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Figure 1. Oveview map of field trip route, Days 1 and 2. Map courtesy T. Schweich.
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Colorado River Trough— 
the 2016 Desert Symposium field trip

R. E. Reynolds,1 Philip A. Pearthree,2 P. Kyle House,3 Keith Howard,4 David Miller,5 and Brian Gootee6 
1Research Associate, Desert Studies Consortium, rreynolds220@verizon.net; 2Arizona Geological Survey, 416 W. Congress # 100, Tucson, 
AZ, 85701; 3U. S. Geological Survey Flagstaff, AZ; 4U. S. Geological Survey, MS 973, Menlo Park, CA 94025; 5U. S. Geological Survey, MS 
973, Menlo Park, CA 94025; 6Tribal Liaison, Arizona Geological Survey, 3550 N. Central Ave., Phoenix, AZ 85012

Introduction
The primary field sites on Day 1 are in Chemehuevi 
Valley on the west side of Lake Havasu, along the 
Colorado River. There are abundant exposures of Bouse 
deposits in this area, including basal gravel, carbonate 
deposits, and thick sequences of fine-grained siliciclastic 
sediments (siliciclastic definition: clay, silt and sand, the 
‘interbedded unit” of Metzger et al., 1973a).

Be sure to look at the clasts and cobbles in the 
fluvial deposits. If the clasts are subangular, they were 
probably carried along tributaries from local sources. 
If clasts are well-rounded, they have probably been 
carried long distances. The lithology of the clast may 
also tell you if the source is from local mountains or 
from the distant Colorado Plateau. Bedrock exposed 
along this part of the Colorado River trough consists 
primarily of Tertiary volcanic rocks ranging from basalt 
to rhyolite, and Tertiary to Jurassic granitic rocks and 
Proterozoic/Paleozoic metamorphic rocks. If you see a 
well-rounded quartzite cobble, it was likely transported 
by the Colorado River from the Plateau in the past 
5 m.y. Exceptions to this general rule include locally 
derived clasts in wave-worked, nearshore deposits in the 
Bouse Formation. In these cases, the clast provenance 
and stratigraphic context are important considerations 
for distinguishing Colorado River gravel deposits from 
Bouse gravel deposits.

Miocene Extensional Tectonics

This trip passes through two Miocene highly extended 
terrains. First, we drive south of the Shadow Valley–
Halloran Hills detachment terrain. From Searchlight, 
we drive south within the Colorado River extensional 
corridor.

The Miocene Colorado River extensional corridor 
is a 70- to 100-km-wide region of moderately to highly 
extended crust along the eastern margin of the Basin 
and Range province in southern Nevada western 
Arizona, and southeastern California (stretching from 

the Lake Mead area southward to the Parker, Arizona 
area (Howard and John, 1987; Faulds et al., 2001a). It 
occupies an area that has been in a critical structural 
position in the western Cordillera since Mesozoic time. 
In the Cretaceous through early Tertiary, this area was 
just east and north of major fold and thrust belts and on 
a broad, gently (~15o) north-plunging uplift (Kingman 
arch) that extended southeastward through much of 
central Arizona. Mesozoic and Paleozoic strata were 
stripped from the arch by northeast-flowing streams. 
Peraluminous 73 to 65 Ma granites were emplaced at 
depths of at least 10 km and occupied the core of the arch 
by earliest Miocene time.

Calc-alkaline magmatism swept northward through 
the northern Colorado River extensional corridor during 
early to middle Miocene time, beginning at ~22 Ma in 
the south and ~12 Ma in the north (Faulds et al., 2001a). 
Major east–west extension followed the initiation of 
magmatism by 1 to 4 m.y., progressing northward at 
a rate of ~3 cm/yr. The style of volcanism changed 
during the course of east–west extension. Eruptions of 
calc-alkaline to mildly alkaline mafic to intermediate 
magmas predated extension. Calc-alkaline to mildly 
alkaline mafic, intermediate, and felsic magmas were 
prevalent during major extension. Tholeiitic and alkalic 
basalts were then erupted after significant block tilting. 
The most voluminous volcanism occurred in early 
Miocene time and was accompanied by mild north-
south extension. Large-magnitude east-west extension 
engulfed nearly the entire region in middle Miocene 
time, beginning in most areas ~16 Ma and ending by 
~9 Ma. Tilt rates commonly exceeded 80o/m.y. during 
the early stages of east–west extension. Volcanism 
generally spanned the entire episode of extension south 
of Lake Mead. Thus, thick volcanic sections accumulated 
in many growth-fault basins, with or without thick 
sedimentary accumulations

During middle Miocene extension, strain was 
partitioned into a west-dipping normal-fault system 
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in the north and an east-dipping system in the south. 
The two fault systems and attendant opposing tilt-
block domains overlap and terminate within the 
generally east-northeast-trending Black Mountains 
accommodation zone. Major east–west extension was 
contemporaneous on either side of the accommodation 
zone. The west-dipping normal fault system in the north 
is kinematically linked to major strike-slip faults along 
the northern margin of the corridor, where a complex 
three-dimensional strain field, involving both east-west 
extension and north-south shortening, characterized 
the middle to late Miocene. The east-dipping system 
in the south linked southward with major east-dipping 
detachment faults that flanked several metamorphic core 
complexes (e.g., Chemehuevi and Whipple Mountains).

The transition between the Colorado Plateau and the 
Basin and Range is unusually sharp along the eastern 
margin of the northern Colorado River extensional 
corridor and is marked by a single west-dipping fault 
zone, the Grand Wash fault zone. Subhorizontal, 
relatively unfaulted strata on the Colorado Plateau give 
way to moderately to steeply east-tilted fault blocks across 
the Grand Wash fault zone. 

Paleotopography, valley filling deposits, the 
Bouse Formation and Bullhead Alluvium

During this field trip we will see bedrock and sediments 
that pre-date the development of the lower Colorado 
River, as well as the deposits that record and provide 
evidence for the nature of the arrival of Colorado River 
water and sediment into this region. Because this trip 
is focused on the development of the river, we can 
generally group geologic units into 4 categories: (1) 
various bedrock units that form the mountain ranges of 
this region; (2) Neogene deposits that filled extensional 
basins prior to the development of the lower Colorado 
River; (3) deposits of the Bouse Formation (Metzger, 
1968), which are the first direct evidence of Colorado 
River water and sediment in the region; and (4) deposits 
of the Bullhead Alluvium (Howard et al., 2015; House 
et al., 2005), are the oldest unequivocal, major through-
flowing river deposits from Grand Canyon to the Gulf of 
California.

Topographic and structural relief in the Colorado 
River trough began to develop during early to middle 
Miocene extension and was established by about 10 Ma. 
The location and abruptness of the Colorado Plateau-
Basin and Range transition in this region may have 
been controlled by an ancient north-trending crustal 

flaw, inasmuch as it follows a diffuse boundary between 
Early Proterozoic crustal provinces. Bedrock in the 
mountain ranges of the Colorado River trough is varied 
and spectacular, including Precambrian and Mesozoic 
crystalline rocks, Paleozoic metasedimentary rocks, 
and Mesozoic sedimentary rocks, but Miocene volcanic 
and volcaniclastic rocks are particularly common and 
widespread.

The Colorado River arrived in the northern Colorado 
River extensional corridor in latest Miocene-early 
Pliocene time following a long period of internal 
drainage (Faulds et al., 2001b). There is no evidence of 
a through-flowing regional drainage network in the 
Colorado River extensional corridor during the late 
Miocene. Thick sections of alluvial fan, continental playa, 
and lacustrine deposits accumulated in major basins 
until after 6 Ma. Widespread late Miocene lacustrine 
and evaporite deposition (the Hualapai Limestone in 
particular) in the Lake Mead region suggest a long-term 
influx of fresh water beginning ~12 Ma and continuing 
until after 6 Ma (Spencer et al., 2001; Roskowski et 
al., 2010), but the geochemical signature of this fresh 
water is quite different from Colorado River water 
(Roskowski et al., 2010; Crossey et al., 2015). Farther 
south along the Colorado River corridor, Cottonwood 
and Mohave Valleys were separate, closed depositional 
systems prior to the arrival of Colorado River water 
(House and others, 2008; Pearthree and House, 2014). 
At the northern end of the southernmost Bouse basin 
(the greater Parker area), “Osborne Wash strata” that 
pre-date deposition of the Bouse Formation were 
deposited within valleys fairly similar to those of today, 
and basal Bouse carbonate was draped over a complex 
landscape of alluvial fans and mountain hillslopes and 
valleys quite analogous the modern landscape (from 
Buising, 1990). The age of the northern deposits of the 
Bouse Formation are constrained to be < 5.6 Ma (House 
et al., 2008), and the 4.83 Ma Lawlor Tuff is interbedded 
with basal Bouse carbonate deposits at the southern end 
of the southern basin (Spencer et al., 2013). Available age 
constraints on the Bullhead Alluvium, which records 
massive early Colorado River aggradation, indicate 
that a through-flowing Colorado River existed and was 
aggrading by 4.4 Ma in the eastern Lake Mead area; 
aggradation culminated between 4.2-3.6 Ma and 3.3 Ma 
in Cottonwood and Mohave Valleys (House et al., 2008; 
Howard and others, 2015).
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Biostratigraphy

The Lawlor Tuff (4.83 Ma) is present in central 
California (Sarna-Wojcicki et al., 2011; Harvey, 2014), 
in Bouse or Bouse-like carbonate deposits at Mojave 
(May and others, 2011) and Amboy (Miller, et al, 2014), 
and in basal Bouse carbonate deposits at Buzzard Peak 
in the Chocolate Mountains (Spencer et al., 2013). The 
Lawlor Tuff is is a marker bed close to the Hemphillian/
Blancan LMA transition, allowing adjacent mammalian 
biostratigraphy to be studied in relation to a 
chronostratigraphy marker.

