardino National Forest Service (SBNF),
showing compliance with CEQA and NEPA. As
required by SBNF, the all specimens were curated
into the collections of the San Bernardino County
Museum in Redlands.

Structure and stratigraphy
In this paper, I refer to detailed mapping by Woodburne and Golz (1972) that describe the sedimentary section and paleosols of the Cajon Valley Beds
(CVB), and compare them geographically and
stratigraphically to adjacent formations. The CVB
was renamed Cajon Valley Formation (CVF) by
Morton and Miller (2003). Other studies distinguish
the CVF from the Crowder Formation that occurs
to the east across the Squaw Peak Fault (Reynolds,
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1991; Woodburne and Reynolds, 2010; Meisling and
Weldon, 1989; Miller and Weldon, 1992). Deposition
of both started at a similar time (about 18 Ma) in
the middle Hemingfordian NALMA (Reynolds and
others, 2008).
The age of the lowest Cajon Valley Formation units
were refined (Liu, 1990; Reynolds, 1991) based upon
magnetic polarity tied to small mammal assemblages from paleosols (Reynolds, 1991). Magnetostratigraphy developed by Liu (1990) indicates that
the time of the transition from the Hemingfordian
to Barstovian NALMA in the Cajon Valley Formation was at about 16 Ma, while the contact between
Unit 3 and Unit 5 is within the earliest Barstovian
NALMA, as noted by Woodburne and Golz (1972).
The Cajon Valley Formation is nearly 9,000 feet thick,
and contains fossils indicating that the sediments
span portions of the late Hemingfordian through
Barstovian North American Land Mammal Ages
(NALMA), perhaps representing a period between 18
and 13.5 Ma (Liu, 1990; Woodburne, 1991; Reynolds,
1991).

New record of Ursidae

contact with Unit 5. Associated Hemingfordian
NALMA fauna include Parapliohippus carrizoensis,
Archaeohippus mourningi, Dyseohyus sp., Bouromeryx cf. B. milleri, Leptarctus ancipidens, and
Moropus sp. (Coombs and Reynolds, 2015).
Ursid distal humerii are distinct from those of
other large carnivores in having an extremely long
medial epicondyle directed exteriorly/laterally that
lacks an entepicondylar foramen. Amphicyonidae,
Mustelidae, and Felidae all have entepicondylar
foramina, and the distal width of the felid element is
narrow. The distal humerus width of canids is also
narrow, and canids have a pronounced medial septal
perforation and lack an entepicondylar foramen. The
isolated distal humerus (width=60mm) from the Dip
Slope Locality is referred to an ursid.
Late Hemingfordian North American ursid taxa
are limited to one genus, Ursavus sp. (Hunt, 1998), to
which this specimen is tentatively referred. The ursid
Plithocyon is an early Barstovian immigrant known
from the Barstow Formation in the Mud Hills. This
is the first record of a bear from the Cajon Valley
Formation or the Crowder Formation.

An ursid distal humerus (LSA specimen number
07SB 9-26-1=Tcv3-22-01, from LSA locality Tcv3-22)
was recovered from the Dip Slope locality (SBCM
1.103.8 = RV 6988=UCMP 3146) within Unit 3 of the
Cajon Valley Formation. This locality is a fossiliferous brick-red paleosol. Composite sections (Woodburne and Golz, 1972, Fig 8) indicate the locality is
approximately 250 feet above the base of the 900 foot
thick Unit 3, and therefore 650 feet below the nearest

New record of Talpidae

Figure 1. Ursidae distal humerus, 07SB 9-26-1.

Figure 2. Talpidae humerus, 07GM 9-28-14-1.
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A talpid humerus (LSA specimen number 07GM
8-14-1=Tcv5-22-10) was recovered from the lower
half of Unit 5, the Barstovian portion of the Cajon
Valley Formation, approximately 1,250 feet above the
contact of Unit 5 with underlying Unit 3 and 1,650
feet below the contact of Unit 5 with overlying Unit
6 (see composite sections in Woodburne and Golz,
1972, Fig 10). The talpid specimen was recovered
from LSA locality Tcv5-22 (=SBCM 1.103.27, slightly
lower stratigraphically than RV-2007). This locality
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consists of greenish-gray silty sandstone suggesting
pond sediments or a moist paleosol. Associated fauna
include a colubrid snake vertebra .
Talpid humerii have a distinctive “X”-shaped
morphology, with a stout, inflated shaft. The Cajon
Valley specimen has a large, pronounced, capitulum,
with no noticeable entepicondylar process. The
trochlear saddle is only moderately indented, and
the capitulum extends distally farther than the
distal termination of the fossa for the major flexor
ligament. Morphology and size (distal width=4.5
mm) is consistent with the genus Domninoides
sp. (Hutchinson, 1968) to which this specimen is
referred. This is the first record of the talpid Domninoides from Miocene Barstovian LMA sediments in
the Cajon Valley.
Talpids are a member of the North American
group of insectivores, which includes moles (talpids),
shrews (soricids), and hedgehogs (erinacids). Hedgehogs (Lanthanotherium sp.) and shrews (Paradomnina sp. cf. P. relictus) are known from the Cajon
Valley Formation (Reynolds, 1991) and from the
Crowder Formation (Reynolds, 2008). Hedgehog
(Lanthanotherium sawini), shrews (Paradomnina
sp. cf. P. relictus and Limnoecus tricuspis), and mole
(Domninoides sp.) are recorded from the lower
Miocene Barstow Formation (Lindsay, 1972). Barstovian deposits of the Caliente Formation contain a
hedgehog (Lanthanotherium sawini; James, 1963).

Environmental indicators
Non-vertebrate fossils considered to be environmental indicators were associated with vertebrate
fossils from Cajon Valley Formation Unit 5. LSA
locality Tcv5-2 (Lignite Cut = SBCM 1.103.50),
specimens (Tcv5-2 # 004 - 031) include fresh water
gastropods such as planorbids and Succinea sp , along
with plant taxa that include emergent monocots
and riparian trees: hackberry (Celtis sp.), sycamore
(Platanus sp.) and bay (Umbellularia sp.), together
suggesting a pond and stream side habitat.

References cited
Coombs, M. C. and R. E. Reynolds. 2015. Chalicothere material
(Perissodactyla, Chalicotheriidae, Schizotheriinae) from late
Hemingfordian and early Barstovian faunas of the Cajon
Valley Formation in the Mojave Desert Province of southern
California. 2015 Desert Symposium Volume, California State
University, Desert Studies Consortium, this volume

Mammals of North America, v. 2: Small mammals, Xenarthrans, and marine mammals. Cambridge University Press.
795 p.
Hutchinson, J. H. 1968. Fossil Talpidae (Insectivora, Mammalia)
from the later Tertiary of Oregon. natural History Museum,
University of Oregon, Eugene, Or., Bull. No. 11, pp. 117.
James, G. T. 1963. Paleontology and nonmarine stratigraphy
of the Cuyama Valley badlands, California, Part 1: geology,
faunal interpretations, and systematic descriptions of
Chiroptera, Insectivora, and Rodentia. University of California Publications in the Geological Sciences 45:1–154.
Liu, Wei. 1990. Paleomagnetism of Miocene Sedimentary Rocks
in the Transverse Ranges: The Implications for Tectonic
History. Unpublished doctoral thesis, California Institute of
Technology, Pasadena, California. p. 1-218.
Meisling, K. E., and R. J. Weldon. 1989. Late Cenozoic
tectonics of the northwestern San Bernardino Mountains,
southern California. Geological Society of America Bulletin
101:106–128.
Miller, M. G., and R. J. Weldon. 1992. A lateral ramp origin
for the north-trending segment of the Squaw Peak Fault,
Cajon Pass, California. Journal of Geophysical Research
97:5153–5156.
Morton, D. M. and F. K. Miller. 2003. Preliminary geologic
map of the San Bernardino 30´×60´ quadrangle, California:
United States Geological Survey Open-File Report 03–293.
Available at: http://pubs.usgs.gov/of/2003/of03-293/. Accessed
September 24, 2008.
Reynolds, R. E. 1991. Biostratigraphic relationships of Tertiary
small vertebrates from Cajon Valley, San Bernardino County,
California, pp. 54–59 in M. O. Woodburne, R. E. Reynolds,
and D. P. Whistler (eds.), Inland Southern California: the last
70 million years. San Bernardino County Museum Association Quarterly 38(3, 4).
Reynolds, R. E. 2008. BNSF Cajon Main Third Track - Summit
to Keenbrook - Paleontological Resources monitoring and
Mitigation Program. Prepared by LSA Associates, Inc., for
Tom Dodson Associates, p. 32.
Reynolds, R.E., R. L. Reynolds, and E. H. Lindsay. 2008.
Biostratigraphy of the Miocene Crowder Formation, Cajon
Pass, southwestern Mojave Desert, California. Natural
History Museum of Los Angeles County. Science Series 41; p.
237-254.
Woodburne, M. O. 1991. The Cajon Valley. pp. 49–52 in M.O.
Woodburne, R.E. Reynolds, and D.P. Whistler (eds.),
Inland Southern California: the last 70 million years. San
Bernardino County Museum Association Quarterly 38(3, 4).
Woodburne, M. O. and D. J. Golz. 1972. Stratigraphy of the
Punchbowl Formation, Cajon Valley, southern California.
University of California Publications in Geological Sciences
92:1–73.
Woodburne, M. O. and R. E. Reynolds. 2010. The mammalian
litho- and biochronology of the Mojave Desert Province;
2010 Desert Symposium Volume, California State University,
Desert Studies Consortium. p. 124-147.

Hunt, R. M. 1998. Ursidae. p. 174-195. in C.M. Janis, G.F.
Gunnell, and M.D. Uhen (eds.) Evolution of Tertiary
2015 desert symposium

283

Alpine plants as indicators of climate change
Jim and Catie Bishop

Calif.-Nevada GLORIA Team, cjbishop1991@sbcglobal.net

As an ecosystem at a climate extreme—one
that is very temperature dependent—the
alpine zone is a sensitive indicator of
climate changes. And it is an ideal habitat
to observe globally for biological change.

Understanding the Alpine Zone
Understanding the environmental stresses
on alpine plants, and their adaptations, is
the foundation for viewing their climate
responses. The alpine zone is defined as
that region above the upper treeline—a
remarkably consistent average elevation in a
given climate zone, with the trees dropping
out over elevation increases of just meters.
There are deviations from that elevation
due to microclimate and site history, but the overall
picture is consistent. The absence of trees (treeforms
over 3m height) creates the alpine zone. Why should
trees have such a limit to their growth? To address
this question consider two points: how temperature
limits plant cell growth, and how air temperature
controls tree “operating temperature.”
Plant cell metabolism is very sensitive to low
temperatures, with cell growth slowing dramatically as the environmental temperature declines
down into the range of about 8 to 5°C. By 5°C plant
cell growth essentially stops, and that is true for
both tree root and shoot elongation. The limiting
processes are those of cell construction and maturation—photosynthesis is not sufficiently diminished
in that temperature range to account for the reduced
cell growth (and actually continues down to and
even below 0°C). A very plausible place for low cell
temperature to have such an effect on cell development is on the “molecular motors” (dynein, kinesin,
myosin) that convey materials throughout the cell on
the cytoskeletal framework, because they are critically dependent on thermal energy for their motion.
Tree growth
Some definitions:
—Tree is at least 3m in height (and the term treeform
here means a tree at least that tall).
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—Treeline is the line that connects the uppermost (or
northernmost in the arctic) extent of tree patches.
—Air temperature is measured in a shelter at 1.5
meter height. The soil temperature at 10cm depth
at treeline elevations is a good proxy for air
temperature.
—Mean air temperature is the average for the day
(average of maximum and minimum, or a more
detailed weighted average, but they will be very
similar).
—Growing season is that period when there is meristematic activity and ongoing tissue maturation.
It is well measured for trees by the total number
of days on which mean air temperature exceeds
0.9°C. A very similar measure is that period
beginning when the weekly mean air temperature
rises above 0°C and ending when it drops below
0°C.
Tree foliage is effectively cooled by the air flow,
and even sun-warmed foliage in tree crowns averages only a degree or two above air temperature.
Tree root zones are shaded by the crowns, and
root zones remain close to average air temperature
during the growing season. Effectively a tree experiences a cold-temperature limit dictated by average
air temperature. Average temperature in the lower
atmosphere declines about 0.6°C per 100m elevation
2015 desert symposium
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gain (with local and short-term deviations from that
average). Therefore, above treeline elevation, the
growing season is simply too cool overall to sustain
tree growth.
The effect of temperature limits on cell growth,
and of air temperature on tree temperature, sets the
following requirements to permit the presence of
trees (and therefore sets their upper limit):
—The growing season must be at least 94 days (90
days by the second criteria above).
—The daily mean air temperature averaged over the
growing season must be at least 6.4°C (6½°C used
in this paper).
—Additionally, annual precipitation must be at least
200mm.
That 6½°C growing-season isotherm occurs
globally, consistent over different taxonomic families, elevations, growing season lengths, latitudes,
and precipitation regimes (though there are small
deviations in response to regional or microclimate
variations, or to site history). Though that climatic
isotherm is a good guide to treeline, there are many
downward deflections of the actual tree cover below
that line due to such things as cold air drainage,
rockfalls, avalanches, snowbeds, and logging.
Alpine plant growth
But alpine plants persist in the alpine zone, in spite of
cooler air temperatures there, even though they have
same temperature-limited basic metabolism as trees.
How do plants that live above the treeline survive?
The secret lies in their ground-hugging form and
stature, allowing them to be warmer overall than air
temperature would indicate
The low stature and compact form of alpine plants
place them in the lowermost atmospheric boundary
layer, where airflow is much reduced, and near the
sun-warmed ground where air temperatures are
slightly higher, therefore allowing them to be warmer
overall than ambient air temperature. Reduced airflow cooling of foliage allows absorption of sunlight
to warm above-ground plant parts. Foliage of alpine
plants can be sun-warmed above air temperature
by some 20°C (the temperature of an alpine plant
might be well over 30°C on a 10°C day). The typically
sparse distribution of alpine plants exposes much
ground (usually over 50%, often 80% or 90%) to solar
heating, and their low forms transmit more heat
into the ground than do raised crowns (compact low
2015 desert symposium

plants lose less of their solar heat to the airflow, and
conduct it much shorter distances into the uppermost
soil). Consequently their root system temperature
is above the average of that for shaded sites. Even
though alpine plants grow at a higher elevation than
trees, they experience a warmer microclimate.
Beautifully adapted though they are, alpine plants
still live at the edge of adequate warmth, and they
benefit from the lack of competition from the coldlimited trees (in one survey showing a 3X reduction
in areal cover of low-stature plants in sub-alpine
woodland vs. the alpine zone). So they are very
vulnerable to overall temperature changes. Alpine
ecosystems are also very dependent on snow distribution. Snow cover provides shelter from extremes of
winter cold and desiccation. Late-season snowfields
retard growth until they melt, and upon melting
release a flush of nutrients and water. Alpine vegetation patterns are strongly controlled by the distribution of snowfields. Wind desiccation is yet another
alpine-habitat challenge.
It is expected that at least two variables related
to climate change could significantly affect alpine
ecosystems: (1) warmer temperatures, and (2) the
amounts and patterns of precipitation and snowmelt. Warmer temperatures can raise the treeline/
shrubline, and will also raise the elevations at which
a greater variety of alpine and subalpine plants can
be more competitive. Less snow or more snow, and
changes in patterns of snow deposition and melt
schedule can also alter alpine plant distributions.

Impetus for a universal protocol
During the past century, scientists have observed
changes in alpine flora and in treeline elevation. In
Scandinavia, for example, treelines have risen by
160 meters. Furthermore, in many areas upper tree
zones are filling in with new trees, even if treeline
elevation has not risen notably. Where conditions
become less harsh, a greater number of species can
compete. Species richness of many alpine peaks has
increased, and on one summit in the European Alps
increased from 1 to 10 species in 100 years. That
would be expected if the cold alpine elevations are
warming. But until 2001 there had not been a standard, universal, and replicable process deployed for
assessing such changes.
In response to the need for better scientific data,
replicability, and more valid comparisons, the
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GLobal Observation Research Initiative in Alpine
Environments (GLORIA, http://www.gloria.ac.at/)
was conceived at the University of Vienna and operationally established at field sites in Europe in 2001.
GLORIA defines a protocol that can be applied to
alpine summits anywhere in the world. The alpine
zone is ideal for detecting biological effects of global
climate changes. It spans nearly all latitudes and
elevations, it samples the major climate zones of the
world—maritime and continental; tropical, midlatitude, and polar—and human disturbance there is
often minimal.

GLORIA in California
GLORIA began in California in 2004 (due to the
tireless efforts of Connie Millar of the Pacific Southwest Research Station, USFS) and was the location
of the first project completed in the Western Hemisphere. Surveys will be remeasured every five years to
monitor change in the alpine flora. The information
that is gathered will be shared globally, as it is at sites
in other countries around the world.
Each GLORIA project is organized around a target
region (TR), comprising a group of 3 or 4 summits,
spaced in elevation from the highest peaks down to
near treeline. California/Nevada GLORIA summits
now number 29, in 8 TRs, from
Langley Peak in the Southern
Sierras to the Carson Range near
Lake Tahoe, throughout the
White Mountains, and in the
Great Basin (Figure 1). The studies
of the alpine ecosystem and its
changes are conducted by a team
of volunteers, students, and some
agency employees and university
staff.