Day 1
CONVENE at the Desert Studies Center at Zzyzx with 
a full tank of gas for the 250-mile trip on Day 1. Day 2 
will be a 140-mile trip centered south of Blythe. Wear 
sturdy shoes and dress for hot, cold, or windy weather; 
bring water, breakfasts, lunches, snacks, hats, and 
sunscreen. 

Drive north to join Interstate 15 eastbound to Baker.

0.0 (0.0) Reset trip odometer at Baker.

12.6 (12.6) Halloran Springs. The composition of 
the Halloran volcanics to the north and the Cima 
Volcanics to the south vary through time. The Halloran 
Hills are the site of Neogene (12.1 Ma) andesitic 
volcanism, while the Cima volcanics are composed 
of older basaltic trachyandesite (7.5–3 Ma) and 
younger trachybasalt (1 Ma–Present). This suggests 
an extended pattern of alkaline volcanism beginning 
in the initial stages of Miocene detachment that has 
continued to the present. Compositional variation 
ref lects progressively deeper levels of melting, from 
shallow crustal rhyolite and trachydacite, to lower 
crustal trachyandesite to mantle trachybasalt.

Turquoise mines of West Camp, Middle Camp and East 
Camp are located east and west of Turquoise Mountain 
to the NNW. The Turquoise Mountain area has been 
the subject of gemstone mining for at least 1,000 years 
(Nelson and Drover, 1980; Reynolds, 2005; Hull, and 
Fayek, 2013).

18.5.(5.9) Halloran Summit. View southeast of Cima 
Dome, one of the granitic blocks tilted eastward (Fig. 
19, Reynolds and others, 1996) by listric normal faulting 
due to accompanying movement on the Kingston 
Range–Halloran Hills detachment fault that runs north 
along the western front of the Mescal Range and Clark 

Mountain (Reynolds and Calzia, 1996; Friedmann, 
1996; Fowler and others, 1996).

25.5 (7.0) Cima Road. View north of the Pleistocene 
white-colored pond and ground water discharge 
sediments of Valley Wells Basin (Forester and others, 
2003; Reynolds and others, 2003; Pigati and others, 
2007). Farther north, the large cottonwood tree marks 
the site of the Valley Wells Copper Smelter (Rosalie Post 
Office, Vredenburgh, 1996) and the sole remaining active 
spring.

34.0 (8.5) Bailey Road, Mountain Pass. As we descend 
into Ivanpah Valley from the pass we can see the 
complex structure and lithologic variability of the Early 
Proterozoic gneisses in the road cuts.

38.7 (4.7) EXIT at Nipton Road.

39.0 (0.3)Stop, TURN RIGHT (south); road then bears 
east.

42.5 (3.5) Pass Ivanpah Road running south to Cima, 
Lanfair, and Goffs on Route 66.

49.1 (6.6) Slow as you cross railroad tracks and enter 
Nipton. Ivanpah Valley lies between imposing mountain 
ranges, and the entire area represents a relatively 
unextended region that lies between the detachment 
terrains to the west and east. Ivanpah Valley itself has 
locally thick buried sediment presumably of Tertiary age, 
but much of the valley is underlain shallowly by bedrock 
(Langenheim and others, 2009).

51.6 (2.5) Cross the CA/NV state line.

53.6 (2.0) Pass a right (south) turn to Crescent Springs.

54.5 (0.9) View at 2:00 of Crescent Peak. Lead and 
silver mines here are associated with turquoise (Castor 
and Ferdock, 2004.). When rediscovered in 1889, stone 
hammers, anvil stones, and pottery of Native Americans 
were present. Most rocks exposed in road cuts here are 
Early Proterozoic gneisses similar to those on the west 
side of Ivanpah Valley (Miller and Wooden, 1993), but 
note that some have gently dipping foliation, unlike 
gneiss in the cuts we saw earlier.

58.5 (4.0) Pass a right turn to a microwave station.

63.3 (4.8) Pass a right turn to Walking Box Ranch Road 
leading to Lanfair Valley. Silent film stars Clara Bow and 
her husband Rex Bell ran the Walking Box Ranch as a 
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real cattle ranch. The bunkhouse now hosts scientific and 
student groups doing field work in the area.

70.1 (6.8) Slow as you enter Searchlight, NV. The 
Searchlight Mining District produced gold from veins 
hosted mostly in Miocene volcanic rocks draped over the 
Miocene Searchlight pluton (Ludington et al., 2006 ). 
The volcanics and the pluton that intrudes their base are 
tilted westward 90o and expose an remarkable tilted cross 
section of a mineralized volcano and a pluton’s top to its 
deep levels (Bachl et al., 2001; Ludington et al., 2006). 

Searchlight. Stop at Hwy 95. TURN RIGHT (south) 
on Hwy 95 toward I-40 and Needles. Searchlight is 
located on a topographic divide that separates the 
internally drained Eldorado Valley to the north from 
drainages into the Colorado River to the east and south. 
Piute Valley to the south drains to Needles before 
reaching the Colorado River.

74.4 (4.3) Pass a powerline road.

80.5 (6.1) Pass a road to Coast Guard Loran Station. 
Enter the community of Cal-Nev-Ari.

83.1 (2.6) Pass Christmas Tree Pass road (BLM kiosk).

View East: Newberry Mountains and Spirit 
Mountain (5535').We are on the west side of the 
Newberry Mountains, viewing the (original) top of the 
west-tilted Spirit Mountain batholith (Volborth, 1973; 
Hopson et al,. 1994; Howard et al., 1994, 1996; Faulds 
et al., 1992; Haapala et al., 1996, 2005; Ramo et al., 
1999; Claiborne et al., 2006; Walker et al., 2007). This 
large (250 km2), composite batholith is dominated by 
coarse grained granite and quartz monzonite, but it is 
also composed of fine-grained granite and diorite and 
miarolitic leucogranite. All of these lithologies are cut 
by a dike swarm (Newberry swarm) that is mostly felsic 
porphyry with some diabase and andesite.

U-Pb zircon geochronology using SHRIMP (in situ 
microanalysis) demonstrates a ~2 million year (17.4–15.3 
Ma) history for the batholith (Walker et al., 2007) with 
antecryst entrainment. The batholith is envisioned as 
having been a patchwork of melt-rich, melt-poor, and 
entirely solid zones throughout its active life, with 
remobilization of crystal mush in response to magma 
replenishment. 

The leucogranite forms a continuous cap for the entire 
25 km N–S length of the exposed roof (Claiborne et al., 
2006; Walker et al., 2007). All of it is extremely felsic 

(76–78 wt% SiO2) and composed of innumerable sheets 
and dikes that accumulated over an interval of at least 
a million years. The very white rocks differ appreciably 
in texture (porphyry, aplite, medium-grained granite) 
and have fairly sharp contacts. These rocks appear 
to represent fractionated melts extracted from the 
underlying cumulate mushes over a long period of time.

Biota. To the east (4000–5000 feet), the flora represents 
an island population of plants common to both the Basin 
and Range and the Mojave Desert provinces. There is a 
mix of piñon, juniper, oak, mesquite, scrub oak, Nevin’s 
barberry, nolina, Joshua tree, Mojave yucca, fleshy-
fruited yucca, cottonwood, and willow. The phainopepla 
migrates from the coast to deserts to feed on, and spread 
seeds of, the mistletoe that is parasitic on the mesquite, 
piñon and juniper. Big horn sheep and mule deer are 
preyed upon by mountain lion, bob cat and coyote. No 
saguaro cactus, a prominent member of the Sonoran 
flora, is present in the Newberry Mountains, probably 
because they are very susceptible to damage by frost.

86.2 (3.1) Pass Nevada rest area on the east side of Hwy 
95.

88.0 (1.8) View west of Piute Valley. The white 
sediments west of the axial drainage are a Pleistocene 
wetland complex along Piute Valley Wash.

The Mid Hills Block to the west is relatively unextended 
(Miller, 1995; Reynolds, 1995) compared to Cima Dome 
and the Halloran Hills. The Piute Range rises on the 
west side of Piute Valley and along the east margin of 
Lanfair Valley, and is bounded on both sides by Pliocene? 
normal faults (Nielson, 1995). Erosional exposures 
on the east face of the range show dips of basalt flows 
fanning east, south and north, punctuated with basalt 
slump blocks. Granitic gruss and arkosic sediments are 
exposed along the east base of the Piute Range. 

Grand View Gorge on the west side of the Piute Range 
exposes a west-side-down fault, with basalt flows exposed 
at the bottom of the gorge. These basalts may be related 
to the basalts to the east at the top of the narrow Piute 
Range, suggesting 250+ feet of uplift. Much of Lanfair 
Valley to the west has been covered by sediment derived 
from the east tilting of the Mid Hills Block (Katzenstein 
and others, 1995; Neilson, 1996; Reynolds, 1996). 

From the start of the trip, we have passed sediments 
filling extensional basins that have been differentially 
tilted eastward. These include the Halloran Hills (45oE), 
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Cima Dome (20oE) and the Mid Hills Block (5oE). 
South-trending Piute Valley represents a structural 
boundary between east tilting, westerly extended rocks 
to the west. In contrast, plutonic and volcanic rocks of 
the Colorado River extensional corridor in the Newberry 
Mountains (east) have been tilted westward as much as 
90o!

92.8 (4.8) Pass Palm Gardens Service Station. 

98.0 (5.2) Pass a left turn (E) on NV 163 to Laughlin, 
NV. Watch for traffic from north, south and east 
(Laughlin Highway–NV 163) and proceed south on CA 
95.

99.2 (1.2) California state line. Pass a road west leading 
to Piute Valley spring mounds.

103.0 (3.8) Hwy 95 bears south.

11.0 (1.9) View west: Old Government Road runs 
west to Fort Piute and east through the northern Dead 
Mountainss and to Fort Mojave on the Colorado River 
(Casebier, 1987) . This route to horse soldier forts 
situated a day’s travel apart was most active between 1850 
and 1860. By the mid 1860s, travel had shifted south 
to the Bradshaw Trail (Stop 2-9) and Butterfield Trail 
(Lech, 2012). Proceed south on Hwy 95. 

11.9 (0.9) Pass a buried telephone cable utility road that 
runs west to Lanfair Valley and the site of Lanfair, Rock 
Spring, Seventeen Mile Point, and Fort Soda (Zzyzx) 
(Casebier, 1987).

16.3 (4.4) Caution, reduce speed. Hwy 95 bears right 
(W) to cross Piute Wash. Watch for loose sand and flood 
debris on the pavement. Piute Wash is a large regional 
drainage that joins the Colorado River just north of 
Needles, CA. It and many of its tributaries experienced 
significant flooding in August, 2014. The flood damaged 
railroad structures in the narrows along Hwy 95 and 
damaged numerous highway wash-crossings. It cleared 
vegetation, widened channels in the broad swath of Piute 
Wash, and ultimately dumped a large amount of fresh 
sediment in the form of a series of small alluvial fans on 
the lower Colorado River floodplain north of Needles. 
(Before and after images are available on Google Earth).

17.1 (0.8) Hwy 95 bears left (S).

21.0 (3.9) Camp Ibis (“Ibix” site, Thompson, 1929) is 
located to the east. As part of General Patton’s training 
camps, it was in active use in the 1940s.

22.9 1.9 Slow while crossing railroad tracks. 

23.0 (0.1) Arrowhead Junction. Route 66 (Goffs Road) 
runs west. Proceed southeast on CA 95; slow through 
bends. Follow Route 66 left (SE) toward I-40 and 
Needles.

26.0 (3.0) Route 66 bears right (S).

27.5 (1.5) Vegetation marks Kleinfelter Spring 
(Thompson, 1929) along the Atlantic and Pacific 
Railroad (1890; Myrick, 1991). The vegetation is a good 
example of a wetland complex that stretches along the 
highway for quite a distance. 

27. 9 (0.4) Red sediments to the right (W) were 
deposited in a middle Miocene extensional basin 
(Fedo, 1993). To the west, Bouse carbonate and minor 
siliciclastic deposits are banked against the west side of 
these low red hills in a few places, but they are not visible 
from the road. Scattered Bouse carbonate outcrops have 
been found up to about 4 km west and southwest of the 
pass between Piute and Mohave Valleys. They range in 
elevation from 390m above sea level (asl) against these 
hills to 470m asl farther into the valley. Thus, these 
valleys were connected by surface drainage when Bouse 
deposition occurred, and Bouse water inundated the 
lower part of Piute Valley.

28.9 (1.0) Leave the red Miocene sediments.

29.4 (0.5) Cross over I-40 and prepare to turn left (E).

29.5 (0.1) Enter I-40 east bound to Needles. We are 
continuing in the Miocene Colorado River extensional 
corridor as we enter the Colorado River Trough.

South of the low red hills to the southwest, scattered 
Bouse carbonate deposits have been found from 
420–470m asl. On the west side of the Sacramento 
Mountains silicified (jasper) sediments produced the jaw 
impression of a small, three-toed horse (Parapliohippus 
carrizoensis) indicating an early Miocene age for 
deposition in an extensional tectonic terrain.

(32.0) (2.5) View left (NNE) of extensive outcrops of 
Bouse siliciclastic sediments and younger deposits on the 
eastern piedmont of the Dead Mountains, north of Piute 
Wash, including a spectacular marl drape (House and 
Pearthree, this vol., Fig. 3). Farther down the piedmont 
west of Aha Macav, Bouse deposits have produced barite 
(BaSO4) crystals. (Figure 2; Karl Lang pers. comm. to K. 
House, 2013). 



r. e. reynolds, p. a. pearthree, p. k. house, et al. | colorado river trough—the field trip

12 2016 desert symposium

32.6 (0.6) Cross over railroad tracks.

(34.5) (1.9) View ESE across the Colorado River. The 
community of Golden Shores and Sacramento Wash are 
on the far bank of the river. Sediments at Sacramento 
Wash have produced a Blancan Land Mammal Age 
fauna (Reynolds, this volume). Verish (this volume) 
discusses meteorites from the Golden Shores Strewn 
Field . Aspects of the Colorado River strata in this area 
are discussed by House and others (2005).

35.4 (3.3) River Road cutoff. Hwy I-40 bends southeast.

40.2 (5.7) EXIT from Hwy I-40 at Hwy 95/South 
Broadway Street. 

The town of Needles occupies Colorado River-sculpted 
remnants of a large Pleistocene alluvial fan complex 
associated with Eagle Pass wash. Near the mountain 
front to the east, older and higher standing fan remnants 
are underlain by Bouse Formation limestone and 
nearshore gravel deposits.

Stop for fuel and supplies in Needles.

Turn sharp left (N) on Broadway for gas. Obtain gas, 
water , drinks and supplies. Retrace to interchange, pass 
under I-40, RESET ODOMETER, and proceed south 
on CA95 toward Vidal Junction. 

00.0 (00.0) Proceed south on CA 95.

0.2 (0.2) BLM Needles Field Office.

2.1 (1.9) Pass a right (W) turn to landfill. Siliciclastic 
deposits of the Bouse Formation are exposed beneath 
Quaternary alluvium in the area of the landfill. 

2.7 (0.6) Pass a right (W) turn toward Monumental Pass.

3.5 (0.8) Pass the Needles Airport to the west. The 
highway follows the foot of a fluvial scarp on the 
piedmont that is coincident with the highest remnants of 
the Chemehuevi Formation between the airport and Five 
Mile Road. The fluvial scarp has many earmarks of a fault 
scarp, but was actually cut by the Colorado River during 
the Chemehuevi Formation depositional era.

3.9 (0.4) Stay right on Hwy 95 at the junction with Five 
Mile Road (National Old Trails Road).

5.6 (1.7) As you emerge from modestly dissected 
terrain onto a broad area of young deposits to the 
south, siliciclastic (mud) Bouse deposits are exposed in 
excavations on both sides of the road. Isolated outcrops 
of Bouse basal carbonate deposits have been found on or 
against bedrock or older fanglomerate deposits in the low 
mountains to the west up to ~380m asl.

9.2 (5.3) Cross a utility road. The South Needles 
Compressor Station is to the east. 

Use caution while driving through curves ahead.

11.4 (1.4) Pass utility road to west

14.5 (3.1) Microwave tower on right after sharp curves.

16.0 (0.5) “Snaggletooth” outcrops of the Sawtooth 
Range on the right (S) are part of a section of early 
Miocene dacite and andesite volcanics, which is capped 
by the Peach Spring Tuff ignimbrite (Howard et al., 
1993).

19.6 (3.6) Prepare to exit left across traffic.

19.7 (0.1) TURN LEFT (SE) onto Havasu Lake Road. 
Watch out for burros on the road.

23.8 (4.1 ) Havasu Lake Road bears 20o ESE.