The summit-centered GLORIA protocol outlines
a set of nested survey plots that occupy the slopes of
the four main compass directions (N, E, S, and W),
or “aspects”, on each peak (Figure 2). An upper elevation band takes in the 5 meters just below the peak,
and a lower band lies between 5 and 10 meters in
elevation below the peak.
Information collected includes: each plant species
present (including voucher specimens); its degree
of cover (as a measure of each species’ abundance
and its influence on available space, light, air, nutrients, and water); and the cover of other elements
such as rock or soil. The relative amount of rock
and soil indicates the potential for expansion/loss of
plant cover, and plant cover may change as climate
changes.
In each summit area section (SAS)—the area on
one aspect and within one elevation band, 8 total
per summit—the plant cover is visually estimated
on a relative scale (early efforts attempted to be more
quantitative, but were not successful…as noted
below). In the 1mX1m quadrats (outlined with a
frame containing 100 cells), cover is estimated by
noting the occurrence of each species in each of the
cells and the cover-type or plants species at each of

The GLORIA survey protocol
The main objective of the
GLORIA protocol is to record
all plant species that grow on
the summit, to note where they
are distributed around the peak,
and to estimate how much area
each species covers. That requires
looking at both large-scale and
small-scale plots, and on the
differently-oriented slopes.
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Figure 1. Showing the 8 Target Regions (TRs) in California and Nevada. The years in
which the TR was established and, if applicable, resurveyed are shown.
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constraints, large areas
(of order hundreds of
square meters), and
many very-low-cover
species (fractions
of 1% cover) made
useful numerical cover
estimates difficult.
The 1mX1m quadrats
provided good quantitative data, but only
for very small and
therefore not sufficiently representative
areas. So we developed
Figure 2. The south aspect of a central Sierra peak, with the major GLORIA survey plots outlined,
a method for getting
much as they might actually lay on real terrain. Each of the other 3 aspects would have similar plots.
good quantitative data
HSP is the “high summit point”, the origin point of the survey system.
for areas large enough
100 sample points. Each group of four quadrats is
to represent the range
centered on a main aspect at the 5m perimeter.
of plant/substrate cover: the “California method.” It
Over 60 photographs are taken on each summit,
has now been adopted as an enhancement into the
from broader photos of the SASs, to the square meter international protocol.
of each quadrat. The photos document the plants and
A 10mX10m “diamond” is centered in each aspect
to some extent their coverage, as well as the survey
on the 5-meter perimeter (Figure 2). Within the plot,
system reference points for placing resurveys. Resur400 sample points set on a ½-meter grid produce
veys can usually be placed within a few centimeters
very useful quantitative data on plant and substrate
of the original reference points, though the boundcover at the mid-scale (surveys prior to 2009 used
aries of the larger plots can vary more than that—in
100 points). All species present are listed within each
any case the change in the sampled area between
1-meter-wide strip across the plot, 10 strips per plot,
surveys is no more than a few % of the area, usually
the number of strips per plot in which a given species
less.
occurs being its “frequency” (for example: occurrence
To learn how the actual temperatures and snow
in 6 strips being a frequency of “6”).
cover are changing, a temperature recorder is buried
The 10mX10m 400-point data is statistically very
10 centimeters deep on each aspect. Temperature
robust for measuring the major substrate types, such
is recorded approximately hourly until the next
as rock, soil, plants, etc. It does an adequate job of
resurvey. The recorder is then dug up, the dataloggers measuring the most abundant individual species,
reset, and the records are recovered. The soil-temper- which have cover values of a few areal percent or
ature curve has a narrower daily temperature range
more. For species having cover values less than 1%
than the surface-temperature curve, but has a similar (most species) the 400 sample point “cover” does not
average. Changes in average air temperature will be
adequately represent them. The indication of their
reflected in soil temperature. But when snow covers
abundance/presence is captured in the number of
the ground, the soil temperature remains essentially
strips in which they occur, the frequency (or possibly
constant at 0oC, and in that way reveals precisely the
in an “index” that combines cover and frequency).
periods of snow cover.

An additional protocol:
the California method
Early on it was evident that coverage estimates in the
SASs were not sufficiently accurate or reliable. Time
2015 desert symposium

Looking down the slopes

A major addition to the summit surveys are the
“downslope surveys,” observations that cover the
alpine zone below the GLORIA summits and provide
a more comprehensive view of the alpine ecosystem
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throughout its entire elevation span. The elevational
resolution of the downslope surveys is much higher
than that of the peaks within a TR, of order 10X
higher. To date, such surveys have been conducted
on five major slopes in the White Mountains, collectively spanning the elevation from White Mountain
Peak at over 4300 meters down into the bristlecone-limber-pine woodland at 3300 meters.
Meter-wide belt transects along the elevation contour are spaced every 25 meters in elevation (Figure 3). Each transect is 100 meters long
(100 square meters total area), divided into ten
10-meter segments end-to-end. All species present
in each 10-meter segment are recorded (giving the
“frequency” for each species). At sample points
spaced every half meter (400 for the entire transect)
the plant species or other substrate type is identified (giving the “cover” for each kind of area). The
downslope transects duplicate, in area and sampling
density, the 10mX10m California-method plots on
the summits.
The data gathered from the slopes reveals flora that
could potentially be moving up toward the summits
in response to warming. It indicates how species
cover and richness varies above vs. below treeline,
and how substrate type varies with elevation. It also
shows the distribution of each species by elevation.
That information helps with defining the habitats
and distributions of “functional groups”—groups
of plants that are similar in anatomy, habitat needs,
and ecophysiology that would be expected to have
similar responses to climate change. Furthermore,

the detailed elevation distribution of a given species
taken at one time can also be compared with its
distribution at a later time (for example 10 years
later). That comparison can produce a very useful
quantitative measure (a cross-correlation function)
of just how much the elevation distribution of that
species has shifted over time, very possibly rising as
the world warms.

Early results
The results so far fall into two groups, and show some
interesting trends:
1. The initial baseline surveys have provided useful
and detailed information on the species that
are present, their relative abundance, and their
detailed distributions on summits and slopes
of the alpine zone in California and Nevada.
Downslope surveys have also shown how substrate
is distributed with elevation and with position on
the slope—one interesting observation being that
better soil commonly gives way to coarser rocky
substrate higher in the alpine zone, which means
that available habitat for some plants as isotherms
rise will be reduced more than just the loss of
topographic area above a given isotherm would
suggest.
2. Resurveys of GLORIA summits presently span
10 years in Europe, and 10 years in California
(2 TRs at 10 years summer 2014). Some hints of
change are evident in even those comparisons,
though they are not indicative of climate change
(for which at least about 20 years are needed). In
addition, there are comparisons possible
with earlier non-GLORIA surveys. Some
of them show clear evidence of upward
advance of some sub-alpine plant species.

Figure 3. One segment of a downslope survey transect, a meter-wide belt
transect along the contour.
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In California, four of seven target
regions have been resurveyed, and four
of the downslope surveys in the White
Mountains have been repeated. The summit
resurveys tended to closely duplicate the
species richness found earlier, a welcome
confirmation that the method is capturing
the whole species set each time. The recent
downslope resurveys showed an increase
in the number of annual species (perennial
habit is best suited to the demands of the
alpine environment, and alpine annuals are
2015 desert symposium
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uncommon)—however, that may be due, in part, to a
wetter-than-normal year. There were improvements
to the methodology of the second surveys, both
summit and downslope, so future inter-comparisons
will be more meaningful than current ones.
Findings over the 10-year resurveys from the
European Alps have shown reductions in cover of the
highest elevation species (those in the zone of permanent snow, the “nival” zone), with lesser reductions
and some increases within the alpine subzones below
that. These changes suggest that the highest plants
are losing ground to plants from lower elevations,
at least over a recent decade. Other observations in
Europe show mixed trends in species richness, and
are interpreted as being caused by changes in precipitation patterns.
Even if the changes observed in the GLORIA
resurveys are significant, it is not possible to attribute
change over 5 years or even 10 years to long-term
climate trends. Inter-seasonal variation can easily
affect the flora represented in a given year. The value
of the current comparisons is that they demonstrate the potential of the protocols to reveal change.
However, only changes in a direction consistent
with a warming world, sustained over two or more
decades, will indeed be compelling evidence.
Current GLORIA and downslope data is also
being compared to earlier (pre-GLORIA) botanical
data from the White Mountains. For example, the
uppermost occurrence on granitic substrates of
dwarf sagebrush (Artemesia arbuscula, or maybe A.
rothrockii) as reported in 1961 has been compared to
the recent upper shrubline surveys and downslope
surveys. Based on those observations, which span a
50-year interval, this species’ upper limit has risen
150 meters, and several common alpine plants have
been reduced in cover wherever the Artemesia has
encroached. Aerial photo comparisons from the late
1940s into the 2000s show bristlecone pine woodland
filling in along its upper margins, and young trees
spreading upslope.

Koerner, C. 2012. Alpine Treelines, Functional Ecology of the
Global High Elevation Tree Limits, Springer-Verlag, Berlin,
Heidelberg, New York.
Santer, B. et al 2011. Separating signal and noise in atmospheric
temperature changes: The importance of timescale, Journal
of Geophysical Research, Atmospheres, Vol. 116 Issue D22
November 2011
White Mountain Research Station, GLORIA website: http://
www.wmrs.edu/projects/gloria%20project/default.htm
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abstract: Repeat photographs of U.S. Geological Survey historical photographs of
Death Valley and Mojave Desert area dating as far back as 1900 illustrate both the
relative stability of the hyper-arid landscape and the human impact on the landscape.
The most common landscape change is the improvement and installation of roads and
other conveniences in highly trafficked areas. A 1900 photograph at Furnace Creek
shows a natural landscape with abundant native vegetation. Today, the area is a parking
lot with tamarisk and palm tree vegetation. Changes to the Furnace Creek Wash area
include road construction and spoils from mining operations. Remote, inaccessible or
slightly removed areas, however, remain relatively unchanged, including precarious
features. Such precarious features as vertical slopes along the south side of Furnace Creek
Wash, a vertical spire in Breakfast Canyon, and the Natural Bridge remain relatively
unchanged at the individual rock scale. Mushroom Rock is the most dynamic landscape element in Death Valley. The 1901 photograph of Mushroom Rock shows two rock
columns supporting a head several meters across. Today, a pedestal exists below a single
column that supports a head about 1 meter across. Pitting patterns in the pedestal and
surrounding rocks indicate that erosion of the surrounding ground exposed the pedestal.
Natural landscape change is found at a fault scarp formed by the Black Mountains fault
zone 1.2 km south of the Furnace Creek Inn that shows rounding by erosion and accumulation of material at the toe exacerbated by nearby road construction raising local
base level. Natural vegetation change is best illustrated in the loss of creosote bushes
surrounding Silver Lake south of Death Valley.

Introduction
Repeat photography is a common technique used to
document geomorphic and ecological change related
to glaciers (Molina, 2010), development (Bierman
et al., 2005), perennial and ephemeral streams of
the southwestern U.S. (Webb and Hereford, 2010),
and U.S. National Parks (Klett et al., 2005). Thousands of repeat photographs have been taken in the
southwestern U.S. with the main concentration in
Arizona (Webb et al., 2010).
In this study, we repeat photographs taken by U.S.
Geological Survey geologists between 1900 and 1960
in the Mojave Desert. Our objective was to document landscape and ecological changes over the last
century in the arid to hyper-arid environment of the
Mojave Desert and to improve photograph station
information. Geomorphic change in arid regions is
290

hypothesized to occur during transitions between
wet and dry conditions (Bull, 1991). Over the last
100 years, climate in the arid southwestern U.S.
has varied from drought to wet (Woodhouse et al.,
2005), thus repeat photography allows observation
of the impact of these climate changes. We found
the arid landscape relatively unchanged down to the
individual rock level on seemingly precarious landforms where human activities were limited. Where
human access and activity were apparent, there were
observable landscape changes.

Background
Average annual precipitation in the Mojave Desert
over the last 100+ years is 137 mm/yr. Mojave Desert
precipitation is not uniform, however, with wet
periods in 1976–1998 and 1905–1941 and drought
2015 desert symposium
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conditions from 1893–1904 and the so-called midcaptions listed for the original photographs are
century drought from 1942–1975 (Hereford et al.,
as listed on the USGS web site (usgs.gov; accessed
2004). This is consistent with regional studies of
December 2013). Photo locations were determined
historical and tree-ring data that indicate that the
by objects and views within the photograph. When
first two decades of the 20th century were one of the
found, the location was documented by GPS and the
wettest periods in the western U.S. over the last 1000
camera location photographed.
years (Woodhouse et al., 2005).
Findings
Erosion rates in arid regions are low (Bierman
and Turner, 1995) and desert plant communities are
High Activity Areas
confined by water availability and geology (Hunt,
Furnace Creek Ranch—Photograph wfb00063
1975). Erosion rates measured in the arid regions
F.B. Weeks took a photograph on a rainy day
of Australia are less than a mm/yr (Bierman and
(October 13, 1900) at Furnace Creek Ranch (Figure
Turner, 1995). In the Death Valley region, Hunt
1A). The view is to the northeast with the Funeral
(1975) documented that plants occupy
specific positions in the landscape.
Desert holly, for example, is found not
in stream channels, but on the banks
just above the stream where salt conditions in the soil are suitable. Changes
in groundwater regimes can cause
more water-dependent plants such as
mesquite to die off or occupy particular
areas (Hunt, 1975).
U.S. Geological Survey photographers photographed the Mojave Desert
area beginning as early as 1900. The
photographs vary in quality, but many
are sufficiently clear to show individual
plants and rocks. The length of time
that the photographs span is important Figure 1A: USGS Caption: Death Valley National Park, California. Survey party
camped at Furnace Creek Ranch. Wash from heavy rains with the Amargosa
because many were taken prior to the
Range in the background. October 13, 1900.
mid-century drought from 1942–1975.
Pre-1904 photographs document
landscapes that endured wetter conditions from 1904–1942 and 1976–1998
along with the mid-century drought. In
addition, Death Valley and the Mojave
Desert were active mining areas by the
beginning of the 20th century, but the
extent of human impact was still relatively limited.

Methods
Photographs were downloaded from
the U.S. Geological Survey Historical
Photograph archive. The photos were
selected based on the probability of
finding the location either visually
or by notes with the photograph. The
2015 desert symposium

Figure 1B: Photograph taken October 12, 2014 looking N78W at 36.4555N,
116.86476W. Parking area north of the Furnace Creek registration; photo
location may actually be farther west, but the buildings would block the view.
Location is east of cabin 227 at the SE corner of Greenland Blvd. and Dante’s
Drive.
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Mountains on the skyline with sandstone and
mudstone of the Pliocene Furnace Creek Formation
in the foreground. A creosote bush is in the left foreground and date palms are visible on the left margin.
The vegetation beyond the tent is consistent with
cattle spinach. Several “vegetated mounds” could be
relict mesquite mounds. As to whether the mesquite
died off or was cut is uncertain. Hunt (1975) documented similar die offs where groundwater levels
dropped.
The location of Weeks’ camp is now the parking
lot north of the Furnace Creek Ranch registration
office (Figure 1B). The native vegetation has either
been removed or replaced by tamarisk. A solo palm
tree remains in the field of view.
Furnace Creek Wash—Photograph cmr00177
The original photograph was taken by M.R. Campbell in the spring of 1901 in Furnace Creek Wash
about 7.5 km east along Highway 190 (Figure 2A).
Even in 1901, Furnace Creek Wash was the main

access point for Death Valley. The view is to the
west-northwest with Manly Beacon low in the center.
Tucki Mountain in the Panamint Range occupies the
skyline, not the Funeral Mountains.
The repeat photograph was taken in October 2014
(Figure 2B). The most significant change is Highway
190 and the graded dirt road into Twenty Mule Team
Canyon. The fact that Campbell took a photograph
here is consistent with the purpose of borax exploration (Campbell, 1902). Several borax adits are found
in Twenty Mule Team Canyon. Furnace Creek Wash
has a drainage area in excess of 200 km2 and, is
therefore, subject to frequent flooding. Not surprisingly, no vegetation is present in either photograph,
most likely due to the flooding. The channel walls
show no evidence of erosion.
Furnace Creek Wash—Photograph cmr00176
M. R. Campbell photographed the Black Mountains in the spring of 1901 in Furnace Creek Wash.
This location is ~0.75 km north of the junction of

Figure 2A: USGS caption: Death Valley National Park, California. Down Furnace Creek from a point about 6 miles above Death
Valley. Furnace Mountains in the background. 1901

Figure 2B: Photograph taken October 2014 at the Twenty Mule Team road.
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Figure 3A: USGS Caption: Funeral Mountains. View is southwest from the forks of Furnace Creek. Death Valley is in the distance
on the right. Photographer’s shadow in the lower right. 1901.

Figure 3B: Photograph taken January 2015. Arrow indicates hill formed by Billie Mine spoils.

Highway 190 and Dantes Road along the original
dirt road into Death Valley. The view ranges from
S to S75W and shows the Black Mountains, not the
Funeral Mountains. The 1905 topographic map indicates that a tank supplied by a pipeline from a nearby
spring was located close by.
The repeat photograph was taken in January 2015
(Figure 3B). The most significant change is the spoils
pile from the Billie Mine in the distance (arrow) and
utility poles. The original photograph is of insufficient detail to clearly identify vegetation; however, in
2015, vegetation was a mix of creosote, cattle spinach
and barrel cactus. The original road was found and
historic artifacts (rusted cans) were nearby as well.
Precarious Landscape Features
Breakfast Canyon—Photograph ttp00041
T. P. Thayer photographed a spire in 1938 at Breakfast
Canyon, which is 1 km south of the intersection of
Highway 190 and the Badwater Road (Figure 4A).
The modern-day use of the canyon is as an outdoor
meeting area. The spire photographed by Thayer is
about 450 m east from the Badwater Road along the
dirt access road. The view is to the west-southwest
with a small portion of the Panamint Range on the
skyline.
2015 desert symposium

The repeat photograph was taken in 2010 (Figure
4B) with the most significant change being the dirt
road in the foreground. Although a vertical face with
steep slopes at the base, the spire remains remarkably
unchanged. Note that there is no rilling of the slope
in front of the spire. The desert holly beyond the spire
(on the right) is still present as are other creosote and
desert holly in the canyon bottom.
Furnace Creek Wash—Photograph cmr00219
The original photograph of Mushroom Rock was
taken by M. R. Campbell in the spring of 1901
(Figure 5A). Mushroom Rock is found at the north
end of Artists Drive and is composed of basalt. The
repeat photograph was taken in October 2014 (Figure
5B). The repeat photo location is based more on the
basalt boulders on the near skyline (arrows) and a
dark dike in the mid skyline. The Funeral Range is in
the distance.
The obvious difference is the decrease in Mushroom Rock. The original column had a hole. Today
it’s a single column with a pedestal at the base. The
rock of the pedestal and that of surrounding boulders
are more deeply pitted than Mushroom Rock. We
interpret the pitting as evidence that these boulders
were in the subsurface where soil moisture would
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Figure 4A: USGS Caption: Death Valley National Park,
California. Cliffs formed by rainwash on basaltic fanglomerate
in the Furnace Creek Formation 1 mile south of Furnace Creek
Inn. 1938.