Figure 2. Barite crystal. Photo by Sugar White.
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29.2 (4.4 ) Diabase dikes on the left (N) side 
of the road cut late Cretaceous granitic rocks 
(John, 1987, 1988; John and Mukasa, 1990; 
John and Wooden, 1990). 

35.1 (5.9) BLM historic road runs south to 
Chemehuevi Wash and to West Well (Welch 
Well, Thompson, 1929) and then southerly 
around the west margin of the Whipple 
Mountains to Chambers Well, then (across 
CA 66) to Vidal (Thompson, 1929).

39.7 (4.6) Havasu Lake Road bears 15o E.

40.6 (0.9) Pass Powerline BLM 9106 and a 
road SE to West Well, Chemehuevi Wash and 
the Bouse Formation (4WD recommended). 
Watch for burros on the road.

42.1 (1.5) Pass a road on the right (S) to Chemehuevi 
“Washington Trail” and white cuts at a volcanic ash pit.

44.5 (2.4) SLOW: Havasu Lake Road bears 10o NE 
and drops into the wash. Watch for burros. Before the 
drop into the wash, the road crosses a small part of a 
terrace remnant of a Colorado River gravel-bearing unit, 
likely the Palo Verde alluvium described by House (this 
volume), or possibly an exquisitely well-exhumed stratum 
of Bullhead Alluvium. There are much larger exposures 
of this gravelly terrace north of the road and some 
smaller remnants are preserved along and somewhat 
beyond the east face of the bedrock hills to the south. 
These gravels are interesting for their conspicuous terrace 
morphology (particularly the sites north of the highway) 
and the occurrence of clasts of rounded of petrified 
wood fragments (House, this volume). They occur at 
elevations (>50 m ) well below the expected range of the 
Bullhead Alluvium based on outcrops to the north and 
south of Chemehuevi Valley. We will be looking at these 
gravels in relation to the next few stops and discussing 
their Bullhead vs. Palo Verde implications.

Figure 3. Map of the region showing part of the area 
inundated by the lower Bouse water body. The 300 
m elevation reference line (dashed red line) illustrates 
approximate shape and extent of the Mojave arm of 
the Bouse basin, which probably extended to ~330 
m (Spencer et al., 2008). Playas, shown in tan, are in 
internally drained subbasins; their elevations are given. 
Thresholds between subbasins are shown by stars; 
their elevations are given. Coordinates are Universal 
Transverse Mercator (UTM), zone 11 (North American 
Datum, NAD 83). (Miller and others, 2014).

Figure 4. Basins map showing regional setting of Mohave and Cottonwood 
Valleys in the lower Colorado River Valley. Inferred areas of paleolakes and 
modern water bodies are shown with shades of blue. Heavy black lines show 
locations of inferred paleodams (Pearthree and House, 2014).
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45.5 (1.0) The road climbs a terrace. Prepare to turn right 
(S) in 0.4 Miles. SLOW FOR TURN. Watch for traffic 
ahead and behind.

45.9 (0.4) TURN SHARP RIGHT (S) onto the pole 
line road west of the Chemehuevi Reservation. 4WD 
is recommended for sandy and steep sections. The road 
drops into Chemehuevi Wash. The local topography 
is a complex assemblage of fan terraces of Chemehuevi 
Wash, Colorado River deposits, and Bouse Formation 
sediments. Each of these units is extensively exposed in 
this small area. 

46.2 (0.3) Proceed south past a right turn (W) up 
Chemehuevi Wash. 

46.4 (0.2) At the fork in the road, PROCEED LEFT 
(SW) to a road that ascends the terrace. Do not take the 
second right turn (W) up Chemehuevi Wash.

46.5 (0.1) The road ascends the terrace.

46.7 (0.1) Top of terrace.

46.9 (0.2) Road bears SW. Prepare to take hard-to-see 
right turn in 100 feet.

47.4 (0.5) Road bears south and drops into SE-trending 
valley. Proceed east to avoid a steep drop off.

47.7 (0.3) Connect with pole line road in Little 
Chemehuevi Wash. TURN RIGHT (S). Proceed south 
150 feet. Immediately TURN RIGHT (W) into the 
main channel of Little Chemehuevi Wash. 

Proceed west for 900 feet past a small metal sign. Bear 
15oSW toward the south side of Little Chemehuevi 
Wash. Stay in this main southerly channel. 

48.6 (0.9) Stop 1-1: Bouse Formation, offset bedding in 
mudstone. Is this the result of tectonic faulting or the 
effect of soft-sediment deformation?

49.1 (0.5) Stop 1-2: Bouse basal marl. Walk to tracks in 
marl and discuss water depth. (Reynolds and others, this 
volume). RETRACE northeast to pole line. 

50.7 (1.6) Regroup at the pole line. TURN RIGHT 
(S) and proceed along pole line road to roads running 
east around terrace into “Unnamed” wash and the 
Chalk Hills Recreation Area. This route avoids the steep 
portion of the pole line road by travelling to the left (E). 

(150 feet) Junction: BEAR LEFT (E). 

Figure 5. Local Map 1, courtesy Tom Schweich.
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(600 feet) Junction: BEAR LEFT (E). 

(400 feet) Junction: BEAR LEFT (SE). 

(500 feet) Junction: PROCEED (SE) through saddle.

51.0 (0.3) Complex junction in “Unnamed” wash. 
PROCEED SOUTH, then follow the pole line road east 
up the ridge.

51.5 (0.5) TURN RIGHT (W) on BLM road NS 520 
in Chalk Hills Wash leading to Chalk Hills Recreation 
Area. 

52.5 (1.0) Park off road near “Chalk Hills Trail” sign.

Stop 1-3: “Chalk Hills” Key Section. Pliocene 
alluvium over Bouse Formation. This interesting 
alluvium may be the Bullhead Alluvium or a variant, 
such as the Palo Verde alluvium (described by House, 
this volume). The west side of Chemehuevi Valley 
contains a spectacular series of exposures that chronicle 
the integration of the Colorado River. This compact 
sequence helped form the basis of the simple integration 
model presented by Pearthree and House (2014, Fig. 14) 
and recapitulated briefly in House (this volume). 

Exposures in this relatively small area include (locally) 
>10 m of pre-Bouse fanglomerate, including a facies 

containing thick amalgamated tabular beds of sand and 
paleochannel fills of angular gravel from the Whipple 
Mountains (the ‘changlomerate’); a prominent and 
locally continuous sequence of Bouse limestone is present 
in many of the washes between the bedrock hills and 
the lake. Commonly, a thin wave-worked, oxidized 
nearshore gravel deposit separates the Bouse from the 
pre-Bouse units. It is likely, that the characteristics of 
the immediately subjacent ‘changlomerate’ reflect, to 
some extent, a fluvial response to changing water levels 
(base level) associated with the encroaching Bouse 
inundation. The Bouse carbonate appears relatively pure 
at its base but grades upwards into a facies that contains 
thin interbeds and interlaminae of mud and then into 
carbonate-free mud (claystone) continuing upsection to 

interbedded mud and sand with progressively thicker and 
more voluminous beds of sand. Some sand-rich intervals 
have broad paleochannel shapes. Locally the sequence 
is intensely deformed, and in other areas it is completely 
undeformed. There are spectacularly deformed sequences 
to be seen in the area.

Much of the siliciclastic sequence can be traced to 
the west and beyond the bedrock hills (the “little 
Chemehuevi mountains”). The abundance of Bouse 
carbonate decreases markedly west of the hills. Only 
small patches of limestone and isolated, scabrous crusts 
and detrital fragments of travertine have been identified. 
Spectacular sequences of subround to round nearshore 
gravels interbedded with sandstone and calcareous 
sandstone are exposed at a few sites west of the hills (see 
House and Pearthree, this vol., Fig. 26). Further west, 
cross-bedded fluvial sands of Colorado River origin 
are well exposed. Commonly, the base of the sands are 

Stop 1-2 (left and above). Fossil tracks in Bouse basal marl.

Stop 1-3, Chalk Hills Key Section.
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erosive and contain plentiful reworked mud balls and 
mud chips from Bouse formation mud deposits. We have 
also observed rounded, chert pebble-rich fluvial gravels 
in relation to the fluvial sands, but such outcrops are rare. 
The coarse and obviously fluvial deposits could be related 
to fluvial channels on the delta surface or they could 
be Bullhead deposits. Relations we have observed thus 
far are equivocal with respect to that distinction, so we 
informally refer to it as ‘Bousehead’ for now.