Figure 4B: Breakfast Canyon spire (2010).

increase weathering rates. As a result, we
infer that the slopes around Mushroom
Rock have declined and exposed the
pedestal. Erosion is likely related to high
foot traffic as Mushroom Rock was a
picnic area for many years.
Natural Bridge—Photograph sgw02352
The original photograph of Natural
Bridge was taken by G. W. Stose in 1940
(Figure 6A). Natural Bridge is found
at the south end of Artists Drive and
is composed of Pleistocene fanglomerate. The repeat photograph was
taken in January 2015 (Figure 6B). The
stream bed has changed, but as to the
Figure 5A: USGS Caption: Death Valley,
California. View of Mushroom Rock and the
soda marsh in the bottom of the valley. 1901
Figure 5B: Photograph taken October 2014.
Arrows indicate points used to identify photo
station.
294

2015 desert symposium

j. r. knott and a. l. garcia | repeat photography and the mojave landscape

Figure 6B: Repeat photograph taken January 2015. Arrows
indicate boulders and fracture faces visible in both photographs.
Figure 6A: USGS Caption: Death Valley National Park,
California. Natural bridge and tortuous gorge in Pliocene
fanglomerate on the west slope of Black Mountain near
Badwater. 1940.

bridge itself, surprisingly, even individual rocks are
unchanged despite the vertical or inverted nature of
the outcrop.
Fault Scarp—Photograph hcb1000
The original photograph of this fault scarp formed
by the Black Mountains fault zone was taken by J. R.
Stacy in 1960 (Figure 7A) and appears as Figure 92
in Hunt (1975). This scarp is on the Badwater Road
1.25 km south of the Highway 190/Badwater Road
intersection. Hunt (1975) inferred that this fault scarp
formed as a result of an earthquake 2000 years ago.
The basis for his inference is Native American stone
circles built against the scarp to the south.

2015 desert symposium

The significant differences in the 55 years since
the original photograph are the decline of the fault
scarp and ponding at the toe (Figure 7B). The original photo shows a steep, nearly vertical scarp face.
Today, the slopes are closer to 30–40° with colluvial
deposits. In the 1960 photo, the area between the
road and the scarp is coarse alluvial gravels. Today,
fine-grained silts that are ponded against the road
embankment fill the depression. The ponding and
increased salt content in the soils allows establishment of a desert holly near the roadway. One factor
that should be considered in the interpretation is that
the original photo was taken late in the day whereas
the repeat photo is in morning light.
Silver Lake—Photograph tdg00619
The original photograph was taken by D. G.
Thompson in 1921 (Figure 8A). There was no
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Figure 7A: USGS Caption: Death Valley
National Park, California. The last big
earthquake in Death Valley accompanied
the faulting that produced this escarpment
near the road just south of the Furnace
Creek fan. The fault movement occurred
about 2,000 years ago, and since that time
the fault escarpment has been buried where
it crossed the mouths of the canyons issuing
from the Tertiary formations at the north
end of the Black Mountains. Photo by J.R.
Stacy, circa 1960.
Figure 7B: Photograph taken in 2010.

accompanying caption or notes indicating the location of this photograph beyond San Bernardino
County, CA. Visible in the photograph is a lake;

across the lake is a hill with a
distinctive dune pattern.
The repeat photograph was
taken on October 2014 at the north
end of Silver Lake playa, just west
of Highway 127 (Figure 8B). The
location was identified based on
the dune pattern on the hill across
the playa. The absence of a lake is
striking; however, lakes form in
Silver Lake playa only during wet
years, and 1921 was wetter than
normal (Hereford et al., 2004).
Creosote vegetation growing on the ancient shoreline deposits and large creosote in the foreground
are gone, suggesting lower soil moisture in 2014
compared to 1921. The landscape is remarkably

Figure 8A: USGS Caption: San Bernardino County, California. 1921. Left black arrow points to hill with distinctive dune pattern.
Right black arrow shows the faint outline of a mountain range. White arrow indicates channel wall.

Figure 8B: Photograph taken October 2014 at Silver Lake playa.
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unchanged. This is best illustrated by a north-facing,
vertical channel wall visible in both photographs.

Interpretation and conclusions
Landscape change in the Mojave Desert and Death
Valley is most pronounced in those areas with
frequent human activity. In the last 100 years, the
major landscape changes observed are related to
development of the land, especially for access. Road
construction is an obvious landscape disturbance in
such areas as Furnace Creek area in Death Valley.
Disturbances to the landscape that are distal, such as
the Billie Mine spoils, may not be noticeable to many
observers.
Precarious landforms in accessible high activity
areas like Breakfast Canyon or Natural Bridge,
however, are unchanged. We attribute the stability
of the landforms to the inability of people to come
in direct contact. A precarious feature, like Mushroom Rock, that is readily reachable by foot, shows
dramatic change. The causes of change to Mushroom Rock itself are unknown, but the surrounding
ground is eroding and this is most likely exacerbated
by foot traffic.
The fault scarp on the Black Mountain fault
zone is inferred to be an example of natural erosion
processes modifying a landscape element. The scarp
shows a decline in slope angle, which is part of the
normal scarp degradation process (Wallace, 1977).
Significant natural changes in vegetation are found
surrounding Silver Lake playa in the Mojave Desert
south of Death Valley. There, the loss of creosote
bushes, which are dependent on surface runoff, infers
a reduction in soil moisture in the last 90 years.
The relative landscape stability in the Mojave
Desert and Death Valley over the last 100 years shows
that the climatic changes and transitions during the
20th century were of insufficient magnitude to alter
the landscape. This contrasts with large-scale landscape change, such as arroyo formation, observed
in other areas of the southwestern U.S. (Webb and
Hereford, 2010). The finding that landscape change
in these arid regions is closely linked with human
activities reinforces the observation that humans are
a significant geomorphic agent (Hooke, 2000).
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Analysis of basalts in the White Mountains,
California by X-ray fluorescence spectroscopy
Jacob Kiyoshi Kato

California State University Fullerton

abstract—In the White Mountain/Inyo Range, Miocene (10.8–10.9 m.y.) olivine
basalt flows are located at several topographic highs in the Blanco Mountain Quadrangle. Gravity draws basalt flows to topographic lows like streams or river channels. It
is assumed that the White Mountain basalt flowed east into Horse Thief Hills; however,
the source of the basalt is unclear. I will collect basalt samples in the White Mountains
and Horse Thief Hills to determine if the basalt flows are chemically similar. Samples will
be powdered and analyzed for major and minor trace elements using X-ray Fluorescence
spectrometer (XRF). A correlation of basalt flows across the region may reveal a paleoriver channel that would contribute to the dispersal of aquatic and other species.

Introduction
Many questions exist about the different possible
dispersal pathways of ancient species, such as the
pupfish. Early hypotheses suggested pupfish in
the southwestern U.S. dispersed along the ancient
rivers and lakes that existed during the Last Glacial
Maximum (15–20 ka) (Blackwelder, 1933). However,
biological studies show that this is an insufficient
amount of time, which eliminates the possibility
of the Colorado River connection in the last 3
My (Smith et al., 2002). Reheis and Sawyer (1997)
hypothesized that basalt flows of the White Mountains occupied ancient river channels and possibly
flowed southeast as far as Death Valley. Basalt flows
found atop the White Mountains, Deep Springs
Range (DSR), and Last Chance Range (LCR) are all
mapped as the same geologic unit (Tb; McKee and
Nelson, 1967; Wrucke and Corbett, 1990). This illustrates the possibility that one flow originated from
the White Mountains and possibly reached Death
Valley, thus showing the possible ancient river trace
that would connect pupfish populations.
Location
In the White Mountain/Inyo Range, Miocene
(10.8–10.9 m.y.) olivine basalt flows are located at
several topographic highs in the Blanco Mountain
Quadrangle (Figure 1). The source of the basalt is
unclear (Nelson, 1966).
Gravity pulls basalt flows to topographic lows like
streams or river channels (Reheis and Sawyer, 1997;
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Figure 2). Reheis and Sawyer (1997) hypothesized
that basalt flows of the White Mountains occupied
ancient river channels and possibly flowed southeast
as far as Death Valley. Basalt flows found atop the
White Mountains, Deep Springs Range (DSR) and
Last Chance Range (LCR) are all mapped as the
same geologic unit (Tb; McKee and Nelson, 1967;
Wrucke and Corbett, 1990).

Methodology
Basalt samples will be collected in the White Mountains and Horse Thief Hills to determine if the
basalt flows are chemically similar. Samples will be
powdered and analyzed for major and minor trace
elements using X-ray Fluorescence Spectrometer
(XRF) techniques developed by Pluhar et al (2005).

Possible conclusions
The correlation of basalt flows across the region may
reveal a paleo-river channel or drainage systems.
Such a drainage system has speculatively been
proposed for allowing dispersal of aquatic species,
which was first investigated by Hubbs and Miller
(1948), who found isolated basins in the Death Valley
contained species of Cyprindon. Hubbs and Miller’s
two hypotheses were (1) Death Valley Lake overflowed or (2) Mojave River shifted course emptying
into the Bristol-Cadiz-Danby Lake Basins and eventually emptying into the Colorado River (Brown and
Rosen, 1993). However, Miller (1981) proposed that
this connection was during the Pliocene era/time
2015 desert symposium
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period and the fluvial
system bypassed Death
Valley. Later research,
by Brown and Rosen
(1993), concluded there
was not enough evidence
to support that Death
Valley Lake overflowed
and incorporated the
Silurian, Silver, and Soda
and Broadwell basins.
Evidence also lacked to
support the migration of
the Mojave River from
its present course, which
then assumes the possible
fluvial course may have
been from the White
Figure 1: Blanco Mountain Quadrangle by Nelson (1966). Brown units mapped Tb are olivine.
Mountains into Death
Valley.
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Figure 2: Barcroft Quadrangle (Krauskopf, 1971) located in the eastern portion of the Last Chance
Range. The mapped greenish brown units Tb are olivine basalts.
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Paleontology and paleoclimatology of
Tule Springs Fossil Beds National Monument
and adjacent Nevada State Parks land
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Introduction
Shortly before adjournment in late December of
2014, the 113th Congress passed the Tule Springs
Fossil Beds National Monument Act, thereby
creating a new National Park Service unit on the
northern margin of Las Vegas Valley. This legislative action—bordering on miraculous for a Congress
that is best known for accomplishing very little—
was the culmination of several years of political
and paleontological trench work by a coalition of
people in Southern Nevada and beyond, coordinated
by the National Parks Conservation Association.
Local city and county officials were very supportive,
hopeful that a fossil-theme national monument
would broaden Southern Nevada’s tourism base and
thus provide a reason for non-gaming visitors to
linger longer in the Las Vegas area before heading off
to the Grand Canyon, Zion, Death Valley, or other
destinations. The National Park Service was also

Figure 1. Map of Tule Springs Fossil Beds National Monument
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supportive of adding Tule Springs to their portfolio,
for two main reasons: (1) it will be the first NPS site
dedicated to the preservation and interpretation of
Pleistocene fossils, and (2) it is adjacent to an urban
setting, thus providing opportunities for a nationalpark experience for people who may never visit
national parks in remote settings.
The new national monument is approximately
23,000 acres (35 square miles) in extent, stretching
northwestward from urban Las Vegas and North
Las Vegas approximately 32 km (20 miles)(Fig.
1). Its morphology was determined by the path of
Las Vegas Wash, which flows southeastward from
Corn Creek Flat into Las Vegas Valley and onward
into Lake Mead. The parcel that now comprises the
national monument was formerly managed by the
Bureau of Land Management. It shares its northern
boundary with the Desert National Wildlife Range.
Adjacent to the national monument is a half-square
mile of Nevada State Park land (Fig. 1) that was the
core area excavated during
the four-month Tule Springs
Expedition of 1962–63 (Fig.
2).
With the creation of
the national monument,
the intensity of research at
Tule Springs will doubtless
increase, with the overarching goal of developing
a better understanding of
the relationship between
Pleistocene climate fluctuations and the Tule Springs
ecosystem. The purpose of
this paper is threefold: (1)
to provide a summary of
the current state of knowledge of the paleontology of
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AMNH paleontologist
George Gaylord Simpson
published a short report
about them (Simpson
1933).
Simpson’s 1933 paper
reinforced the conclusions of archaeologist
Mark Harrington, who
had recently excavated
Gypsum Cave, another
Southern Nevada site.
In Gypsum Cave,
Harrington had found
projectile points and
other artifacts underneath
layers of ground-sloth
dung in Gypsum Cave,
leading him to conclude
that humans had lived in
Southern Nevada prior to
Figure 2. Aerial photograph taken during the 1962-63 Tule Springs Expedition. View is toward the
northwest. Most of the land in the foreground lies within the Nevada State Parks parcel. Trench A the extinction of ground
is conspicuous at the bottom of the photograph, with additional trenches beyond. Courtesy of the sloths. With Simpson and
Nevada State Museum, Carson City.
Harrington—two of the
most prominent Amerthe Las Vegas Formation in the vicinity of the new
ican scientists of their
national monument and adjacent Nevada State Parks day—independently and simultaneously concluding
land, (2) to document the first discovery of dire wolf
that human hunters had co-existed with Pleisto(Canis dirus) in the Tule Springs assemblage, and
cene animals in Southern Nevada, Las Vegas Valley
(3) to present a paleoclimate model that places the
suddenly became an important site for research into
history of the Tule Springs ecosystem into the history the early history of humans in the New World.
of regional and global climate change in the Late
A major problem for early twentieth-century
Pleistocene.
scientists pursuing questions about the arrival of
humans in North America was their inability to date
Brief history of research at Tule Springs
fossils and artifacts. This dating problem was eventuPaleontologists have been finding fossil bones in the
ally solved by physicist Willard Libby. Working in
Tule Springs area since the early 1900s, but the site
the 1950s at the University of Chicago, Libby develdid not attract much interest until 1933. In that year
oped the radiocarbon dating technique, by which
an archaeologist named Fenley Hunter collected an
scientists could measure the length of time that had
obsidian flake in the Tule Springs area, together with passed since a formerly living organism had stopped
some charcoal and the bones of extinct Pleistocene
ingesting carbon. In 1959 Libby moved to UCLA,
animals (Shutler 1967). Obsidian does not occur
where he set up a state-of-the-science radiocarbonnaturally in the immediate vicinity of Las Vegas
dating lab, and in 1960 he received the Nobel Prize
Valley, so Hunter concluded that it had been brought in chemistry. Libby’s powerful new dating technique
into the area by human hunters who had killed and
had been used to date miscellaneous prehistoric
butchered Pleistocene animals. He interpreted the
objects, but it had not yet been used to address any
charcoal to be the remains of the hunters’ campfire.
big, scientific questions.
These items were taken to the American Museum of
The big question Libby decided to address was:
Natural History in New York City where prominent
When did humans arrive in North America, and
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did they interact with the
now-extinct Pleistocene
megafauna? He wanted
to confirm or falsify the
earlier conclusions of
Simpson and Harrington,
and establish radiocarbon
dates. In early 1962 Libby
gathered a small group of
archaeologists at UCLA
to decide where to use
radiocarbon dating to
address these questions.
The site they chose was
Tule Springs (Upper Las
Vegas Wash). Based on
the discoveries made in
the Tule Springs area
Figure 3. Trench A as it looks today, with Unit D exposed in its wall. View is toward the
during the preceding
northeast.
decades, along with some
trenches—which collectively define the core area of
eyebrow-raising early radiocarbon dates, Tule Springs the 1962–63 Tule Springs Expedition—occur wholly
seemed like the most promising place to use Libby’s
within the boundaries of the new national monunew dating technique to address the question of the
ment. They all lie mostly within the half-square-mile
antiquity of humans in North America, and their
Nevada State Parks parcel, although the two longest
interaction with the Pleistocene megafauna (Shutler,
trenches—trenches A and K—extend partially into
1967).
the national monument.
By early October of 1962 Libby and his colleagues
The 1962-63 Tule Springs Expedition was the first
had assembled an interdisciplinary team of paleonmajor research project in which radiocarbon dating
tologists, archaeologists, and geologists to conduct a
was used to help scientists interpret their findings
four-month, large-scale excavation at Tule Springs.
and decide what to do next. This allowed project
They had obtained funding from the National
geologist Vance Haynes to create a chronologic
Science Foundation, and they had received donations framework for the Las Vegas Formation (Haynes
of the use of earth-moving equipment and other
1967). Part of the justification for creating Tule
resources from the Las Vegas casino community. It
Springs Fossil Beds National Monument—beyond
was the largest interdisciplinary scientific project ever the abundance of Pleistocene fossils—is the historical
undertaken in the U.S. up to that time (Shutler 1967). significance of this early use of radiocarbon dating,
The research objective was to determine the age
and the opportunity to interpret this history to the
relationship between humans and extinct Pleistopublic.
cene animals, and Libby’s radiocarbon lab at UCLA
The 1962-63 Tule excavation recovered a diverse
was dedicated to quickly dating any datable mateassemblage of Pleistocene animals (Mawby 1967),
rial that turned up. Over 2 km (1.2 miles) of bullbut the results were disappointing to archaeologists.
dozer trenches were excavated in a series of eleven
No spear points were found inside the rib cages of
parallel trenches—labeled A through K, from east
mammoths, for example, and no butchering sites
to west—perpendicular to Upper Las Vegas Wash
were discovered. A small number of man-made
(Fig. 2). The trenches exposed cross-sections of the
objects were in fact recovered, some of which are
Pleistocene strata (Fig. 3), permitting the scientific
quite old; but none of them documented interaction
team to examine the stratigraphy and to place fossils
between humans and Pleistocene animals. Three
and artifacts they discovered into a chronostratiyears after the Tule Springs excavation ended, a site
graphic framework. Ironically, none of the eleven
in southern Arizona (the Murray Springs Site) was
2015 desert symposium
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discovered where Paleoindians had indeed butchered Columbian mammoths. So the attention of
the archaeological community quickly pivoted in
that direction, and Tule Springs fell off the list of
archaeological hot spots. In terms of one of the most
compelling research questions of the mid-twentieth
century—namely, when did humans arrive in North
America, and did they interact with the Pleistocene
megafauna?—the Tule Springs Expedition was, therefore, an archaeological disappointment. However,
research questions evolve; in terms of some of the
most compelling research questions of the early
twenty-first century, Tule Springs is one of the most
promising sites in North America. Such questions
include: (1) What caused North America’s magnificent megafauna of mammoths, camels, horses, and
giant ground sloths to go extinct? (2) How has the
climate changed over the past 100,000 years? And
(3) How did ecosystems in the American Southwest
respond to climate change during the Pleistocene,
and what can that teach us about responses of biotic
communities to climate change that is happening
now? Paleontologists from UNLV and the San
Bernardino County Museum are actively engaged in
pursuing such questions through the study of fossils
and sediments in the Tule Springs Fossil Beds.
The Tule Springs deposits probably record climatic
fluctuations during at least the past 130,000 years,
and perhaps somewhat deeper into the Pleistocene.
This compares to about 40,000 years for the oldest
fossils from the asphalt pits of Rancho La Brea
(Harris 2001). In addition to new research questions, we have a new tool kit of research techniques
available to us that were unknown to mid-twentiethcentury researchers. For example, by measuring the
abundance of stable isotopes of carbon and oxygen
in the enamel of fossil teeth, we can study seasonality
and diet in extinct herbivores. Under National Park
Service management, such research efforts will be
promoted and coordinated with high-quality interpretation and public outreach. A visitor/research
center will eventually be established where the Tule
Springs fossils can be stored, studied, and displayed.