In short, the sequence records an interval of ‘clean’ 
carbonate deposition transitioning through time to 
siliciclastic mud deposition, then to alternating and 
progressively increasing deposition of mud and sand 
(of Colorado River origin). Our interpretation of this 
sequence is that the valley was initially inundated by 
clear, carbonate-rich water spilling out of a large lake 
in Cottonwood–Mohave Valleys where all incoming 
Colorado River sediment was being sequestered in a 
growing fluvial delta. Initial contamination of the clear 
carbonate-rich overflow (mud interbeds) reflects local 
contributions from Chemehuevi Wash (primarily) 
and possible by overflow of plumes of suspended fine 
sediment from the advancing delta. Eventual (possibly 
rapid) transition upsection into progressively coarser 
and thicker packages of Colorado River sediment likely 
represents the demise of the lacustrine basin upstream 
and the progradation of a delta wedge into this valley. 
The fate of the ensuing fluviolacustrine environment 
being determined by the rate of the demise of the divide 
at the south end of the valley and base level constraints of 
the water surface in the next valley. 

We postulate that the relatively small size of Chemehuevi 
Valley sealed its fate as a short lived-lake relatively 
quickly. To date we have traced the Bouse carbonate 
(travertine in this case) to 342 m, and this is a tufa clast 
enmeshed in a flat and strongly varnished pavement on 
a Pleistocene alluvial fan remnant. Because it is detrital, 
it is a minimum elevation for the in situ, sourcing 
travertine deposit. We have plans to find the source 
deposit if it still exists in outcrop. Also to date, we 
have traced a band of siliciclastic Bouse deposits with 
paleosols up to more than 360 m ASL in the valley. We 
interpret these sediments as subaerial delta top deposits 
or coeval floodplain deposits of a Bouse-era Chemehuevi 
Wash. Mapping in this area continues and is focused on 
resolving these relations.

PROCEED WEST along Chalk Hills Wash (BLM NS 
52 ) to Powerline Road, then NW across Chemehuevi 
Wash to Havasu Lake Road.

52.7 (0.2) Basal Bouse marl sits on angular fanglomerate 
derived from adjacent early Miocene volcanics.

53.8 (1.1) BLM NS 520 road climbs to the terrace top.

53.9 (0.1) TURN RIGHT (NW) on Powerline Road 
BLM 9106.

54.2 (0.3) Cross “Unnamed” Wash.

54.6 (0.4) Enter south branch of Little Chemehuevi 
Wash. Park off the road and walk west.

STOP 1-4: Bouse and overlying beds are convoluted 
due to northwest-trending structure. Intense localized 
deformation and liquefaction in the siliciclastic Bouse 
deposits is relatively common. Sites similar to this one 
have been observed in each valley in the river corridor 
except for Cottonwood Valley. The preponderance 
of fold vergence and the orientation of a large thrust 
block in this outcrop (House and Pearthree, this vol., 
Fig. 13 and 14) are consistent with valley-directed 
mass translation. Deformation of this type is common 
in saturated deltaic sediments and can be related to 
seismogenic disturbance or simple gravity-driven failure 
of loaded, saturated sediments, or both. Two miles south, 
parallel northwest trending structures and a graben 
disrupt the Bouse and overlying sediments. It is possible 
to continue up this wash and observe the spectacular 
nearshore gravel sequence described previously (House 
and Pearthree, this vol, Fig. 26). 

PROCEED NW on Powerline Road BLM 9106.

54.9 (0.3) Drop into north branch Little Chemehuevi 
Wash. Chemehuevi Mesa lies ahead. Proceed along 
powerline to Chemehuevi Wash.

55.9 (1.0) Cross an active wash bed.

57.0 (1.1) Cross a second active wash bed.

57.4 (0.4) Cross Chemehuevi Wash. The road west along 
the wash leads to West Well, then south to Chambers 
Well in the SW Whipple Mountains (Thompson, 1929). 

60.7 (3.3) Stop at Havasu Lake Road. Watch for 
oncoming traffic. TURN LEFT (NW) toward CA 95.

70.4 (9.7) Stop at CA 95. Watch for oncoming traffic. 
TURN LEFT (S) towards Vidal Junction.
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78.7 (8.3) Cross western Chemehuevi Wash.

86.8 (8.1) Pass a road east to Pyramid Butte and copper 
prospects (Marsh and others, 1988). This marks the 
drainage divide between Chemehuevi Wash north of the 
Whipple Mountains and the drainage of Vidal Valley 
through Vidal Wash north of the Riverside Mountains 
to the Colorado River. 

92.8 (6.0) CA 95 bears SE. View east of dark tilted 
volcanic rocks overlying lower plate of Whipple 
Mountain Detachment that is underlain by light-colored 
metamorphic rocks (Anderson and Rowley, 1981; Davis 
and others, 1980, 1982).

96.6 (3.9) CA 95 bears ESE and crosses the Colorado 
River Aqueduct.

97.9 (1.3)Stop at Vidal Junction. If it is late in the day, 
TURN LEFT (E) toward Earp and Parker on CA 62.

Alternate Trip: South to Bouse Tufa at North 
Riverside Mountains. RESET ODOMETER to 0.0 
mi. The north end of the Riverside Mountains includes 
an extensive travertine mantle that encrusts extremely 
irregular bedrock topography. The bulk of the travertine 
mantle spans 200–260 m ASL. We have espied potential 
outcrops at elevations near 330 m ASL in high-resolution 
imagery, but have not yet field-checked those calls. There 
is a notable and moderately well-preserved siliciclastic 
Bouse section that extends around the north end of 
the Riverside Mountains as well. Those sediments are 
currently being evaluated for magnetostratigraphic 
applications.

00.0 (0.0) Stop at Vidal Junction.

6.1 (6.1) Proceed south and pass through the community 
of Vidal. Cross the Arizona-California Aqueduct, the 
AZ-CA Salt Line RR tracks and Old Parker Road.

6.7 (0.6) CA 95 bears southeast. 

7.3 (0.6)Cross under a double pole line road.

8.7 (1.4) CA 95 bears south. Look for cell tower and 
house on the right side of CA 95. Prepare to turn right 
(W) on single pole line (Lye) Road 0.1 mile past the cell 
tower.

9.1 (0.4) TURN RIGHT (W) on single pole line (Lye) 
Road. 

9.4 (0.3) Pass reverse intersection and proceed west 
southwest.

9.9 (0.5) At the complex “triangle” intersection, TURN 
RIGHT (S) across the wash. 

10.1 (0.2) Cross a wash and continue on the road 
ascending a rocky alluvial fan.

10.7 (0.6) Inclined tufa drapes are on the left (SE).

11.0 (0.3) Pass Bouse tufa draped over outcrops of 
metamorphic rock. 

11.3 (0.3) STOP 1-5. Park at the mouth of the canyon 
and inspect the “bath tub ring” of stromatolitic tufa 
on metamorphic rocks (Reynolds and others, 1992). 
Stromatolitic tufa (termed “travertine”; Crossey et al., 
this volume) outcrops draped on bedrock paleo-hillslopes 
near this locality range from about 195–225m asl. 
Similar travertine covered outcrops occur at a range of 
elevations around the Blythe (southern) Bouse basin. 
Farther southeast along this mountain front, travertine 
outcrops on bedrock have been found as high as 265m 
asl, but no detailed mapping has been done here yet. 
More detailed mapping has been done on the east side 
of the Colorado River valley near Parker across the 

Figure 6. Map showing Stop 1-5, courtesy Tom Schweich.
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valley from this site; there, travertine outcrops range 
from about 190–275m asl. At the southern end of the 
Blythe basin in the Cibola area, travertine deposits 
are exposed at elevations ranging from ~75–325m asl. 
It is obvious that travertine was deposited through a 
substantial range in elevation in all parts of the Blythe 
basin, and since it was presumably deposited in shallow 
water, travertine deposition tracked the gradual or 
episodic rise and fall of the water level in the landscape (a 
transgression). Retrace north to “triangle” intersection.

11.9 (0.6) Cross a wash.

12.0 (0.1) At the “triangle” intersection, proceed east 
along the pole line road to CA 95.

13.0 (0.9) Stop at CA 95., watch for oncoming traffic. 
TURN LEFT (N) onto CA 95. Proceed north thru the 
community of Vidal to Vidal Junction.

16.0 (3.0) Pass thru the community of Vidal.

22.1 (6.1) Stop at Vidal Junction. TURN RIGHT (E) 
on CA 62 toward Earp. RESET ODOMETER to 0.0.

CONTINUE DAY 1

0.0 (0.0) Stop at Vidal Junction. TURN LEFT (E) onto 
SR-62  and pass the California inspection station. 

3.9 (3.9) Pass roads north to Chambers Well and West 
Well, and south to the site of Calzona (Thompson, 1929).

4.8 (0.9) Pole line road and cell tower.

9.2 (4.4) Pass road running north.

10.0 (0.8) CA 62 bears southeast.

12.5 (2.5) Pass Rio Mesa Road.

Stop 1-5, Stromatolitic tufa on bedrock hillsides.

Figure 7. Map showing location of Stop 1-6, courtesy Tom Schweich.
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13.6 (1.1) CA 62 bears east.

(6.3 (2.7) Prepare to pull to the right shoulder.

16.4 (0.1) STOP 1-6: EARP (optional). PULL RIGHT 
(S) and PARK in graded lot on east side of Earp Post 
Office. Hike south across the Arizona and California 
Salt Railroad to view cuts exposing Bouse Formation. 

This location, as well as our first stop tomorrow morning, 
are near where the Colorado River currently exits Aubrey 
Canyon to the north, and where it must have entered 
the Blythe basin when the Bouse Formation was being 
deposited. Because of the topographic constraints of 
the Whipple Mountains to the west and the Buckskin 
Mountains to the east compared to the elevations of 
Colorado River-derived deposits of any age, the Colorado 
River must have flowed through the Aubrey Canyon/
Parker Dam area since its inception. The basal Bouse 
carbonate (travertine, limestone, calcareous sandstone) 
and related locally-derived siliciclastic deposits in this 
part of the Blythe basin track a rising water level. As 
Buising (1990) documented, the thick, fine-grained 
siliciclastic deposits that overlie the basal carbonate are 
delta deposits supplied by the Colorado River. 

The Earp section exposes the basal carbonate and 
interesting siliciclastic deposits just beneath it. The 
underlying siliciclastic sediments include only locally 
derived lithologies, and one detrital zircon age analysis 
from these deposits was not similar to Colorado River 
deposits (Kimbrough and others, 2015). These deposits 
are orange-tinted, and include gravel and cross-bedded 
sands; similar “yellow sand” deposits were described by 
Buising (1990). It is possible that these deposits record 
flow from initial overflow from the Lake Havasu / 
Chemehuevi Valley area, reworking of local axial valley 
deposits by wave action at or near the shoreline, or both. 
The lowermost carbonate deposits are interbedded with 
cross-bedded sand, and are overlain by yellow marl and 
then green clay (Bright et al., in review); this is a fairly 
typical basal Bouse sequence.

The microfossils and isotope values of these deposits 
have recently been studied in detail and have been 
compared to localities in Chemehuevi Valley to the 
north and the Cibola area to the south (Bright et al., this 
volume). The microfaunal assemblage includes barnacle 
fragments (Zulo and Buising, 1989), stem casts, the 
reproductive structures of charophytes, shell fragments, 
and conispiral gastropods identified as Batillaria sp., 

abundant spiraled foraminifers and small numbers of the 
ostracodes Cyprideis sp. and Limnocythere sp. in the basal 
carbonate layers. Microfaunal remains were much more 
abundant in the yellow marl and green clay deposits, 
including Cyprideis sp., and the continental ostracodes 
Limnocythere sp. and Candona sp. are present in much 
lower numbers. Spiraled foraminifers and Cyprideis sp. 
valves occur together in the yellow marl, and snail molds 
and fish bone and scale were found at the top of the 
yellow marl. Thus, the fossil assemblage includes a mix 
of continental and typically marginal marine ostracodes. 
The isotope geochemistry of faunal remains and the 
sediment they are in is obviously complex, but isotopic 
values for δ18O and δ13C from shells and sediment are 
strongly and slightly negative, respectively. Thus, they are 
not indicative of marine conditions (Bright et al., this 
volume).

Return to vehicles and proceed 100 feet east . STOP at 
junction with CA/AZ -62 Aqueduct Road, south toward 
Parker.

Alternate Trip to Whipple Mountain Saguaro Forest 
(Daniels, this volume). RESET ODOMETER to 00.0

Figure 8. Map showing location of Stop 1-7, courtesy Tom Schweich.
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00.0 Proceed across intersection (NW) on Parker Dam 
Road

3.0 (3.0) Pass Bermuda Palms.

4.6 (1.6) Pass River Shores.

6.4 (1.8) Pass BLM Desert Riviera park.

7.1 (0.7) BLM Rock House Visitor Center .

7.8 (0.7) BLM Windmill Management area.

9.0 (1.2) Bullfrog Day Use Area. Parker Dam Road jogs 
left then right (NE).

9.9 (0.9) Cross Copper Basin Canyon wash. Parker Dam 
Road jogs right, then left to ascend dune covered hill.

10.2 (0.3) Echo Lodge.

11.0 (0.8) Echo Point. Watch for traffic ahead and 
behind.

11.2 (0.2) TURN LEFT (N) into Copper Basin Dunes 
BLM OHV area. Proceed northwest to assembly parking 
area and restrooms.

STOP 1-7: California Saguaros. Saguaro cactus are 
the hallmark of the Sonoran Desert Flora (Shreve. 1951; 
Daniels, herein). Explore the 4WD drive roads in search 
of Saguaros on the California side of the Colorado 
River. The closest saguaro is about 500 feet southwest 
of the restrooms. The presence of saguaros on the west 

side of the Colorado River 
raises the question of 
when this member of the 
Sonoran Flora arrived. 
Arrival of creosote and 
other Sonoran flora was 
around 18,700 years ago 
(Van Devender, 1985), 
prior to the last glacial 
maximum. Is the presence 
of the Gila monster 
(Heloderma suspectum) 
related to the introduction 
of Sonoran flora into 
southeastern California 
(Beck, 2005)? This lizard’s 
range is from Arizona to 
Sonora, Mexico, but it 
is also found in extreme 
southeastern California, 
southern Nevada, extreme 

southwestern Utah, and New Mexico. The Gila 
monster is most commonly found in mountain foothills 
dominated by saguaros and palo verde trees (Lovich and 
Beaman 2007). Return to vehicles, RETRACE to Parker 
Dam Road. 

RESET ODOMETER to 00.0

00.0 (00.0) STOP at Parker Dam Road. Watch for traffic 
ahead and behind

1.3 (1.3) Cross Copper Basin Canyon wash. Parker Dam 
Road jogs left then right.

4.1 (2.8) BLM Rock House Visitor Center.

8.2 (4.1) Pass Bermuda Palms.

11.2 (3.0) STOP at Junction with CA/AZ -62 Aqueduct 
Road. TURN LEFT (S) toward Parker and cross the 
Colorado River. Obtain gas and supplies in Parker. 

0.0 (0.0) RESET ODOMETER to 00.0.

0.2 (0.2) Cross Colorado River. Proceed south through 
Parker on AZ-95–South California Avenue.

1.0 (0.8) Pass Agency Avenue/Rio Vista Highway.

2.0 (1.0) Pass Mohave Road running to right (W).

2.4 (0.4 ) Watch for oncoming traffic.

2.5 (0.1) TURN LEFT (E) on Shea Road.

Figure 9. Local Map 4, end of Day 1 and start of Day 2, courtesy Tom Schweich.



r. e. reynolds, p. a. pearthree, p. k. house, et al. | colorado river trough—the field trip

212016 desert symposium

5.2 (2.7) Shea Road bears left (ENE).

5.8 (0.6) Shea Road bears left (NE).

6.6 (0.8) Shea Road bears right (E).

17.8 (1.2) Shea Road drops into Osborne Wash. SLOW; 
watch for oncoming traffic. TURN RIGHT (S) onto 
stable gravels of Osborne Wash and reconvene. 

STOP 1-8: Osborne Wash. Walk to exposures on the 
south side of Osborne Wash and discuss the sequence 
of facies. The sedimentary and volcanic rocks exposed 
in Osborne Wash and on the side of Black Peak were 
deposited in the Buckskin Basin. This basin was 
separated from the Whipple Basin by the Billy Mack 
Mountain fault and sandstones and conglomerates are 
time-correlative with the Copper Basin Formation, and 
which contain large clasts of 18 Ma Peach Springs Tuff. 
The latest Miocene- early Pliocene Bouse Formation and 
immediately underlying fanglomerates are separated 
from older units by a buttress unconformity. 

Outcrops in the wall of Osborne Wash show a pale pink 
Upper Miocene fanglomerate (Osborne Wash strata of 
Buising, 1990) capped by 1–2 m of yellow sands with 
minor locally-derived gravel. As at the Earp locality, the 
yellow sandstone locally interfingers with the white, 
well-bedded basal carbonate of the Bouse Formation. 
Although Buising (1990) included the yellow sand and 
similar deposits in the Osborne Wash strata, we have 
recently interpreted the yellow sand and reworked, 
rounded local gravel as the basal unit of the Bouse 
Formation (Gootee and others, 2016). These are likely 
nearshore deposits recording a rising water level. We 
note, however, that the oxidation that has imparted 
the distinctive color to these sediments does extend 
somewhat into underlying, pre-Bouse deposits in many 
exposures. The carbonate is in turn overlain by up to 10 
m of poorly exposed green silt of the Bouse Formation 
(Buising, 1988, 1990; Smith, 1960, 1970; Reynolds and 
others 1992; Reynolds and other, 2007; Spencer et al., 
2015). 