The Tule Springs vertebrate fauna
The following vertebrate faunal list for the Las Vegas
Formation in northern Las Vegas Valley is synthesized from Mawby (1967), Reynolds et al., (1991),
Springer et al. (2010), Springer et al. (2011), and this
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paper. The molluscan fauna, consisting of at least 28
species, has been reported by Taylor (1967). Quade
et al. (2003) described the occurrence of selected
mollusks and ostracodes, and their use in reconstructing depositional environments.
Osteichthyes

Teleostei (indeterminate bony fish)
Amphibia

Rana sp. (frog)
Hyla sp. (frog)
Bufo sp. (toad)
Reptilia

Gopherus (tortoise)
Lacertilia (indeterminate lizards)
Sceloporus cf. S. occidentalis (Great Basin
			 sagebrush lizard)
Phrynosoma sp. (horned lizard)
Anniella sp. (legless lizard)
Masticophis sp. (whip snake)
cf. Arizona sp. (glossy snake)
Aves

Teratornis merriami (giant teratorn)
Passeriformes (small perching birds)
Bubo (owl)
indeterminate hawk (Buteoninae)
Fulica (coot)
Mareca (wigeon)
Aythya (diving duck)
Mergus (merganser)
Mammalia

Xenarthra
Nothrotheriops shastensis (Shasta
			 ground sloth)
Megalonyx sp. (Jefferson’s ground sloth)
Lagomorpha
Lepus sp. (jackrabbit)
?Sylvilagus sp. (cottontail rabbit)
?Brachylagus idahoensis (pygmy rabbit)
Rodentia
Dipodomys sp. (kangaroo rat)
Thomomys sp. (gopher)
Microtus cf. M. californicus (vole)
Ondatra zibethica (muskrat)
Perognathus sp. (pocket mouse)
Neotoma sp. cf. N. lepida (desert woodrat)
Permomyscus meniculatus (deer mouse)
Onychomys sp. (grasshopper mouse)
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Marmota flaviventris (yellow-bellied
			marmot)
Ammospermophilus leucurus (antelope
			 ground squirrel)
Carnivora
Canis latrans (coyote)
Canis cf. C. dirus (dire wolf) (this paper)
Lynx rufus (bobcat)
Taxidea sp. (badger)
Felis sp. (mountain lion)
Panthera atrox (American lion)
Smilodon fatalis* (sabertooth cat)
		*informally reported by SBCM
				 (see news story by Brean 2012)
Proboscidea
Mammuthus columbi (Columbian mammoth)
Perissodactyla
Equus spp. (horse) (3 species)
Artiodactylya
Camelops hesternus (yesterday’s camel)
Bison antiquus (ancient bison)
Bison latifrons (long-horned bison)
Odocoileus sp. (deer)
?Tetrameryx sp. (pronghorn)

Paleontology of Nevada State Parks land
and the first report of dire wolf from the Tule
Springs Fossil Beds
In 2010, under permit from the Southern Region
of the Nevada Division of State Parks, UNLV
conducted a paleontological resource survey of
the 315 acre parcel under the administration of
the State of Nevada. As part of this survey we
were also charged with documenting the occurrence of two sensitive plant species, Las Vegas
bearpaw poppy (Arctomecon californica) and
Las Vegas buckwheat (Eriogonum coymbosum
var. nilesii), as well as sensitive animals such as
the Mojave desert tortoise and ground-nesting
owls. All fossils recovered during this survey and
subsequent excavations by UNLV are reposited at
the Las Vegas Natural History Museum.

During the course of the six-day pedestrian survey
the UNLV team identified 24 fossil localities, and
subsequent trips have produced additional localities. Locality designation was assigned if multiple
elements were present or an identifiable isolated
element was found. Vertebrate fossil taxa recorded on
the Nevada State parcel include Mammuthus columbi
2015 desert symposium

Figure 4. Plaster jacketed Columbian mammoth tusk ready to be
collected from Unit D. Josh Bonde for scale.

(Fig. 4), Camelops sp., Equus sp., Bison sp., Canis cf.
C. dirus, Aves, Rodentia, and Lagomorpha. Specimens belonging to the latter three taxa are currently
under study to better refine the taxonomy.
Of particular note is specimen LVM-DC-0008,
the distal portion of a large canid metapodial (Fig
5), recovered from Unit D of the Las Vegas Formation. This metapodial is most probably from a dire
wolf (Canis dirus). Dire wolf has not previously been
reported from the Tule Springs fossil beds, or from
anywhere else in the Pleistocene of Nevada. Although
metapodials are not diagnostic elements within the
genus Canis, the large size of the specimen eliminates
Canis latrans (coyote) as a candidate species. In terms
of its dimensions and the morphology of the distal
articular surface, the specimen is indistinguishable
from C. dirus medial metapodials in the La Brea
reference collection at the Page Museum (Fig. 5);

Figure 5. Ventral view of specimen LVM-DC-008 (light-colored
bone fragment) from Unit D of the Las Vegas Formation,
compared with a Canis dirus left second metatarsal (dark bone)
from the osteological reference collection at the Page Museum.
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Stratigraphy
The Tule Springs fossils occur in tan, gray,
and brown sediments of the Las Vegas
Formation, which accumulated during the
last two glacial cycles of the Pleistocene—
roughly 150,000 years—although the ages
of the older units are poorly constrained.
This formation consists primarily of
groundwater-discharge deposits—spring
and marsh sediments—that were deposited during cool, wet intervals of the
Late Pleistocene when springs were
discharging. Such ponds and marshes
provided habitat for large herbivores such
as mammoths, camels, bison, horses, and
ground sloths, as well as habitat for the
predators that hunted them. When these
animals died, some of their bones became
buried in the marsh and spring-mound
Figure 6. Stratigraphic column of the Tule Springs Fossil Beds, with
radiometric and thermoluminescence dates. Radiocarbon dates are from
sediments. The marshiest portion of Las
Mawby (1967), Quade et al. (2003), Page et al., (2005), and Ramelli et al. (2011). Vegas Valley in the Late Pleistocene was
Thermoluminescence dates are from Page et al. (2005).
the area now preserved as Tule Springs
however, it is also indistinguishable from gray wolf
Fossil Beds National Monument, and
(C. lupus) medial metapodials.
adjacent lands. Thousands of Pleistocene animals
In the Late Pleistocene, Canis dirus was abundant
became interred there, and their bones are waiting to
and widely distributed across nearly all of the United be exhumed.
States and into Central and South America (Dundas
Vance Haynes, the geologist of the 1962–63 Tule
1999; Shaw 2001). In the Rancho La Brea assemblage
Springs Expedition, divided the Las Vegas Formation
the dire wolf is by far the most abundant species,
into seven stratigraphic units, lettered A through G,
represented by more than 200,000 specimens (Shaw
from oldest to youngest (Haynes 1967)(Fig. 6). This
2001). Gray wolves are also represented in the La Brea stratigraphy has held up well, generally speaking,
collection, but they are much less common. Given
during the succeeding half century. Stratigraphic
the proximity of the Las Vegas Valley to Southern
refinements, additional radiocarbon and thermoCalifornia, where dire wolves were so abundant, as
luminescence dates, along with expanded environwell as the general taxonomic similarity of the La
mental interpretations, have been provided by Quade
Brea and Tule Springs faunas, the conspicuous dearth (1986), Quade et al., (2003), Page et al. (2005), Ramelli
of dire wolf remains in the Tule Springs beds is most
et al., (2011), and Springer et al. (2012). Quade (1986)
probably due to preservational biases between the
correlated Haynes’s Tule Spring stratigraphic nomencarnivore-rich, predator-trap, asphalt-pit assemblage
clature to Corn Creek Flat at the northwestern end
at La Brea and the predator-poor, marsh-and-pond
of the new national monument, and Quade et al.
assemblage at Tule Springs. Sampling bias may also
(2003) have correlated some of the units to exposures
have contributed to the absence of dire wolves in the
in Pahrump Valley and other localities in Southern
Tule Springs collection, the La Brea deposits having
Nevada.
been much more intensively sampled than those
Of Haynes’s (1967) seven stratigraphic units,
in Southern Nevada. We conclude that specimen
Units F and G are mostly unfossiliferous, Holocene,
LVM-DC-0008 is probably from a dire wolf.
coarse-clastic units of no relevance in the context
Unit D, from which the wolf bone was recovered,
of this paper. The older five units—Units A though
ranges in age from 30 thousand to 16 thousand years E—are mostly pond and marsh deposits composed
(Fig. 6).
of silt and fine sand, with minor amounts of clay and
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occasional gravel lenses. More detailed descriptions
to Page et al. (2005) the contact between Units C and
and interpretations of depositional environments
D is gradational.
are provided by Haynes (1967), Quade et al., (2003),
The dates from Units C, D, and E indicate that
Page et al. (2005), and Ramelli et al. (2011). Figure 6
these three units were deposited in an almost
is a schematic stratigraphic column of the Las Vegas
continuous depositional episode that began roughly
Formation at Tule Springs, including a summary of
30 thousand years ago and continued into the early
the radiocarbon and thermoluminescence ages that
Holocene, with a relatively brief hiatus between
have been obtained from each unit. The younger
about 15 and 16 thousand years ago. This chronology
units—C, D, and E—have been reasonably well dated is represented graphically in the upper portion of
with the radiocarbon method, beginning with the
Figure 7.
work of Willard Libby in the 1960s and continuing
The ages of Units A and B are much more probthrough the work of Quade et al. (2003) and Ramelli
lematic because they are too old to be dated using the
et al. (2011). Unit E ranges in age from about 15 thou- radiocarbon method. As shown in Figure 6, Page et
sand years to about 8 thousand years, which places it al. (2005) obtained a single thermoluminescence age
in the terminal Pleistocene and into the early Holofrom each of these two units. Thermoluminescence
cene (see top of Fig. 7). Dates from Unit D range from dating is much less precise than radiocarbon dating,
about 30 thousand years
to about 16 thousand
years, which includes the
time of the Last Glacial
Maximum, and the
interval during which the
large Great Basin lakes—
Lake Bonneville and Lake
Lahontan—expanded to
their peak volumes (Lachniet et al., 2014). Unit C
is a fluvial unit that does
not represent a time of
voluminous groundwater
discharge, and it is less
well dated than Units
D and E. A single thermoluminescence date
indicates that this unit is
at least 24 thousand years
old, and no older than
36 thousand years. One
radiocarbon date from
Unit C indicates an age of
about 29 thousand years
(Page et al., 2005), which
reinforces the thermoluminescence age. These
dates overlap somewhat
with the ages from
the overlying Unit D.
Figure 7. Proposed paleoclimate model for the Las Vegas Formation, with groundwater discharge
Furthermore, according
and associated deposition of sediments being in synchrony with cold intervals of the 23-ky
precession cycle.
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so there is greater uncertainty. According to the
single date for Unit B, this unit is at least 89 thousand years old and no older than 144 thousand years.
Further complicating the history of Unit B is the fact
that it actually consists of three separate sedimentary
packages, B3, B2, and B1, each of which is separated
from the other by an erosion surface (Haynes 1967).
It is not clear which of these subunits was sampled
by Page et al. (2005) to obtain the thermoluminescence age of 89 thousand-144 thousand years. As
discussed below and displayed graphically at the top
of Figure 7, we hypothesize that the three subunits of
Unit B were deposited in three separate depositional
episodes during Marine Isotope Stages 4 and 5.
A single thermoluminescence date from Unit A
indicates that it is at least 131 thousand years old
and no older than 225 thousand years. Page et al.
(2005) suggested that Unit A may correlate in part
with sediments exposed along Interstate-15 north
and northwest of Nellis Air Force Base, for which
they obtained a thermoluminescence age with a
minimum of 226 thousand years and a maximum of
399 thousand years. As with Unit B, Unit A contains
multiple subunits separated from one another by
erosion surfaces and paleosols (Ramelli et al., 2011),
so it probably represents episodic deposition over a
protracted interval of time. In Figure 7 we place Unit
A within Marine Isotope Stage 6 at the end of the
Illinoian Glaciation. This placement is required by its
thermoluminescence age, and it is also compatible
with our paleoclimatological model, discussed below.

Paleoclimatology
Due to recent developments in the reconstruction
of the Great-Basin Late-Pleistocene paleoclimate
record using precisely dated speleothems, it is now
possible to begin placing the record of groundwaterdischarge deposits in Southern Nevada into a paleoclimatological framework. Cave stalagmites record
the temperature-sensitive oxygen isotope values of
groundwater at particular moments in time, and
uranium-series dating can be used to precisely date
each lamina in a stalagmite. Lachniet et al. (2014)
have obtained such data from three caves in the
central and southern Great Basin, and they have used
these data to reconstruct fluctuations in temperature over the past 175,000 years. The results of their
study, summarized in Figure 7, show that the climate
in the Great Basin has oscillated in synchrony with
308

the 23,000-year precession cycle of increasing and
decreasing summer insolation. According to the
Milankovitch orbital-forcing theory of ice ages, ice
sheets expand over tens of thousands of years in
response to the progressive, episodic reduction in
Northern Hemisphere summer insolation at 65⁰N.
As shown in Figure 7, the speleothem oxygen-isotope
record documents a previously unrecognized, highly
sensitive link between Great Basin climate and the
obliquity- and eccentricity-modulated precession
cycle (Lachniet et al., 2014). The well-known marineoxygen-isotope curve in the lower half of Figure 7
indirectly records the expansion and contraction of
continental ice sheets over the past 150,000 years.
The speleothem record displays curious gaps
during Marine Isotope Stages (MIS) 2 and 4 (Fig. 7),
both of which are inferred to have been cold intervals. Lachniet et al. (2014) attribute these gaps to
the presence of periglacial conditions at the highelevation setting of the cave from which this portion
of the record was retrieved; CO2 production in the
frozen soil was presumably too low for calcite to be
saturated in the drip waters, and therefore the speleothems did not grow during these intervals. However,
at low elevation sites such as Tule Springs, MIS 2 and
4 should have been times of generally cool, moist
conditions, with abundant groundwater discharge.
The well-dated units of the Las Vegas Formation at
Tule Springs—Units C, D, and E—coincide with MIS
2, the climax cold interval of the Wisconsin Glaciation. The speleothem results of Lachniet et al. (2014)
have established that Great Basin climate in the Late
Pleistocene was tightly controlled by the 23-thousand-year precession cycle, so it follows that groundwater discharge should have ebbed and flowed with
a similar periodicity. We therefore hypothesize that
the less-well-dated intervals of the Las Vegas Formation—Units A and B and their subunits—represent
cool, wet intervals that were spaced approximately 23
thousand years apart, namely MIS 4, 5b, 5d, and 6,
as shown in Figure 7, corresponding to nadirs in the
cycle of summer insolation.
Our proposed paleoclimatological model for the
deposition of the units of the Las Vegas Formation
is a testable hypothesis. More precise dating of Units
A and B can, in principle, be used to test this model.
Such dating might come from uranium series dating
of carbonate nodules, cosmogenic time-since-burial
dating of formerly exposed surfaces, paleomagnetic
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studies of secular changes in declination and inclination, or other methods.
The opportunities for research in Tule Springs
Fossil Beds National Monument and adjacent Nevada
State Parks land are many. With further study the
Tule Springs fossil beds will continue to add to our
understanding of the paleoecology of western North
America through Rancholabrean time, filling out
the cast of characters and showing how these species
were adapting in a context of a warming and cooling
climate.
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The Snowmastodon Project:
a view of the Last Interglacial Period
from high in the Colorado Rockies
Jeffrey S. Pigati

U.S. Geological Survey, Denver Federal Center, Box 25046, MS-980, Denver CO USA, jpigati@usgs.gov

abstract—In North America, terrestrial records of biodiversity and climate change
that span the Last Interglacial Period [or Marine Oxygen Isotope Stage (MIS) 5] are rare.
In 2010–11, construction at Ziegler Reservoir near Snowmass Village, Colorado revealed
a lacustrine/wetland sedimentary sequence that preserved evidence of past plant communities between ~140 and 55 ka, including all of MIS 5. At an elevation of 2705 m, the
Ziegler Reservoir fossil site (ZRFS) also contained thousands of well-preserved bones and
teeth of Pleistocene megafauna, including mastodons, mammoths, ground sloths, horses,
camels, deer, bison, black bear, coyotes, and bighorn sheep. In addition, the site contained
more than 26,000 bones from at least 30 species of small animals, including salamanders, otters, muskrats, minks, rabbits, beavers, frogs, lizards, snakes, fish, and birds. The
combination of macro- and micro-vertebrates, invertebrates, terrestrial and aquatic plant
macrofossils, a detailed pollen record, and a robust, directly dated, stratigraphic framework, shows that high-elevation ecosystems in the Rocky Mountains of Colorado are
climatically sensitive and varied dramatically throughout MIS 5.

Introduction
In 1958, Doug Ziegler and his family purchased a
tract of land located just outside Snowmass Village
in Pitkin County, Colorado. The tract included a
small, gently sloping meadow situated at the divide
between Brush Creek and Snowmass Creek at an
elevation of ~2705 m above sea level (Fig. 1). The
meadow was the remnant of a small alpine lake that
had become filled with sediment, and was used for
grazing sheep and similar activities during historical
times. Three years later, in 1961, the Ziegler family
commissioned the construction of a small earthen
dam that blocked the meadow drainage and formed
a shallow, private lake initially called Lake Deborah
and later Ziegler Reservoir. The lake was similar in
size to the natural lake that occupied the site previously, roughly 5 hectares, and persisted for nearly
Author’s note: The text, figures, and table presented in the
sections below were taken entirely from manuscripts that were
published recently in a special issue of Quaternary Research
(November 2014), including Johnson et al. (2014), Pigati et al.
(2014), Sertich et al. (2014), and Miller et al. (2014). A complete
list of the papers included in the special volume is presented as
Appendix 1.
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five decades before the water rights were sold to the
Snowmass Water and Sanitation District in 2010.
The setting of Ziegler Reservoir is unusual in that
the topography surrounding the basin drops off on all
sides: toward Brush Creek to the south and east, Snowmass Creek to the west, and an unnamed drainage
to the north. Essentially, the lakes (both natural and
manmade) sat in a bowl on top of a ridge, devoid of
significant surface flow either into or out of the basin.
Efforts to expand the reservoir began in September
2010. Shortly thereafter, on the afternoon of October
14, 2010, bulldozer operator Jesse Steele uncovered
several rib bones, vertebrae, and part of a tusk of a juvenile Columbian mammoth (Fig. 2). The discovery was
the first in a series of spectacular finds that ultimately
became one of the largest and most prolific Pleistocene
fossil sites in North America.
Within days of the discovery, scientists from the
Denver Museum of Nature and Science and the U.S.
Geological Survey arrived on site. Excavation of
thousands of Pleistocene fossils, detailed examination of the site stratigraphy, and sediment sampling
were conducted alongside earth-moving equipment
as the reservoir expansion project continued. All of
2015 desert symposium
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During the Bull La ke
glaciation, Snowmass Creek
Valley, which is immediately
west of the Ziegler Reservoir
fossil site (ZRFS), hosted a
large glacier that extended
nearly 26 km, was more than
250 m thick, and terminated
~8 km downvalley of the
ZRFS at an elevation of 2315
m above sea level. At its
maximum, the glacier was
thick enough to overtop the
eastern wall of the valley
and spill into the head of
the Brush Creek drainage
system. When conditions
began to warm at the end of
the Bull Lake glaciation, the
Brush Creek lobe receded,
leav i ng beh i nd a sma l l
Figure 1. Site location maps (a-c) and (d) an aerial photograph looking southeast at the
moraine that impounded
Snowmass Village area including Ziegler Reservoir (photo courtesy of Dan Bayer). The Ziegler
Reservoir fossil site is located at 39.2075 °N, 106.9648 °W and sits at an elevation of ~2705 m.
a ~14.2 ha drainage basin
and forming a small alpine
the field work, fossil excavations, and sampling efforts
lake that was initially ~10
were completed at a breakneck pace during two field
m deep (Knell, 2009). Over time, the lake filled with
seasons, spanning just 18 days in the fall of 2010 and 51
sediment, first transforming into a marsh or wetland,
days in the summer of 2011. A first-hand account of the
and later into an alpine meadow. When glacial condidiscovery and subsequent work at the site is detailed in
tions returned to the Rocky Mountains during MIS 2
Johnson and Miller (2012).
(Pinedale), the climate was probably not as cool/wet as
during the Bull Lake glaciation. The glacier that flowed
Geologic setting and stratigraphy
down Snowmass Creek Valley at this time was too thin
In the Rocky Mountains, glacial deposits are generally assigned to (from oldest to youngest)
pre-Bull Lake, Bull Lake, and Pinedale
glaciations based on characteristics such
as topographic expression, the degree of
soil development, the presence or absence
of surface boulders, and crosscutting relations (Bryant, 1972; Madole et al., 1998;
Pierce, 2004). Although the ages of preBull Lake deposits are not well established,
multiple studies have demonstrated that
the Bull Lake and Pinedale glacial deposits
in Colorado and adjacent states correlate
to Marine Oxygen Isotope Stages (MIS)
6 and 2, respectively (Benson et al., 2005;
Licciardi and Pierce, 2008; Ward et al.,
Figure 2. Joe Enzer, Kent Olson, and bulldozer operator Jesse Steele (left to
2009; Young et al., 2011).
right) hold three mastodon tusks on the morning of October 28, 2010.
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to overtop the valley wall
near Ziegler Reservoir and,
consequently, the lake sediments and fossils deposited
during the Bull Lake glaciation were left untouched.
When scientists arrived
at the site in October 2010,
much of the sediment in
the southeast quadrant had
been removed as part of
the reservoir enlargement
project. Sediments were
clearly exposed, however,
in a 4-m high outcrop at
Locality 43, and in trenches
at localities 49, 51, and 52
(Fig. 3). In addition, five
Figure 3. Aerial photograph of site with localities referenced in the text marked by circles. Crosssediment cores were drilled section A-A′ is shown in Figure 4. The “bone cloud” refers to where most of the Pleistocene fossils
down to glacial till near were found and corresponds to the deepest part of the paleolake.
L oc a l it y 4 3, re ve a l i ng
a complex sequence of coarse-grained diamictite units
several units that were not exposed in the trenches or
interfingered with fine-grained lacustrine sediments.
outcrop.
Rather than sequential numbers, the units in this area
Sediments in the interior part of the basin are generwere assigned names based on their stratigraphic posially well sorted and fine grained (silt/clay), and units
tion and physical appearance, including (from oldest
could be traced laterally across much of the site. A
to youngest) the Basement Red Pebble, Basement Silt,
total of 18 units were identified based on field texture,
Main Floor, Main Floor Red Pebble, Main Silt, Primary
bedding, and color, including 16 fine-grained units that
Debris Flow, Upper Silt, Beach Silt, Upper Debris
together were ~10 m thick, glacial till (Unit 2), and the
Flow, White Clay, and Upper Red Sand (Fig. 4). The
underlying Mancos Shale (Unit 1) (Fig. 4). Thicknesses
stratigraphy of the near-shore sediments represents an
of the fine-grained sediments range from ~12 cm (Unit
infilling sequence recording predominantly near-shore,
12) to ~1.5 m (Unit 18), with clear to abrupt contacts
subaqueous deposition, punctuated by intervals of
between each unit. The amount of organic material is
subaerial exposure and moraine slope failures. Coarsehighly variable, ranging from rare (Units 13 and 14) to
grained diamictite units are poorly sorted, contain
common (most units) to extremely abundant (Units
clasts up to ~1 m or more in diameter, and typically
12 and 15). The lake-center sediments are composed
extend ~50 m from the inner slopes of the moraine
predominantly of silt, which accounts for 40–80% of
toward the basin center before pinching out. Along the
the total and reach maximum concentrations near
strike of the near-shore sediments, there are marked
the middle of the lake sediments in units 10–14. Clay
changes in bed thickness, grain size, sorting, and
content ranges from 10 to 40%, and is highest near the
dip within each unit. Additionally, contacts between
base (Units 3–4) and top of the profile (Units 15–18).
the units often exhibit considerable topography. The
It appears that, with the exception of Units 15 and 16,
fine-grained sediments that are interbedded with the
and possibly Unit 12, all of the lake-center units were
diamictites are well sorted and massive, and are similar
deposited in a fully lacustrine setting, rather than a
in appearance to the lake-center sediments.
marsh or wetland. We did not observe any evidence
We identified at least three different tie points that
that suggests that the lake or marsh ever dried out
were used to correlate lake-center sediments, where
completely.
most of the chronologic and paleoenvironmental proxy
In contrast to the sediments present in the middle
sampling took place, and the lake-margin sediments,
of the basin, the near-shore sediments are composed of
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throughout the lake margin area, thus
providing a third tie point.

Chronology
The chronologic framework of the
site was established using multiple
methods, including radiocarbon (14C),
exposure dating using in situ cosmogenic nuclides, uranium-series, and
optically stimulated luminescence
(OSL). Bryant (1972) assigned the
moraine that impounded most of
the ZRFS to the Bull Lake glaciation,
which is supported by geomorphologic
evidence and the degree of soil development at the site (Pigati et al., 2014).
The 14C ages of organic materials, bone
collagen, and shell carbonate and a
single in situ cosmogenic paired 10Be
and 26Al exposure age estimate on a
boulder on the crest of the moraine
suggest that the ages of the lake sediments are between >45 ka and ~140
ka [see Mahan et al. (2014) for details].
Uranium-series ages of vertebrate
remains generally fall within these
bounds, but extremely low uranium
concentrations and evidence of opensystem behavior limit their utility.
Eighteen samples were collected at
the ZRFS for OSL dating, including
Figure 4. Generalized stratigraphic panel diagram of the Ziegler Reservoir fossil
lacustrine sediments at localities 43, 51,
site (ZRFS). Panel (a) shows the approximate extent of the lake-center (left side)
and lake-margin (right side) sediments as they were found when scientists arrived and 52 (n=11), sediments trapped within
on site and the stratigraphic position of the fossils. The dashed lines show the
large tusks recovered from the Main Silt
three stratigraphic tie points that allowed the correlation of the lake-center and
(n=2), and blocks of sediment from Unit
lake-margin sequences. The black dots and associated italicized numbers show
the locations and the age determinations for all of the OSL samples. Panel (b)
18 at Locality 87 (n=4) and from Unit 6
shows the stratigraphic correlation overlaid by biostratigraphic zones (BZ), which
exposed in a deep pit east of Locality 43
approximate Marine Oxygen Isotope Stages (MIS) and substages. This correlation
(n=1) (Mahan et al., 2014). These samples
permitted interpretation of how the local or regional ecosystems responded to
episodes of climate change. Vertical exaggeration in both panels is approximately
span Units 5 through 18, which consti1.5.
tute ~90% of the sedimentary sequence
at the site. With the exception of one
where most of the faunal remains were recovered. First,
anomalously
old
sample (135±15 ka), the OSL ages
Unit 10, also known as the “Yellow Brick Road,” was
found on both sides of the excavation, providing a clear range from 122±12 ka to 57±4 ka and largely maintain
tie point between the two sediment packages. Second, stratigraphic order. The OSL ages were used as input
poorly sorted sands and gravels present in Unit 7 appear data for flexible Bayesian age-depth analysis using
to correlate with the coarse-grained Main Floor unit the Bacon modeling software [modified after Blaauw
farther to the east, providing a second, albeit weaker, and Christen (2011)]. Based on the ages and modeling
tie point. Finally, at Locality 49, Unit 8 sits directly on results, the entire sedimentary sequence ranges from
top of the Primary Debris Flow, which can be traced 141±14 ka to 55±10 ka.
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Fauna
Well-preserved vertebrate remains
recovered from the ZRFS represent
a unique window into high-elevation animal diversity and ecology
in the central Rocky Mountains
of Colorado during the Last Interglacial Period (MIS 5). The site
contains at least 52 taxa of macroand microvertebrates, including
one fish, three amphibian, four
reptile, ten bird, and 34 mammal
taxa (Sertich et al., 2014). The most
common vertebrate is Ambystoma
tigrinum (tiger salamander), which
is represented by >22,000 skeletal
elements representing the entire
life cycle. The mastodon, Mammut
americanum, is the most common
mammal, and is documented by
>1800 skeletal elements, making the
ZRFS one of the largest accumulations of proboscidean remains in
North America. Faunas at the ZRFS
can be divided into two groups, a
lake-margin group dating to ~140–
100 ka dominated by woodland
taxa, and a lake-center group dating
to ~87–77 ka characterized by taxa
favoring more open conditions.
The change in faunal assemblages
occurred between MIS 5c and 5a
(vertebrates were absent from MIS
5b deposits), which were times of
significant environmental change
at the ZRFS as discussed below. A
complete list of taxa recovered from
the site is presented in Table 1.

Paleoenvironmental reconstruction
With the exception of a couple of
key intervals, the ZRFS paleontological record suggests strong
coupling of local climate and
ecology with global climate during
MIS 6/5/4 of the Marine Oxygen
Isotope record. The transition from MIS 6 to 5e
at the site was dramatic and manifested in both
314

significantly increased temperature and ecosystem
productivity. The ZRFS record also supports an
interpretation that MIS 5e was warmer than MIS 1,
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and that MIS 5e was as dry or
drier than today. Proxy data
from MIS 5c, 5a and 4 at the
ZRFS show that the ecosystem
responded to global climate in
a way that was similar to other
near-shore marine and lacustrine sites in North America
(Fig. 5).
Despite the clear manifestations of ocean-atmosphere
coupling and strong hemisphere-scale teleconnections
in the ZRFS record, at least
two key intervals at the site
showed unexpected ecological
and environmental responses
to changing climate conditions. First, the response at
the ZRFS during MIS 5d was
significantly muted compared
to other North American sites
and remained warm (similar to
MIS 5e and 5c) despite possible
continental ice growth and a
decrease in global temperatures. This suggests that the
climate in the Rocky Mountains
may have a threshold that was
not met by the changing global
climate during MIS 5d. Second,
t he response at t he ZR FS
during MIS 5b was amplified
and significantly colder than
expected. The MIS 5c-5b transition served both to reorganize
Figure 5. Multiple fossil proxies, records, and inferences from the Ziegler Reservoir fossil site (ZRFS) plotted against age: global
marine oxygen isotope records from (A) δ18O LR04, based on benthic foraminifera (Lisiecki and Raymo, 2005) and (B) δ18O
SPECMAP, based on planktonic foraminifera (Martinson et al., 1987). Note that these marine records are plotted to illustrate
global climate conditions; (C) summer insolation at 65°N (Laskar et al., 2004); (D) relative vertebrate faunal diversity at the site. The
latter values were calculated by dividing the abundance of taxa in each biostratigraphic zone (BZ)/Marine Oxygen Isotope Stage
(MIS) by the number of taxa in the most diverse zone/stage (in this case, BZ/MIS 5d); (E) duration of the two dominant megafauna
assemblages at the site; (F) relative lake productivity based on the abundance, diversity, composition, and chemistry of aquatic
plants, insects and mollusks; (G) elevation of the site relative to tree line based on pollen and plant macrofossils (Anderson et al.,
2014; Strickland et al., 2014); ZRFS pollen records for (H) Artemisia (blue line), (I) Quercus sp. (orange line), and (J) AP % (arboreal
pollen %) (green line). Note that (H-J) are based on pollen data from Anderson et al. (2014); (K) temperatures at the ZRFS based
on inferences from proxy data compared to temperature inferences for MIS substages derived from other North American sites.
The plus sign indicates that conditions at the ZRFS were warmer than expected, the minus sign indicates colder than expected,
and the equal sign indicates that temperature estimates approximate those expected based on other sites; (L) biostratigraphic zones
designations (yellow and blue shaded regions) are approximately equivalent to Marine Oxygen Isotope Stages based on independent
age control [see Anderson et al. (2014) and Mahan et al. (2014) for details].
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the vegetation surrounding the ZRFS to a Piceadominated conifer forest with abundant graminoids
and no local deciduous trees or shrubs and to shift the
megafauna from that present in MIS 6 to 5c (Mammut
americanum, Bison latifrons, and Megalonyx jeffersonii)
to that present in MIS 5a to 4 (Mammuthus columbi
and Bison sp.).
The ZRFS record is exceptional in that it spans the
penultimate glacial-interglacial-glacial sequence of
the late Pleistocene, including all of MIS 5, has stratigraphic continuity, a robust chronological framework,
is located at high elevation in the Rocky Mountains,
and contains an unprecedented paleontological record.
Locally, it shows that high-elevation ecosystems in the
Rocky Mountains of Colorado are climatically sensitive and vary significantly to changing environments.
Regionally, it shows that the response at high elevation
in the mid-latitudes of North America to global climate
change had both expected and unexpected results.
It also demonstrates the importance and strength of
known hemisphere-scale teleconnections while underpinning the fact that regions, and possibly sub-regions
at different elevations, respond differently to changing
environmental pressures.

A final note
The Ziegler Reservoir fossil site is now home to a
beautiful alpine lake (Fig. 6), much as it was for tens
of thousands of years. Although this might seem
like an odd finale for such a spectacular find, there
is method behind the apparent madness. On their
own initiative, the Snowmass Water and Sanitation
District constructed a gravel road to the bottom
of the reservoir so that scientific teams may access
the site again in future years. Their idea was that
some time in the future, during summer months in
Figure 6. Paintings of the ZRFS landscape at different points
in time by artist Jan Vriesen [see Johnson and Miller (2012)
for all five originals (reproduced here with permission)]. The
uppermost painting (a) shows the site at the end of MIS 6,
~140 ka. Panel (b) shows the site during MIS 5e to 5c, between
~135 and 100 ka. The site was below tree line and surrounded
by a montane, mixed conifer forest, the lake was productive
and warm, and the megafauna was dominated by Mammut
americanum, Bison latifrons, and Megalonyx jeffersonii. Panel
(c) shows the site during MIS 4 between ~75 and 55 ka. The
site was near tree line and generally surrounded by an open,
Picea-dominated forest, the lake had become a peat bog, and the
megafauna was dominated by Mammuthus columbi and Bison
sp., even though a camel is depicted in the painting. Finally, the
lowermost panel (c) depicts the site as it appears today.
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years where the demand for water was low, the lake
could be drained and a new round of excavations
could take place. In this way, as it has done since the
penultimate glaciation, the small lake at the Ziegler
Reservoir fossil site continues to act as a time capsule
for the remains of Pleistocene animals and the environments in which they lived as they await discovery
by generations yet to come.
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Influence of dust in landscape brightness
and color
David K. Lynch

Thule Scientific, P.O. Box 953, Topanga, CA USA

abstract—Scattering by microscopic particles renders virtually all dusty surfaces
brighter than dust-free surfaces. Examples of surface brightening are demonstrated in the
landscape and laboratory, and explained theoretically using Mie Theory calculations.