There are nearly continuous outcrops of basal Bouse 
deposits on the south side of Osborne Wash for about 
0.5km to the east of this site, with more outcrops upslope 
to the south along several small tributary drainages. In 
addition, many preserved basal Bouse carbonate deposits 
are draped on colluvium and bedrock hillslopes to the 
north across Osborne Wash. These extensive exposures 
provide a glimpse into the topography that existed in the 

northernmost part of the Blythe basin when deposition 
of the Bouse Formation began. The approximate base 
of Bouse deposits in the westernmost outcrop along 
Osborne Wash is ~177m asl; the base of the Bouse in 
the easternmost outcrop is 183m asl, suggesting a gently 
west-sloping valley generally similar to the modern 
situation. The base of the Bouse exposed in outcrops 
in tributary valleys rises more rapidly to the south, 
up to ~193m asl within 100-200m. Thin sub-Bouse 
alluvial fan deposits pinch out in that direction, and at 
southernmost exposures basal Bouse sand and carbonate 
were deposited on an erosion surface cut across tilted 
fanglomerate and sandstone beds. Across Osborne 
Wash, the basal Bouse exposures range from 179m in the 
northwest to 185m asl in the southeast, so a very similar 
range. Farther north and east, remnants of basal Bouse 
limestone and travertine deposits ranging in elevation 
from ~190-220m asl are draped over gently west- and 
southwest-sloping bedrock hillslopes and colluvium – we 
will see some nice examples of these deposits at our first 
stop tomorrow. Thus, a valley very similar to the modern 
valley existed in this area when Bouse deposition began.

End of Day 1

Day 2
Day 2 starts at Stop 1-10 at Osborne Wash on the south 
side of Shea Road.

CAUTION: The Day 2 route north requires high 
clearance 4WD vehicles due to deep sand, boulders 
aimed at oil pans, and steep windy roads with impaired 
visibility. Authors highly recommend following a leader 
who is familiar with the route. Reconvene and drive 
north to Shea Road.

0.0 (0.0) STOP at Shea Road and look both directions 
for traffic. Cross one vehicle at a time. Proceed north in 
Osborne Wash along BLM HS342. Late Quaternary 
deposits of Osborne Wash are exposed in the high banks 
on the left.

0.3 (0.3) Ahead on the left, sand from a large active dune 
on top of the Osborne Wash deposits spills over the slope 
from above.

0.8 (0.5) Road in Osborne Wash bears left (NW) 

1.1 (0.3) TURN RIGHT (N) out of wash into east-
trending tributary. Proceed easterly in drainage.

1.2 (0.1) BEAR RIGHT (NE) along drainage.
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1.4 (0.2) Road deteriorates; stop at high exposure of 
green to yellow fine-grained Bouse deposits.

STOP 2-1: The primary purpose of stops 2-1 and 2-2 is 
to look at various facies of the Bouse Formation in an 
area quite close to where Colorado River water entered 
the system. In this area there are extensive exposures of 
fine-grained siliciclastic Bouse deposits stratigraphically 
above basal carbonate deposits, which were draped over 
bedrock hillslopes and alluvial fan deposits. 

Area 2-1A: Here, approximately 20m of primarily clay 
and silt deposits with some thin, fine, quartz-rich sand 
beds are exposed. These deposits represent progradation 
of a delta complex supplied by the Colorado River 
(Buising, 1990). We have found no clear evidence of 
subaerial exposure at the stratigraphic levels exposed in 
this area, so we infer that these are prodelta sediments 
deposited in fairly deep water; sand beds may record 
turbidite activity (from Spencer et al., 2015). 

Follow the bulldozed track to the east for ~250m. Look 
for extensive outcrops of travertine and limestone on the 
slope to the east as the track turns upslope to the north.

Area 2-1B In this area, basal carbonate deposits are 
draped over a fairly complex, west-facing bedrock 
hillslope environment through an elevation range of 
~165m asl (this site) to ~220m asl. There are some 
massive concentrations of travertine (Crossey et al., 
this volume), some of which are separate mound-like 
features on bedrock; there also smaller concentrations 
of travertine on bedrock or interbedded with limestone, 
sandstone or carbonate cemented colluvium. As we 
hike upslope along the track, gullies to the east have 
downcut through drapes of carbonate over carbonate-
impregnated coarse colluvium, much of which is quite 
angular, but locally is subrounded to rounded. We 
attribute this rounding to wave action as the water 
level rose in the landscape, and colluvial deposits were 
reworked in the nearshore zone. In addition, look for 
spectacular examples of limestone or marl beds draped 
over cobbles and boulders. The track itself climbs to the 
north on slopes that are mostly mantled with gravel, but 
are underlain by thick, fine-grained Bouse siliciclastic 
deposits. These deposits were draped over and probably 
buttressed against the basal carbonate drape. We 
interpret these relationships to indicate a rising water 
level recorded by carbonate deposition, followed at some 
later time an influx of siliciclastic sediment supplied by 
the Colorado River (e.g., Pearthree and House, 2014). 

Figure 10. Detail showing start of Day 2, courtesy Tom Schweich
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Continue to hike north along the track following a 
tributary drainage; bear right at the road fork and 
continue upslope to the top of the ridge, where a track 
joins from the west. Turn right and continue a bit farther 
until you can see into the larger valley to the north. 

STOP 2-2: This site provides an excellent overview of 
well-exposed Bouse deposits in the valley. In the incised, 
northeast-trending tributary valley below us (2.2A) there 
are excellent exposures of basal carbonate, including 
1–2m thick carbonate cemented and encrusted coarse, 
angular colluvium derived from the underlying volcanic 
rock, thinly bedded marl and calcareous sandstone beds 
draped over the colluvium on a steep, west-facing slope, 
probable slump deposits of colluvium over marl, and 
draped by marl. All of these deposits accumulated on a 
moderately steep (~25°) west-facing hillslope. The marl 
deposits grade up into a drape of green mudstone 4–10m 
thick, with pink silty sand at the top of the section. 
We interpret this section as recording rising water on 
a steep, coarse bedrock hillslope mantled with coarse 
colluvium. Wave action reworked the colluvial deposits, 
probably contributing to their unusual thickness. 
Carbonate precipitation associated with the rising water 

impregnated and cemented the colluvium, and as water 
depth increased, calcareous sandstone and marl were 
draped on the subaqueous slope. Carbonate deposition 
transitioned into mud deposition upon the arrival of 
siliciclastic sediment supplied by the Colorado River. 
Both the marl and siliciclastic mud deposition occurred 
as a result of small particles descending to the floor of 
the water body in suspension, and thus were draped over 
relatively steep topography.

Farther down the valley to the northwest, there are 
excellent exposures of similar units as we saw at the final 
stop of Day 1 and at Stop 2.1. These include (1) thick 
sections of fine siliciclastic deposits, primarily clay and 
silt, but including thin, continuous and discontinuous 
beds of fine sand; (2) basal carbonate deposits draped 
over west-facing paleo-hillslopes formed on bedrock, 
including another fine exposure at area 2-2B that is very 
similar to area 2-2A; (3) west of the paleo-hillslope, 
gently south-dipping yellow sand and gravel deposits; and 
(4) less than 0.5 miles north along the valley, relatively 
unaltered, fine gravel is exposed beneath the yellow sand. 
Although it is not apparent from this vantage point, the 
general slope on the 

Figure 11. Stops 1-6, 1-8, 2-1, 2-2A, and 2-2B, courtesy Tom Schweich
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If time permits, the hiking group will follow the track a 
short distance to the east, and then pick their way down 
into the small valley immediately to the northwest of this 
site. Follow the group leaders to:

Climb down into the small valley, and make your way 
carefully down to the west, checking out some of the 
fascinating deposits and relationships exposed there. 
Continue walking downstream to the north and west 
to see excellent exposures of Bouse siliciclastic deposits 
along the main valley. At ~0.3 miles, basal carbonate 
deposits are exposed in the floor of the valley, and 
continue to the north. Another small tributary joins the 
main wash a short distance north; there are similarly 
intriguing exposures of basal carbonate deposits overlain 
by fine siliciclastic deposits in this side valley (area 2-2B). 
If you continue walking downstream to the north and 
then west along the main valley, you will see extensive 
exposures of the yellow sand/golden gravel interbedded 
with and beneath basal carbonate deposits, and 
underlain by unaltered pre-Bouse axial valley gravels.

Retrace foot route south, and climb SW out of gully, 
south along the drainage and return to vehicles at Stop 
2-1. REVERSE ROUTE and return to Osborne Wash 
and Shea Road.

1.9 (0.4) TURN LEFT (S) toward Osborne Wash

2.0 (0.1) Osborne Wash. Proceed left (SE) to Shea Road

3.2 (1.2) STOP at Shea Road, Regroup: Watch for 
oncoming traffic from both directions. Turn right (W) 
toward AZ 95 and Parker. 

8.3 (5.1) Stop at Railroad Tracks

8.5 (0.2) Stop at AZ-95. Watch for cross traffic. Turn 
right (N) on AZ-95. 

9.0 (0.5) Turn left (W) on Mojave Road

10.4 (1.4) Pass 1st Avenue

10.5 (0.5) Pass 2nd Avenue and cross canal. Mohave 
Road bears southeast

15.2 (4.7) Mohave Road bears left (S).

17.2 (2.0) Indian School Road.