Introduction

There is a vast literature on light scattering by
small particles. Equally large is the literature on
dust because of its importance in remote sensing,
geology, astronomy, optics, and computer graphic
scene generation. In most cases, however, attention has been focused on a thick dust layer, as in
the case of lunar soil, or planetary regoliths such as
sand dunes and comet surfaces. Much less attention
has been paid to an optically thin dust layer and its
influence on the color and brightness of surface, for
example bare rock or plant leaves. Scattering by a
single particle on a smooth surface has been studied
in depth3-8, but the broader notion of how particles
that cover only a small fraction of a surface can
influence the reflected radiance has not been well
studied.

Draw your finger across any surface and it will
remove the dust, revealing the underlying surface
that is darker (cleaner) than the dusty one. By
dust we mean any solid particle less than 125 µm
in diameter. Examples are very fine sand, silt or
clay, windborne soil, pollen, spores, volcanic dust,
meteoritic dust, pollution particles, smoke particles,
residue from water drops that have evaporated, and
fibers from various sources like spider webs and
plant seeds. Household dust is composed of human
hair and skin cells, dust mites, pollen, textile and
paper fibers. Dust-producing regions like deserts
cover approximately one-third of the global land
area1, and dust can be carried around the world.
Surface brightening happens because small
particles of almost any composition scatter light efficiently at
visible wavelengths. Absorption
by tiny particles is very small
because their opacity parameter2 2πka/λ is much less than
unity (k is the imaginary part
of the complex refractive index,
a is particle radius and λ is the
wavelength of light.) The brightness of a dusty surface may
depend on the observer’s line of
sight relative to the sun because
of structure in the bidirectional
reflectance distribution function. Even if the dust is thick
enough to hide the underlying
surface, an opaque dust layer is
often relatively bright unless the
particles are highly absorbing.
Figure 1. Google Earth image of the Lavic Lake fault trace in the Mojave Desert in 2012,

many years after the Hector Mine Earthquake (1999) that ruptured the surface. The fault
trace is easily visible as a bright line through the landscape.
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In this paper we investigate the brightening of
natural surfaces due to light scattering by a small
amount of dust. The original impetus for this work
came from geological investigations but the results
reported here are applicable to natural surfaces of
any kind.

Observations
While preparing for field work on the Lavic Lake
Fault in California’s Mojave Desert in 2014, the
author was surprised by how readily visible the fault
trace was in overhead imagery (Figure 1), even 15
years after the Hector Mine Earthquake. Upon examining the fault in the field, the reason for its brightness became apparent: dust, or to be more general,
the presence and exposure of microscopically rough
surfaces including dust. Examples include soil, minor
landslides, scratched rocks, smashed rocks, and
broken rock faces, the latter having fractal surfaces
on microscopic scales9, 10 and thus able to efficiently
scatter light.
Much of the dust originated in the soil under the
surface rocks. In desert environments, soil comes
in large part from aeolian deposits with a large
contribution from clay particles, which tend to be
light colored. Obviously, wind can more easily loft
and carry smaller particles than it can large ones.
Thus desert soils have a high percentage of silt- and
clay-size particles, typically < 50 µm. At the fault
plane itself, earthquake motion grinds rock into an
extremely fine powder called gouge11.
Several different though related effects involving
microscopic surfaces combined to brighten the fault
trace. Displaced rocks exposed the underlying light
colored soil. Minor landslides did the same, as did
dip-slip fault motion. Broken rocks displayed their
lighter colored interiors as well as exposing fractallike fracture surfaces that efficiently scatter light.
Overturned rocks exposed the light, underlying
soil and the now-hidden dark upper surfaces of the
rock were hidden, thereby making the ground – on
average – appear brighter (Figure 2). In places where
a shutter ridge blocked stream flow, alluvium ponded
behind it until the stream cut through the ridge,
leaving a small playa of light colored soil, mostly clay.

Laboratory Results
While in the field, the author collected a number
of rock samples along the fault, in this case igneous
320

Figure 2. Gravel surface along the fault. The upper photo is as
the author found it in 2013. The lower picture shows the same
scene but with one of the large cobbles overturned and displace.
The cobles dark upper surface is due to desert varnish. By
overturning the rock, the dark face is hidden and bottom face
is exposed. The bottom face is much lighter than even the rock
itself due to the accumulation of pedogenic carbonates. Also, the
lighter colored underlying soil is revealed. As a result, the lower
photo is brighter on average than the upper photo.

extrusive cobbles and pebbles. Of particular interest
were the darkest rocks like basalt, a common black
rock high in Fe and Mg and low in Si. In the laboratory, basalt pebbles were sanded flat on one side, and
then tiny pieces were ground into powder (Figure 3).
The roughened surfaces and powders were considerably brighter than the original rock, showing again
that small particles of rock are brighter than large
particles of it.

Mie Calculations
Here we show Mie calculations using MiePlot12 of
single scattering albedo ω at wavelength 0.5 µm as
a function of particle radius for n = 1.63 + ik where
k was varied by factors of ten between 10-0 and 10-4.
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particles tend to be much brighter than that of the
macroscopic specimen.

Discussion

Figure 3. A basalt pebble and a powdered fragment of it. The
powder is brighter than the pebble itself.

These values were chosen to span
the refractive indices of common
dust compositions. Many small
particles like pollen and rock dust
are compositionally heterogeneous.
Therefore a single refractive index
is difficult to measure and does not
represent the whole particle. The
Mie calculations refer to spherical
particles and dust particles are
certainly not spherical. However,
the physical interpretation is much
the same and the computation
demonstrates the general situation
for nonspherical particles. Except
for the most absorbing materials (k > 10-1), very small

The amount of light reflected from a dusty surface
will depend on the fractional surface coverage and
albedo of the dust. The effect is most pronounced for
dark surfaces. A bright surface such as limestone or
chalk would show little if any brightening. Indeed
light surfaces could darken a bit if the dust tended
to absorb light. In most cases however, brightening
will occur because rocks and plants are relatively
dark, the albedos of most of the Earth’s land surfaces

Figure 4. Mie calculation of the single scattering albedo as
a function of particle radius for a variety of values of the
imaginary part of the index of refraction k. k=10 -4 corresponds
to a weakly absorbing material like quartz (k=10 -7) while k=1
corresponds to a strongly absorbing material like graphite.
For 10 -4 < k <10-2, the single scattering albedo increases as
the particle size decreases from 1000 µm. When the particle
size enters the Rayleigh regime, the single scattering albedo
decreases rapidly. Only the relatively rare, highly absorbing
particles (k > 10 -2) do not show this behavior. Thus small
particles of most materials are brighter than large particles of
the same material.

Figure 5. Notional trajectories of colors on a surface as
increasing amounts of dust is deposited on them. The solid
arrows show the paths of color of the surface as it grows whiter
with increasing amounts of dust. Starting with no dust (white
open circles) at the coordinates of the surface’s intrinsic color,
the colors fade until reaching the achromatic point when dust
covers 100% of the surface. We have assumed that the dust
articles are white and opaque, and that no multiple scattering
takes place. If the dust has color (dashed arrow), the trajectory
will be from the clean surface color to the dust’s color.
2015 desert symposium
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being about 0.2 in the absence of snow13. The “whitening” of surfaces is very much like a fading color.
It can be viewed as a color shift in the surface’s CIE
chromaticity coordinates toward the achromatic
point (Figure 5). Note that highly absorbing (“black”)
powders will have similar trajectories in CIE color
space, but instead of brightening the surface, they
will darken it.
The presence of dust has not prevented the satellite and airborne communities from retrieving vast
amounts of useful spectral data from their imagery.
Thus it seems that dust has been unknowingly
accommodated in retrieval algorithms, at least until
it becomes thick enough to confuse the retrieval
system. The situation is identical to what occurs in
any imaging system whose pixel size or resolution
does not resolve the surface in sufficient detail to
separate different components. The observed spectra
are composites of spectra of all the different materials within a resolution element. The approach to
“unmixing” the spectra is to add various candidate
spectra together in various proportions in an effort to
match the observed spectra.

Summary and Conclusions
We have demonstrated the optical effects that lead to
surface brightening by thin dust layers, and explained
them theoretically using Mie calculations. In general,
the smaller the particle, the brighter and whiter it is.
Surface brightening is the result of light scattered by
dust particles that absorb very little incident light by
virtue of being very small or having small imaginary
parts of their refractive index (k < 10-2), or both.

Acknowledgments

2. Lynch, David K. and Stephan Mazuk “On the Size Parameter
for Thermally Emitting Particles” Applied Optics, Lasers and
Photonics Division, 38, 08/20, 5229 - 5231 (1999). Erratum:
Appl. Opt. Vol. 38, p. 7467 (1999).
3. Blinn, James F, Light reflection functions for simulation
of clouds and dusty surfaces, Proceeding SIGGRAPH ‘82
Proceedings of the 9th annual conference on Computer
graphics and interactive techniques, 21-29 (1982)
4. Videen, Gorden W., William L. Wolfe, William S. Bickel,
Light scattering Mueller matrix for a surface contaminated
by a single particle in the Rayleigh limit, Opt. Eng. 31(2),
341-349 (Feb 01, 1992)
5. Fucile, E., P. Denti, F. Borghese, R. Saija, and O. I. Sindoni,
Optical properties of a sphere in the vicinity of a plane
surface, JOSA A, Vol. 14, Issue 7, pp. 1505-1514 (1997)
6. Johnson, B. R., Light diffraction by a particle on an optically
smooth surface, Applied Optics, Vol. 36, Issue 1, pp. 240-246
(1997)
7. Videen, G., Light Scattering from a Sphere Near a Plane Interface, in Light Scattering from Microstructures, Lecture Notes
in Physics Volume 534, 2000, pp 81-96
8. Gu, Jinwei, Ravi Ramamoorthi, Peter Belhumeur, and Shree
Nayar, Dirty Glass: Rendering Contamination on Transparent Surfaces. Proceedings of Eurographics Symposium
on Rendering, (EGSR’07), Jan Kautz and Sumanta Pattanaik
(Eds.). Eurographics Association, Aire-la-Ville,Jun, 2007.
159-170 (2007)
9. Carpenteri, A and B. Chiaia, “Multifractal nature of concrete
fracture surfaces and size effects on nominal fracture
energy”, Materials and Structures, October, Volume 28, Issue
8, pp 435-443 (1995)
10. Ficker, T., “Fractality of Fracture Surfaces,” Acta Polytechnica Vol. 50 No. 6/2010
11. Wu, F.T., “Mineralogy and physical nature of clay gouge”,
Pure and Applied Geophysics, 116, 4-5, 655-689 (1978)
12. Laven, P. http://www.philiplaven.com/mieplot.htm
(retrieved May 2014)
13. Lynch, David K. “The Role of Dust in Landscape Brightness
and Color” Applied Optics Vol. 54, # 4, pp. B8–B11 (2015)

Part of this paper was taken from a previously
published paper by the author13. The author would
like to thank Philip Laven for performing the Mie
calculations and for making MiePlot freely available
to the community. Bill Livingston had many useful
comments on an early draft of the paper.

References
1. Jickells, T. D. , An, Z. S., Andersen, K. K., Baker, A. R.,
Bergametti, G., Brooks, N., Cao, J. J., Boyd, P. W., Duce, R.
A., Hunter, K. A., Kawahata, H., Kubilay, N., Laroche, J., Liss,
P. S., Mahowald, N., Prospero, J. M., Ridgwell, A. J., Tegen, I.,
Torres, R. (2005). “Global Iron Connections Between Desert
Dust, Ocean Biogeochemistry, and Climate”. Science 308
(5718): 67–71.

322

2015 desert symposium

Shadows are more interesting than you think
David K. Lynch

Thule Scientific P.O. Box 953, Topanga, CA USA

abstract—We investigate the brightness distribution in and around outdoor shadows
cast by the sun using modeling and field measurements. The dominant factor influencing
the brightness of a shadow is the solid angle subtended by the object blocking the sun.
Occulters at the zenith that subtend a small solid angle cast shadows that are bright and
possess a nearly uniform brightness across their extent. Shadows from large occulters are
much darker and their brightness varies considerably, being darkest at their centers. For
nonzenith occulters, the proximal (nearest the sun) side of the shadow is darker than the
distal side, and the shadow will be darkest beneath the center of the occulter. Occulters
(e.g., tree or cloud) influence the brightness of sunlit portions near the shadow because
they block part of the sky and reflect light into the shadow.

Introduction
Those of us who work outdoors are well aware
of shadows. They provide cool places in the
desert, give visual definition to the landscape. Shadows also vary with the season. Yet
shadows are so familiar that their explanation
might seem obvious, perhaps trivial. But this
is not the case. For example, Figure 1 shows a
number of interesting shadow effects from a
coffee mug casting its shadow on white paper.
The shadow is blue because in the absence
of direct sunlight, only blue skylight is illuminating it. The shadow is darker near the
mug and becomes brighter away from it. An
observer standing on the paper near the mug
would see the mug subtending a large solid
angle, which blocks much of the skylight. The
mug’s solid angle decreases as the observer
moves away from it. As a result, the mug
blocks less skylight, causing the shadow to
grow brighter. Perhaps surprisingly, the presence of the mug also affects the sunlit portion
of the paper by blocking part of the sky. As the
observer moves away from the mug’s shadow,
the sunlit portions brighten. Thus from a
simple observation we discover a fundamental
truth: an occulting object influences the entire
scene’s brightness, not just in its own shadow.

2015 desert symposium

Figure 1. RGB scans through the photograph along the horizontal line
indicated. With increasing distance from the mug, the shadow grows
brighter because the mug is blocking less skylight. i.e., the mug is
subtending a smaller solid angle. The effect is also evident in the sunlit
portion of the scene. Note that the shadow was also blue because only
blue sky light could reach it. The sun was relatively low and dim, so the
sunlit white paper was similarly blue. A digital single lens reflex camera
was used to take the photograph. RGB scans were retrieved using Igor
Pro software. Scans were boxcar averaged by three pixels to reduce noise.
323

d. k. lynch | shadows are more interesting than you thinks

Summary and Conclusions

References

We have investigated shadows cast by a circular disk
both theoretically and experimentally and found
them to be in qualitative, and in some cases quantitative, agreement. We began by making a simple
but surprising observation (Figure 1) that showed
that the presence of an occulting object affects the
brightness in the sun-illuminated portions of the
ground. We computed the brightness at the center of
the shadow as a function of the occulter’s apparent
size on the sky, and then showed how the brightness varies across it. We then made measurements
of actual shadows and found them to be in agreement with theory. For shadows cast by an off-zenith
occulter, the proximal side of the shadow is darker
than the distal side. The influence of the aureole and
how it affects the periphery of the shadow was also
discussed.
At this point, one might say, “Well, of course
shadows are darkest at their centers”, or other such
sentiments, as though nothing new was found or
the results were common sense and unremarkable.
Perhaps, having now explained some properties of
shadows, the results do indeed seem rather unsurprising. But Galileo knew that new findings often
seem obvious in retrospect:
All truths are easy to understand once
they are discovered; the point is to
discover them.—Galileo Galilei (Dialogue
Concerning the Two Chief World Systems,
1632)1

1. G. Galilei, Dialog Concerning the Two Chief World Systems
(1632). This quote has been widely attributed to Galileo. But
it is actually a paraphrasing of an exchange between two
interlocutors in Dialog, Salviati and Sagrego.
Salviati: “Now you see how easy it is to understand.”
Sagrego: “So are all truths, once they are discovered. The
point is in being able to discover them.” Source: Sheppard,
Barnaby The Logic of Infinity, Cambridge University Press,
Cambridge (2014), p398.
2. Lynch, David K. “Shadows” Applied Optics Vol. 54, # 4, pp.
B154-B164 (2015)
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Cnidaria (corals) found in Anza Borrego
Desert State Park
Louise Bahar
Volunteer, Anza Borrego Desert Paleontology Society: bahar.
louise@gmail.com

In the late 1980s, Dr. Susan Kidwell collected several
thousand marine invertebrate specimens (including
corals) in Anza Borrego Desert State Park (ABDSP).
The coral specimens were later identified by Cnidaria
expert Dr. Ann Budd, University of Iowa. When Dr.
Kidwell completed her research, the specimens were
returned to ABDSP, where they were identified again
by N. Scott Rugh and Cnidaria expert (and past
student of Dr. Budd), Dr. Andres Lopez-Perez.
Corals of the Imperial Group exposures in
ABDSP include seven to nine colonial species
and, with one exception, are extinct. The localities producing coral represent local environments
of warm, calm water, above 18 degrees Centigrade,
saline, and clear. For the most part, corals need light
to build the reef, which indicates a water depth of
less than about 60 or 70 meters.

Reconstructing the water level record at MC
Spring since 1990
Jennifer Bailard [Jennifer_Bailard@nps.gov],
Geoff Moret, and Nita Tallent
National Park Service, Mojave Desert Network Inventory and
Monitoring Program

MC Spring is located on the edge of Mojave National
Preserve near the Desert Studies Center. The spring
is one of a handful of refugia for the endangered
Mohave tui chub (Gila bicolor mohavensis) and
represents an important aquatic resource for the
preserve.
In June 2013, the Mojave Desert Network Inventory and Monitoring Program (MOJN I&M)
installed a new staff gage and pressure transducer
to monitor water level in the spring. At the same
time, we removed an old staff gage that had been in
2015 desert symposium

the spring since before 1990. The old staff gage was
a length of 3/4-inch PVC pipe that had markings
painted on it at regular intervals. These markings
faded into distinctive patterns over time. The water
level on the old staff gage was photographed at the
same time that the new staff gage was installed.
Photos that show the old staff gage can be used to
estimate historical water levels and tie them into the
modern record.
The data obtained from over a dozen photos
imply that the range of variability in the spring is at
least 1.25 feet over the last 25 years. The highest stage
(6.65 feet) was observed in a photo from May 1990,
while the lowest stage (5.40 feet) was observed in a
photo from May 2010. Comparing these stages with
the readings from the new staff gage and pressure
transducer indicates that recent water levels are well
within historical norms.
We are interested in expanding our database of
photos to assess the significance and circumstances
of the decline in water level since May 1990 and to
better understand long- and short-term patterns
of variability. If you have dated (or approximately
dated) photographs from the 1980s, 1990s, or 2000s
that show the old staff gage, please contact Geoff
Moret at geoffrey_moret@nps.gov.

Good guys and bad guys—a local’s
perspective on Doc Springer
Brian Brown
China Ranch Dates, Tecopa, CA. [dates@chinaranch.com]

The story of the Springer years at Zzyzx is well
documented from a historical and factual perspective. However, there is another side to this story, the
human side, from someone who actually knew Doc
Springer and his family. Springer’s impact on the
nearby town of Baker was real and ongoing, and is
never really considered in writings about him and
his enterprise. There was an economic impact and
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a social impact, and Springer’s efforts to be a good
neighbor seem to be undocumented.
The presenter grew up in Baker during the
Springer years and had many contacts with the
dynamic, self declared “Doctor.” This presentation
is a series of anecdotal recollections about the man,
his family, and his dream that they collectively made
into a reality. The impression of Springer’s sudden
and somewhat brutal removal from Zzyzx, as well as
his legacy, will also be explored from an unconventional point of view.

The Calico Archaeologic Site: age, context,
and the artifact/geofact issue
Fred E. Budinger, Jr. 1, Theodore M. Oberlander,
PhD 2, James L. Bischoff, PhD 3, Lewis A. Owen 4
Geology Department, University of Cincinnati, Cincinnati,
Ohio. fbudinger@aol.com; 2 Professor emeritus, University
of California, Berkeley, California; 3 Geologist emeritus,
U.S. Geological Survey, Menlo Park, California; 4 Geology
Professor, Geology Department, University of Cincinnati,
Ohio.

1

The Calico Site (central Mojave Desert) provides the
greatest time depth of evidence of man’s activity
in the U.S. This poster considers the site’s oldest
component: siliceous rock tools, flakes, and angular
debitage of the “Calico Lithic Industry.” Younger
surface artifacts or those from a nested alluvial inset
are not considered.
The two foci of investigation and controversy are:
(1) the authenticity of the specimens as bona fide
artifacts (the “artifact/geofact” issue); and (2) the
age and contexts of the host alluvial fan deposits.
These are separate issues. Uranium series dating
and surface 10Be cosmogenic dating indicate that
the host deposits are older than 200,000 years. The
alluvial stratigraphy will be discussed. Skeptics have
questioned the artifactual character of the Calico
artifacts. Natural processes suggested as alternatives
to homonin flint knapping include rock-on-rock
percussion in streams and mudflows (i.e., alluvial
processes acting as a giant “gravel crusher”), lightning strikes, animal trampling, earthquake liquefaction, and pressure retouch of buried cobbles. These
hypotheses are examined and found wanting. Intentional percussion flaking (guided by cognitive evaluation of ever-changing geometries, planned percussion
removals that facilitate subsequent modification, and
326

knowledge and experience of the specific lithology
involved) is suggested as a more viable hypothesis.

Tortoises, sunflowers, and subsidies:
solar energy and landscape governance in
California and Andalusia
Patrick Donnelly
Executive Director, Amargosa Conservancy, patrick@
amargosaconservancy.org

Utility-scale solar energy facilities are unprecedented
in size and scope, fundamentally transforming the
landscapes upon which they are sited. Two regions
where the development of utility-scale solar has
emerged rapidly are the California desert in the
United States, and the vast agricultural landscape of
Andalusia, Spain. The institutional processes of landscape governance which have influenced the deployment of this technology are remarkably similar in
both regions: economic incentives, renewable energy
mandates, and environmental impact assessment.
Yet the mechanisms and practices of civic landscape
governance, wherein NGOs and the public participate in and mold the governance process, have been
vastly different. In California, governance of utilityscale solar has been a site of contestation between
competing meanings of landscape, one which puts
forth the desert as a rich resource to be exploited,
and another which conceptualizes it as a unique and
fragile place, valuable for its biodiversity and expansive, empty views. By contrast in agricultural Andalusia, there is relative apathy toward utility-scale solar
development, as there is a long legacy of disconnection from the pastoral landscape. I posit that these
divergent patterns of civic landscape governance are
due to differences in the political and social landscape histories of the two regions, and the meanings that people attribute to the landscapes based on
those histories. This research further suggests that,
under current frameworks, civic landscape governance mechanisms and practices must be employed
through institutional channels, suggesting the
continued primacy of institutions to the governance
process.
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Early Tertiary sedimentary red beds in the
eastern Mojave Desert and adjacent Colorado River corridor: A preliminary assessment
William J. Elliott
P. O. Box 541, Solana Beach, CA 92075, elliotta156@juno.com

Although of great interest in the late 20th century as
an aid to locating detachment faults, with numerous
exceptions, little attention appears to have been paid
to making an overarching assessment of the red beds
per se. The purpose of this effort is to locate and
delineate the approximate areal extent of individual
outcrops, and to make preliminary observations of
principal characteristics, including: age, color, thickness, attitude, composition, post-depositional diagenesis, provenance, direction of transport, and relative
position in basins of deposition.
Early Tertiary sedimentary red beds crop out
in several isolated locations in the eastern Mojave
Desert and along the Colorado River corridor,
between Yuma and Bullhead City, Arizona. Exposures vary in size from tens to thousands of square
feet. Bedding dips fall in the range of moderate
to high, and strike directions vary widely. Colors
vary from tan to magenta, but for the most part are
dominated by brick-red to red-orange. Sediment sizes
range from clay, silt and sand, to boulders as large as
3 feet in diameter. Clast compositions at each outcrop
vary with provenance; for the most part consisting
of sub-angular to rounded, dense, durable, volcanic,
granitic and metamorphic rocks. Depositional sites
vary from proximal to distal. Sandwiched in time
between pre-Tertiary basement rocks and only
slightly deformed younger Tertiary sediments, these
continental deposits contain the codes for unraveling
the position and composition of adjacent highlands,
position and direction of river and stream systems, as
well as outlines of closed intermountain basins into
which these sediments were deposited and preserved.
Questions to be answered with careful investigation include:
1. Size, shape, and connectedness of basins of
accumulation.
2. Directions of transport at individual outcrops.
3. Approximate position and composition of each
highland provenance.
4. Changes in tectonic, volcanic, sedimentary, and
climatic patterns over time.
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Jedediah Smith in the Mojave Desert
Walter Feller
PO Box 401780, Hesperia, CA. 92340, Walter@MojaveDesert.
Net

Jedediah Smith was a young mountain man who
traveled more miles of unexplored territory than any
other single mountain man. He is credited with being
the first American to travel overland to California
through the Mojave Desert.
In what was to be his first trip across the Mojave,
in 1826, 26-year-old Smith and his company explored
along the eastern Great Basin Desert, then crossing
the Colorado River and into Arizona. He traveled
south along the mountains until reaching a Mojave
Indian village. Again crossing the Colorado near
what is now Needles, he traveled along the Mojave
Indian trail up the “inconstant” Mojave River and
into southern California.
After returning east through the Great Basin
Desert, he made another trip through the Mojave.
On this trip his party was attacked while crossing the
Colorado River. Ten of his men were killed and two
women with the party were kidnapped. Smith and
the few remaining men of his party were forced to
race across the Mojave with few supplies.
This presentation, derived from Smith’s journal,
shows photos along the trail he and his men traveled
on their crossings.

A large barnacle discovery in AnzaBorrego Desert State Park
Linda Gilbert
Anza-Borrego Desert Paleontology Society, [gilbertll@aol.com]

A new record of a large barnacle (Megabalanus) was
recently discovered in Anza-Borrego Desert State
Park.
Originally thought to be a whale barnacle (Coronulidae), the specimen was subsequently identified by
Plio-Pleistocene marine invertebrate specialist Scott
Rugh as a Megabalanus, although the species is yet to
be determined.
Megabalanus are generally large, acorn barnacles,
growing in small clusters, quickly, up to 7 cm high,
relying on attaining a large size rapidly, rather than
producing many offspring, to avoid predation.
Modern Megabalanus attach to hard structures or
surfaces in the lower intertidal or tidal zones and
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may be useful indicators of depth. Some Pacific
coastal species are found as deep as 100 m. Fossils
are recognized from at least the Oligocene and have
been reported from Pliocene age deposits of Baja
California.
The barnacle was found in the Deguynos Formation, the latter consisting of fine-grained sandstone
built up during the Pliocene Epoch (5 million to 2
million years ago). The sediments were delivered by
the Colorado River, while building the massive delta
at the northern terminus of the Imperial Sea.
The nearly complete condition of this barnacle
implies it was not transported far from its home. This
makes it a potentially useful tool for determining
depth, distance from shore, and other local habitat
conditions.

Geology and geomorphology of the Three
Bare Hills Lake Manly Deposit, Death Valley,
California
Christopher R. Hugh and Jeffrey R. Knott
Department of Geological Sciences, California State
University, Fullerton, P.O. Box 6850, Fullerton, California
92834-6850

The Three Bare Hills (TBH) is a prominent Lake
Manly outcrop; however, its existence is ambiguous.
The suspected outcrop area is composed of platey,
rounded to sub-rounded, imbricated boulder to
gravel. These deposits were found overlaying Tertiary
sedimentary rock at elevations ranging from 3 to
72-m above sea level (asl). In addition, at 53-m asl,
a west-facing riser with a 5° slope and 3.2-m height
was found. Finally, the greatest concentration of
platey, sub-rounded clasts was found in a 3-m-high
deposit that extends from a Tertiary bedrock hill
and trends S20W for about 0.8 km at S20W, with the
southern end of the feature curving to a N40E trend.
These clasts are more rounded and oblate compared
to adjacent alluvial-fan deposits, which is consistent with clasts rounded in Lake Manly; the 53-m
asl horizontal riser is consistent with a lake-eroded
shoreline angle; and, the 0.8-km-long deposit of
platey, sub-rounded clasts is a spit formed by northto-south currents. The TBH 53-m-asl shoreline angle
is at a higher elevation than the Beatty Junction Bar
Complex (46 m). The 72-m-asl maximum elevation
of the TBH Lake Manly deposits is similar to the
elevation of Lake Manly deposits on the southern
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Hanaupah fan. The putative spit supports previous
work that inferred W–E paleowind and N–S paleocurrents in pluvial Lake Manly.

Carbonate geochemistry and “clumped”
isotope paleothermometry of the Bouse
Formation in Mohave Valley, lower Colorado
River
Karl Lang, 1 Erin Barry, 1 Zoe Dilles, 1 Sarah
Granke1, Mark Raftrey,1 Katharine Huntington2
Geology Department, Pomona College 185 6th St., Rm. 232,
Claremont, CA 91711, karl.lang@pomona.edu
1

Department of Earth and Space Sciences, University of
Washington

2

The Late Miocene to Pliocene Bouse Formation
records integration of the ancestral Colorado River
between Lake Mead and Blythe basin by sequential “filling and spilling” of inland lakes. Along this
corridor, the Bouse Formation is characterized by
discontinuous exposures of basal marl and limestone overlain by thick beds of calcareous mudstone,
sandstone, and tufa. This sequence is interpreted to
represent infilling of deep paleolakes with ancestral
Colorado River water prior to Pliocene incision and
deposition of coarse Colorado River alluvium. Such
paleolake deposits are valuable indicators of paleoaridity and other paleohydrologic variables necessary
to understand the controls on paleolake stability
and longevity. We present detailed geochemical and
isotopic analyses of a suite of lacustrine samples from
exposures in Mohave Valley where paleolakes locally
exceeded 400m depth. We use x-ray fluorescence to
characterize both major and trace element geochemistry and Δ47 “clumped” isotope analyses to measure
the temperature of carbonate formation in homogenous tufa, marl and calcareous mudstone samples.
This rich composite dataset is broadly consistent
with interpretations of an ancestral Colorado River
source and may indicate that arid conditions limited
lake longevity. Isotopic analyses also characterize the
range of paleotemperatures observed in sub-environments within a single lake basin, demonstrating the
importance of depositional environment interpretations and providing context for previous interpretations of paleoelevation change along the Colorado
Plateau margin.
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Detectability of Agassiz’s desert tortoise in
the Morongo Valley, San Bernardino County,
California
Ed LaRue
Circle Mountain Biological Consultants, Inc

Between 1990 and 2012 biologists using presenceabsence survey protocols established by the U.S. Fish
and Wildlife Service for detection of Agassiz’s desert
tortoise performed a total of 251 focused surveys
on 203 sites in an urbanizing portion of the West
Mojave Desert known as the “Morongo Basin,” which
extends west from Yucca Valley east to Twentynine
Palms in San Bernardino County, California.
A total of approximately 11,545 acres and 67.5
linear miles of pipeline and road right-of-ways were
surveyed. Of the 251 surveys, 115 were performed
on 5,104 acres in and adjacent to the Town of Yucca
Valley, 75 on 2,885 acres in the unincorporated
community of Joshua Tree, and 59 on 3,556 acres in
and adjacent to the City of Twentynine Palms. Of the
115 surveys performed in Yucca Valley, tortoise sign
was detected on 38 (33%) of them; of 75 surveys in
Joshua Tree, tortoise sign was detected on 53 (71%);
and, of 59 surveys in Twentynine Palms, tortoise sign
was detected on 21 (36%). The spatial distributions
of sites with and without tortoise signs are plotted
on aerial photographs that clearly show the absence
of tortoise sign in urbanizing portions of all three
communities, and particularly, Yucca Valley and
Twentynine Palms.
Cumulatively, of the 11,545 acres surveyed,
tortoise sign was found onsite or in adjacent areas
on 8,754 acres, or approximately 76% of the acreage
surveyed. Of the 5,104 acres surveyed in Yucca
Valley, tortoise sign was found on 3,470 acres (68%),
compared to 73% (2,606 of 3,556 acres) surveyed in

Twentynine Palms and 93% (2,678 of 2,885 acres)
surveyed in Joshua Tree. Therefore, although tortoise
sign was found on only 45% of the surveys performed
(112 of 251 surveys), tortoise sign was found on 76%
of the acreage surveyed.
Cumulatively, surveyors found 3,693 tortoise scat,
548 burrows, 161 carcasses, and 84 tortoises. As such
the ratio of detections among these four sign types
was 44 scat : 6.5 burrows : 2 carcasses : 1 tortoise.
These observations emphasize the importance
of seeking tortoise scat during presence-absence
surveys, as it is about 44 times more prevalent (or
detectable) than tortoises.
Of the 251 surveys, 239 were performed yearround, prior to the 2010 U.S. Fish and Wildlife
Service survey protocol that restricts surveys to
the periods of April–May and September–October.
Tortoise sign has been detected throughout the year.
Table 1 compares months in which all 251 surveys
were performed to months in which living tortoise
sign (i.e., excluding sites with only carcasses) was
found during 109 surveys:
These comparisons suggest that tortoises may be
somewhat less detectable in January and December
and somewhat more detectable in September and
October relative to the level of survey effort, and that
there is no time during the year when tortoise sign is
not detectable.
The final comparison (Table 2) is the relative
number of the 109 surveys where tortoise sign
was found compared to the relative number of 84
tortoises observed during those same months:
The most striking comparison here is the detection
of almost 50% of the tortoises during the month of
September when only about 14% of the survey effort
was expended. Otherwise, these data demonstrate
that tortoises are detectable year round.

LaRue Table 1

Table 2
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Geochronology and lithostratigraphy of the
late Pleistocene Las Vegas Formation
Craig R. Manker1,2, Kathleen B. Springer1,2, and
Jeffrey S. Pigati1
1
U.S. Geological Survey, Box 25046, MS-980 Denver CO
80225; 2 San Bernardino County Museum, 2024 Orange Tree
Lane, Redlands CA 92374; Email addresses: cmanker@usgs.
gov; kspringer@usgs.gov; jpigati@usgs.gov

The Upper Las Vegas Wash preserves some of the
most extensive paleowetland deposits in the American Southwest. In collaboration with the USGS,
investigations since 2003 by the San Bernardino
County Museum (SBCM) have focused on establishing the geologic and temporal context of
hundreds of late Pleistocene vertebrate fossils in
~11,000 acres of the wash. Fine-grained groundwater discharge deposits are known informally as
the Las Vegas Formation. The formation consists
of stratigraphically ascending units A through
G and intervening soils, with units B, E, and D
containing respective subunits. Targeted chronometric dating was employed to augment the initial
studies from the 1960’s, and to address outstanding
questions regarding the age of these stratigraphic
units. Although successive investigators have made
significant contributions in establishing age ranges
and lithologic descriptions for these units, many
long-standing ambiguities have persisted due to
the complexity and incomplete spatial preservation
of the deposits. In this study, we addressed questions regarding the unknown age of unit B2, the
stratigraphic and temporal disposition of unit C,
and the lithologic variability and ages of units D
and E – specifically, whether lithologic variability
within these units is the result of contemporaneous
facies changes, or if the variable lithologies represent discrete discharge episodes. Field observations demonstrate that units associated with spring
discharge are separated by soils and/or erosion events
indicating the initiation and abrupt cessation of
discharge during key periods within the stratigraphic
record. Here, we present results on the construction of a new temporal framework and a revised
detailed lithostratigraphy for the Las Vegas Formation derived from radiocarbon and luminescence
dating techniques. Our investigations have revealed a
complex depositional system dominated by episodic
groundwater discharge punctuated by relatively
brief hiatuses that occurred over the last ~100 ka.
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Temporal bracketing of the deposits has allowed
us to date the wet/dry sequences at high resolution,
particularly for the last ~35 ka, which shows that
hydrologic conditions in the Las Vegas Valley closely
tracked northern hemispheric cold/warm oscillations
in the Greenland ice core records.

Strain partitioning and timing of strike-slip
faulting in the central Mojave Desert, CA,
indicated by newly dated latest Miocene,
Pliocene, and early Pleistocene deposits
D. M. Miller1, P. Nuriel2, J. L. Oster3, K. M.
Schmidt1, M. C. Reheis1, B. F. Cox1, and K. Maher2
1
U.S. Geological Survey; 2Stanford University; 3Vanderbilt
University

New insights into ages for sinistral-slip faults and
how they operate in simple slip mode even after
60 degrees of vertical axis rotation are revealed by
study of coarse gravels in the area within ~40 km
of Barstow, CA. Using 31 new U-Pb dates of opaline
soil precipitates and crosscutting veins in faults, we
demonstrate that many deposits are in the 1–4 Ma
age range and a few are as old as 9 Ma. Clast provenance and transport direction from sedimentary
structures indicate that during the late Miocene and
Pliocene a line of uplifts lay from western Fort Irwin
to the Daggett Ridge area SE of Barstow, forming
an irregular north-trending divide. East of the
divide, deposition occurred in broad east-flowing (in
modern coordinates) stream valleys coincident with
sinistral faults. This relation is best demonstrated
from the Manix fault northward into Fort Irwin,
and is also suggested for the Cady fault. West of
the divide, data are limited but consistent with the
interpretation that north-and south-flowing streams
met in a central, W- or WSW-flowing system in an
axial valley near the modern Mojave River. Folded
Pliocene gravel and the paleogeography indicate that
strain was partitioned into sinistral fault slip and
folds parallel to faults, with synclines forming valleys
7–10 km wide. Folds and paleogeography associated
with the dextral faults west of the divide are much
broader, with wavelengths of ~50 km and ~westerly
trends.
Late Cenozoic uplifts that formed the divide
have mostly persisted as topographic highs that
lie roughly along the boundary between sinistral
and dextral domains. The uplifts may reflect block
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interactions along the boundary including differential vertical-axis rotation of blocks in the sinistral
domain. Partitioning of strain into folds and faults
helps resolve the conundrum of why sinistral faults
that rotated ~60 degrees out of Coulomb failure
orientation, and have little resolved shear stress,
persist as simple strike-slip faults. It may also explain
why the central Mojave Desert is more mountainous
than the western Mojave Desert, where there are
few sinistral faults. U-Pb ages of fault-related opal
demonstrate that strike-slip faulting in the sinistral
domain began before 9 Ma, preceding the uplift of
the eastern Transverse Ranges.

From the field to the collections: building a
database of fossil heteromyids
Molly Moroz 1,2, Catherine Badgley 1,3, Tara M.
Smiley 2,3
1Department of Ecology and Evolutionary Biology, University
of Michigan, Ann Arbor, MI 48109
2Department of Earth and Environmental Sciences, University
of Michigan, Ann Arbor, MI 48109
3Museum of Paleontology, University of Michigan, Ann Arbor,
MI 48109

In modern ecosystems, more species of mammals
live in topographically complex regions than in
adjacent plains and lowlands. This study investigates the geologic history of this pattern. As western
North America underwent climatic and tectonic
change from 17 to 14 million years ago, the diversity
of mammals increased. Changes in diversity of the
rodent family, Heteromyidae, represent one such
response to landscape change. Abundant fossilized teeth from members of this group occur in the
Mojave Desert, California. This study focuses on
fossil Heteromyidae from the Crowder and Cajon
Valley formations that span the period from 17 to 14
million years ago. Mammalian teeth convey information about body size and dietary niches of the
original species. Tooth morphology is an indicator of
vegetation, which in turn places constraints on paleoclimate. With moderate diversity, small home ranges,
and close association to vegetation and substrate,
heteromyids offer an excellent record of faunal
response to environmental change.
This study seeks to create a catalogue of heteromyids and analyze fossil teeth from the Mojave
Desert. One goal is to identify newly found fossils
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and previously unidentified specimens. The catalogue
includes species descriptions and illustrations from
prior studies. A second goal is to analyze changes in
tooth shape and size through the interval of warming
and mountain uplift. I photographed 245 fossil teeth,
took linear measurements and digitized the chewing
surfaces to investigate shape variation. With more
fossils accurately identified and analyzed, we will
broaden our understanding of how these mammals
responded to changes in climate and landscape.

Changes of hyperspectral reflectance in
Ambrosia dumosa following supplemental
nitrogen additions
Travis Reilly, Aaron Cohodas, and Darren
Sandquist
Department of Biological Science and Graduate Program in
Environmental Studies, California State University, Fullerton,
800 N State College Blvd, Fullerton, CA 92834, travis.c.reilly@
gmail.com

Anthropogenic nitrogen (N) deposition has been
increasing in the Mojave Desert region due to aerial
transport of urban emissions. I examined the possibility of using hyperspectral reflectance indices of
Ambrosia dumosa leaves as proxies for identifying
potential impacts of supplemental N-input in the
Mojave desert. Three N-deposition levels were
administered to plants in a field study near Searchlight, NV. Using ground-based spectroscopy techniques, a number of reflectance indices for plant
physiological function were evaluated across treatments. Sixteen of 20 indices showed lower reflectance
(less stress) for plants with greater supplemental
N. This implies that there is a physiological impact,
however, in a parallel greenhouse experiment, there
were no statistically significant differences of photosynthesis among control and supplemental N groups.
Thus the changes in reflectance properties may be
unrelated to photosynthesis. Further studies are
needed to determine the functional significance of
the observed reflectance changes, but they nonetheless hold promise for use as proxies to identify alterations in natural soil nutrient concentrations within
this human-impacted ecosystem.
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Sedimentary facies and paleosol distribution in relation to Miocene tectonic and paleoclimate change in the Andean foreland,
northwestern Argentina
J.J. Rosario 1,4, T.E. Jordan 1, C.N. Garzione 2, J.I.
Hernández 3, R.M. Hernández 3 , and P. Higgins 2
Department of Earth and Atmospheric Sciences, Cornell
University, Ithaca, NY (United States); 2Department of
Earth and Environmental Sciences, University of Rochester,
Rochester (United States); 3XR-Geomap, Salta, (Argentina);
4
US Geological Survey, Menlo Park, CA (United States); jjr46@
cornell.edu/ jrosario@usgs.gov
1

The Subandean thrust belt in NW Argentina has
advanced eastward towards the Brazilian craton
since the Middle Miocene. The fluviatile environment developed in the Subandean foreland basin
is controlled by topography and water availability,
which are highly coupled with precipitation and
tectonics. Hence, any climatic variability likely
affects sedimentation processes. The Miocene sediment record from outcrops along Iruya River, Peña
Colorada River, and La Porcelana River shows a
stratigraphic series that cycle between mudstones
and sandstones. The stratigraphic thickness varies
from west to east with the thickest section crops out
along the Iruya River with 7200 m in accord with
Hernandez et al. 1996, but for this study only the
first 4500 m were analyzed, which corresponds to
the time of interest. La Porcelana River is located
at the eastern site with the smallest sedimentary
record, with a thickness of ~1900 m. Previous studies
identified three tectonic progradational mega-cycles.
Based on the observation that there are many more
oscillations (on the order of tens) within the tectonic
megacycles which may reflect climatic or hydrologic cyclicity, we searched for evidence that would
clarify how tectonics and climate control the cyclicity
between mudstones, sandstones, and paleosols. The
data encompass physical sedimentology as well as
stable isotope and clumped isotope analyses of paleosols. In general, mudstone unit thickness varies from
oldest (~14 Ma) to youngest (~4.5 Ma) strata, between
5 m and 50 cm, respectively. Paleosol development was observed to be present on the mudstones.
Calcium carbonate is present in the matrix of these
paleosols, sometimes in the form of nodules or root
casts. Sandstones thicken over time towards the
present, opposite to the trend of mudstones. These are
quartz-rich sediments, light-grey and yellowish color
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in Iruya River basin, but brown-yellow, red-brown,
and dark-gray in Peña Colorada and La Porcelana
River basins. The difference in coloration in the
sandstones is due to the change in texture, with
mud incorporated in the red-brown sandstones and
hydrocarbons in the dark-grey ones. Twelve sedimentary facies were identified that correlate the sequences
between channels, overbank deposits, floodplains,
and paleosols sediment deposits. Floodplain facies of
the proximal Iruya River strata are characterized by
recurrent paleosol development and the interbedded
river channels facies are heterogeneous deposits.
More homogeneous sandstones facies characterize
the more distal Peña Colorada and La Porcelana
River sections. Values of the oxygen and carbon
isotopic concentration of the calcium carbonate in
the paleosols are used as proxies for the climatic
record. Accompanying the coarsening-upward grain
size and the thickening-upward sandstone trend, the
stable isotopes of Carbon shift: from -12‰ δ13C to
-9‰ δ13C. However, there is little change upward
of oxygen isotopic values, which are roughly -8 ‰
δ18O. Although there is a modest increase up-section
of 13C relative to 12C , all of these carbon isotopic
values fall in the range of C3 plants. The oxygen
isotope values represent no change in the water
sources. The analysis of clumped isotopes, which are
measured as the factor ∆47, reveals the correlations
between masses 44 and 47 of C-O isotopologues. This
presents relatively constant summer temperatures
(45°C) during the Miocene-Pliocene for this area.
Collectively, these data imply that from the Middle
Miocene to Early Pliocene there was an increase of
sediment grain size coupled with a slight change of
vegetation cover. A spatial gradient of the environment at single times appears to have been stronger
than the temporal gradient. The lateral and vertical
changes of sedimentary facies indicate that the
sedimentary environments, including the paleosols,
vary with proximity to the orographic front. The lack
of variation of the water sources and temperature
suggest that the upward trends in sedimentary facies
were controlled by the progression of the thrust and
fold belt and the accommodation space available
for the sediment accumulation. The continuum of
the facies from the Miocene-Pliocene as well as the
climate record implies a similar sedimentary system
as the one present today in northwest Argentina,
which is a distributary fluvial system or mega-fan.
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Preliminary investigation into paleoclimatic
changes at Ivanpah Dry Lake California using chemical evidence of obliterated shorelines
Douglas B. Sims 1 and Gavin Gillmore 2
1
College of Southern Nevada (USA) - douglas.sims@csn.
edu and 2Kingston University, London (UK) - G.Gillmore@
kingston.ac.uk

Obliterated pluvial lake shorelines and their associated habitation sites located along Ivanpah Lake
contain untapped cultural deposits. During the
life cycle of pluvial lakes, shorelines leave geomorphic evidence along the most recent terminal edges
apparent today. This study examines the obliterated
shorelines using chemical, geomorphic and physical
analyses.
Data show minerals, nutrient, trace metals and
CaCO3 exhibiting distinct evidence of buried
shorelines located on the southern side of the eastern
section of Ivanpah. Sulfate, Chloride, trace metals
and CaCO3 are in higher concentrations at 10-20
and 30-40 cm below the surface indicating possible
chemical signatures of buried shorelines. It is evident
that the 10-20 and 30-40 cm below surface levels near
the visual edge of the lake are deeper as samples were
collected higher on the eastern alluvial fan of the
lake. Additional investigations of the formation and
depositional processes will assist in identifying obliterated shorelines at Ivanpah Dry Lake and, possibly,
identify habitation sites.

Trace elements transport and associated
desert varnish in in a dry ephemeral wash
containing former metals mining
Douglas B. Sims , Amanda C. Hudson , John E.
Keller 1, Konstantinos I. Vatalis 2, Konstantinos
Modis 3 and Peter S. Hooda 4
1

1

1
College of Southern Nevada, Department of Physical Sciences,
North Las Vegas, Nevada 89030, USA; 2Environmental
Engineering Department of Technological Institution,
Western Macedonia, Kozani Greece; 3School of Mining and
Metallurgical Engineering, NTUA Athens, Greece; 4Centre
for Earth and Environmental Sciences Research, Kingston
University London, Kingston upon Thames KT1 2EE, Surrey,
UK

Bed sediment samples were collected from the
Techatticup Wash and evaluated for adsorbed trace
elements (Al, As, Ba, Cd, Cu, Fe, Mn, Pb, V). This
wash is characterized as a dry ephemeral wash
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containing a former metal mining site located in
Nelson, NV. Data show that certain trace elements
are greater in concentration on larger particles
whereas others are greater in concentration on
silt and sand fractions. Fractions ranged between
6.7–7.8% for silt; 64.4–66% for sand; and 26.8–28.5%
for coarse across all depths (0-30 cm). Cadmium was
greatest in depths ranging from 0-10 cm but limited
in the 10–20 or 20–30 cm levels; it was the only trace
elements with a correlation with depth. Arsenic was
greatest on the silt fractions decreasing with particle
size increase. Data show Cr, Cu, Fe, Mn, Pb and Zn
trends similar to As and Se (silt > sands > coarse)
while Al, Ba, and V were at lower concentrations on
silt fractions, increasing on coarser fractions (silt
< sands < coarse).It is conceivable that adsorption
of trace elements by Fe-oxyhydroxides and Al- and
Mn-oxides associated with desert varnish-coated
sediments are controlling the transport during
periods of surface-water flow. Limited weathering of
local geologic materials coated with desert varnish
could provide the reactive sites for adsorption of
trace elements, promoting an enhanced transport
mechanism. Physical migration of tailings is not
the only method but rather, the movement of bed
sediments, perhaps coated with desert varnish, is a
contributory factor in tailings-borne TEs scavenging
from tailings to larger particles.

The use of 3-D photogrammetry to record a
new fossil plant from the Pliocene Colorado
River Delta.
Tom Spinks* and Jon Gilbert
Anza-Borrego Desert State Park volunteer, [*tlspinks217@
gmail.com]

The advent of three dimensional photogrammetry
and printing offers new opportunities in paleontology for the recording and duplication of sometimes rare and fragile fossils. This provides the
opportunity to share these fossils with colleagues and
the public, reducing the necessity of on-site visits or
potentially disastrous loans of actual fossils. Such an
opportunity is demonstrated by an explanation of the
3-D recording process.
The subject of the demonstration is a recently
discovered fossil plant, preserved as a natural sandstone cast. A discussion of the sandstone cast and its
features is presented. The as yet unidentified plant is
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from the Diablo Member of the Palm Springs Group
exposed in the northern portion of Anza-Borrego
Desert State Park, and is approximately 4.0 Ma. in
age.

The geochronologic and paleontologic
framework of the Late Pleistocene Tule
Springs Fossil Beds National Monument
Kathleen Springer 2, Craig R.Manker 2, Eric Scott 1,
Jeffrey S.Pigati 2, Shannon Mahan 2
San Bernardino County Museum, Redlands, CA 92374; 2U.S.
Geological Survey, Geologic Division, Denver Federal Center,
Denver, CO 80225
1

On December 19, 2014, 22,650 acres of the upper
Las Vegas Wash, in the northern Las Vegas Valley,
was designated as Tule Springs Fossil Beds National
Monument, the nation’s first urban national monument. This designation fills a gap in the National
Park Service fossil record as the first site specifically
dedicated to preserving and interpreting Pleistocene
paleontology.
The fine-grained ground water discharge deposits
(desert wetlands) of the upper Las Vegas Wash
entomb the Tule Springs local fauna (TSLF), one
of the most significant late Pleistocene vertebrate
assemblages from the American southwest. The San
Bernardino County Museum, concertedly working
in the area since 2001, initiated a large-scale paleontology and geologic investigation in 2008 that has
resulted in the discovery of hundreds of fossil localities and thousands of fossil specimens throughout
the upper Las Vegas Wash, greatly extending the
geographic and temporal footprint of earlier investigations from the 1960s. Mammuthus, Camelops,
Equus and Bison dominate the fauna. Megafaunal
carnivorans including Panthera and Smilodon
are also present in the fauna. Smaller organisms,
including amphibians, snakes, birds, and micromammals such as Marmota, Neotoma, and Reithrodontomys are common.
With the goal of establishing the context for
the fauna and integrating the TSLF into a rigorous
stratigraphic and geochronologic framework, our
investigations focused on baseline geologic mapping
and targeted dating. We established a highly resolved
chronology and have documented the most comprehensive record of groundwater discharge deposits
anywhere in the world. We redefined and established
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new geologic units within the informally named Las
Vegas Formation. This new geochronologic scaffolding, based on radiocarbon and luminescence
dates (in collaboration with the USGS), provides
high-resolution stratigraphic control for the TSLF.
Our results show that ground-water discharge
deposits record dramatic hydrologic changes in
response to abrupt climate oscillations, including
the repeated growth and collapse of entire wetland
systems, and also demonstrate a tight correlation with Greenland/North Atlantic climate proxy
data on a sub-millennial scale. Desert wetlands as
a hydrologic system can now be utilized to query
ecosystem and faunal responses to abrupt climate
change in the past. The Tule Springs Fossil Beds
National Monument now preserves this lynchpin for
posterity, and provides a very powerful interpretive
springboard for this new National Monument.

Clastic sedimentary provenance of the
Bouse Formation in Mohave Valley, lower
Colorado River
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Recent mapping, tephrachronology, and lithostratigraphy of the Late Miocene to Pliocene Bouse Formation have renewed interest in the evolution of the
lower Colorado River. Specifically, a fluvio-lacustrine
interpretation of Bouse exposures in the Cottonwood and Mohave valleys suggests that the Colorado River first integrated to the Gulf of California
through a “fill and spill” sequence of overtopping
inland lakes. Geochemistry of Bouse carbonate is
generally consistent with a Colorado River source;
however similar provenance analyses from clastic
portions of the unit are lacking. We present a combination of petrographic analysis and detrital zircon
U–Pb geochronology to identify potential sources of
detritus within clastic portions of the Bouse Formation and stratigraphically adjacent units in Mohave
Valley. Within the unit, we observe a transition from
lithic-rich sediment with crystallization ages comparable to local sources to quartz-rich sediment with
highly diverse crystallization ages. This transition is
consistent with the interpretation of a “fill and spill”
model of river integration; however, we note that
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provenance data are not spatially consistent within
the unit. Spatial variability may reflect contemporaneous influx from local tributaries and recycling of
local material, demonstrating the variety of subenvironments within a single lake sequence. Our
results bring a new level of detail to an often debated
research question while highlighting potential pitfalls
from the interpretation of sparse provenance datasets
in laterally diverse depositional sequence.
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—Notes—
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