19.1 (1.9) Slow; prepare to turn right ahead. 

19.2 (0.1) TURN RIGHT (W) on Agnes Wilson Road.

21.8 (2.6) Cross the Colorado River.

23.6 (1.8) Pass pinkish Pleistocene Chemehuevi 
Formation with an dincised Holocene Colorado River 
meander. 

24.5 (0.9) Stop at CA-95. Look north and south for 
oncoming traffic. CROSS HWY 95 on Agnes Wilson 
Road.

24.9 (0.4) Junction, bear 15o WSW on hard-to-see road

25.5 (0.6) STOP 2-3: Calzona fan delta—Calzona 
Mine. The view south across this small incised valley 
shows variegated fine siliciclastic Bouse delta deposits. 
Fine reddish brown to greenish yellow clay and silt 
deposit are immediately beneath on the north side of 
the wash, but are easier to see across the valley to the left 
(SE), where the fine siliciclastic Bouse deposits lap against 
and are buttressed a steep paleo-hillslope formed on 
metamorphic bedrock. Bouse carbonate and nearshore 
deposits are exposed at the top of the siliciclastic remnant 
up to at least 225m asl. In the chasm in the valley 
bottom, the siliciclastic sequence is underlain by strongly 
cemented Bouse fan-delta deposits, interlayered with 
marl and travertine (See Fig. 5, House and Pearthree, 
this volume). Fan deltas are common components found 

Figure 12. Stop 2-3, courtesy Tom Schweich
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at tributary mouths along margins of Bouse basins. 
Gilbert-style fan deltas with well-developed bottomset, 
foreset and topset deposits are the most striking and 
obvious examples. Such Bouse-era fan deltas have been 
found in each of the valleys in the Lower Colorado 
River corridor. The example here is particularly well-
exposed and preserves an irregular paleotopography at 
its base. The internal structure of the Calzona fan-delta 
can be observed in great detail along the walls of a slot 
canyon that has formed in it. The base of the clastic 
sequence is well exposed in the slot and it is possible to 
see complexly interbedded marl and travertine (including 
prominent drapes of each) along a traverse up the canyon. 
Be extremely careful of unstable blocks and precarious 
mining-related structures if you choose to enter the 
canyon. 

At this stop, the Bouse is capped by a one meter thick 
paleosol with pedogenic carbonate. The soil in turn, 
is truncated by a well developed pavemented surface. 
Retrace east to CA 95

The Mountaineer (Calzona) mine (34 2.371N 114 
30.185W). This group of claims was worked by the 
Calzona Mines Company from 1898 to 1920. The mine 
explores a mineralized zone near the junction of two 
faults in limestone, dolomite and schist. Gold occurs 
in a gangue of quartz, barite, chalcopyrite, malachite, 
chrysocolla and oxides of iron and manganese. In 
1920 the Mountaineer Mining Company acquired 
the property and in 1935 a 50-ton flotation plant was 
installed. Operations at the mine were suspended 
in October, 1935, due to low recovery of the gold by 
flotation. In 1960 the property was leased by Figueroa 
Mines Company, who shipped 21 tons of select ore to the 
ASARCO smelter at Hayden, Arizona.

In 1898, the Mc Kesson group of claims were located 
and soon taken over by the Calzona Mines Company. 
In 1911, the Calzona property was owned by Dr. Robert 
Vermilyea of Redlands. At a depth of 50 feet, the miners 
struck an iron/manganese-rich cap rock known as a 
gossan. This gossan was void of precious metals, but 
they continued to sink the shaft, reaching 300 feet and 
limestone in September, 1911. On the 100 foot level of 
the shaft, a cross-cut was driven which encountered “the 
ore body” which “reportedly was running $500 per ton.” 
The Calzona camp during 1911 was outfitted with an 
assay office, equipment, and office buildings, including a 
company store. Water was pumped 5,000 feet from the 

Colorado River. During the summer, 10 men worked at 
the mine, during the winter, 30.46

Early in October, 1912, the Calzona mine was purchased 
by the Republic Smelting Corporation. This company 
immediately came in with big plans. They put in a wagon 
road costing several thousands of dollars. Without 
wasting any time, they surveyed a route from the Santa 
Fe tracks to the mines for a railroad. This was never 
constructed. In February, 1914, 4 men were employed 
mining the property. The Calzona Mines Company 
continued to operate the former property until 1916.

In 1915, 50 tons of ore yielded 1.84 oz of gold per ton, .2 
oz of silver per ton, and 7.6 % copper. In 1916 46 tons of 
ore yielded .62 oz of gold per ton, and 4.4% copper. In 
1934 1,495 tons of ore yielded .054 oz of gold per ton, 
.008 oz of silver per ton.

In 1920, the property was sold to the Mountaineer 
Mining Company of Los Angeles. During 1934, 12 
men were employed in construction and mining. An air 
compressor had been installed, and a twenty-four-ton 
flotation plant was erected for treatment of the ore. In 
September, 1935, the mill capacity was increased to 50 
tons a day. Twenty-six men were employed, working 2 
shifts on the mine and three shifts at the mill. The new 
mill operated only about a month, treating 1,460 tons of 
ore. Operations at the mine were suspended in October, 
1935, due to low recovery of the gold by flotation. In 
1938, it was reported that 15 men were employed at 
the mine. High-grade ore was being shipped to the 
Magna Smelting Company.47. (Saul and others, 1961; 
Vredenburgh and others, 1981).

26.5 (1.0) STOP at CA 95. Watch for oncoming traffic. 
TURN RIGHT (S) onto CA 95.

28.8 (2.3) Pass Lost Lake Road.

32.6 (3.8) Pass Hidden Valley Road.

35.8 (3.2) Pass a major wash containing the old Blythe–
Vidal Road on the right (W). There are good exposures 
of siliciclastic Bouse delta deposits along the north 
side of the next large wash (‘Jut’ Wash) and abundant 
travertine drapes and encrustations on Quien Sabe Point. 
Recent erosion along the wash downstream of the grade-
control structure reveals interbedded late Pleistocene to 
Holocene tributary and river deposits.

36.2 (0.4) Pass Water Wheel Resort. One of few bedrock 
outcrops influencing the modern Colorado River in 
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this large alluvial valley is exposed here. Aside from the 
small bedrock control, the river channel is relatively 
unconstrained and follows a particularly sinuous course 
for a few river miles. A notably sharp bend in the river 
just south of the Water Wheel Resort is a bank erosion 
concern for river managers.

37.4 (1.2) CA-95 bears left (SE) as it crosses the toe of a 
relatively young (Holocene) alluvial fan remnant that has 
been cut back by lateral erosion by the river, a relatively 
common situation along this side of the valley.

38.4 (1.0) Pass Shaggy Tree Lane on the left (E). The road 
crosses the toe of the Slaughter Tree alluvial fan complex 
for about 2 miles. This fan complex includes a variety of 
Pleistocene fan surface remnants and bears the imprint 
of 8–10 fluvial scarps documenting post-Chemehuevi 
erosion and net incision. 

40.5 (2.1) CA 95 passes Aha Quin Road on the left (E) 
and right (W) turn to an open desert valley

41.3 (0.8) Pass a left (E) turn to Paradise Point.

41.8 (0.5) Pass Wind River Road on the left (E).

43.5 (2.7) Pass Lonesome Dove Road on the left (E).

43.9 (0.4) The Blythe intaglios are on the right.

44.8 (0.9) Pass Clark Ranch Road on the left (E).

46.2 .(1.4) Pass Boat Club Drive on the left (E).

48.7 (2.5) Pass the Palo Verde Diversion Dam. Beyond 
the point of this major diversion, the Colorado River 
crosses its floodplain along a southeast trajectory and 
reaches the eastern edge of the floodplain at Ehrenberg. 
The major shift in the river’s position marks the 
boundary between Parker Valley to the north and Palo 
Verde Valley to the south.

49.3 (0.6) CA 95 bears SW.

53.0 (3.7) CA 95 bears south and is renamed North 
Intake Blvd. Beyond this point, the route crosses the 
center of the Colorado River’s floodplain.

55.7 (2.7) Pass 6th St leading east to May Flores County 
Park.

58.7 (3.0) Chanslor Way, aka Riverside Ave. TURN 
RIGHT (W) toward 7th Street.

59.7 (1.0) Stop at 7th St. Watch for traffic. TURN LEFT 
(S) toward I-10.

60.2 (0.5) Stop at Hobson and CA 95. TURN RIGHT 
(W) on Hobsonway. Food and supplies can be obtained 
at Albertson Market on the SE corner and Smart & Final 
on the NE corner.

60.7 (0.5) Traffic light at Broadway

61.1 (0.4) Traffic light at Lovekin. TURN LEFT (S). 

61.3 (0.2) Pass under I-10 and proceed south past gas 
stations. 

61.6 (0.3) Stop at 14th Avenue. TURN RIGHT (W) 
toward Neighbors Blvd.

62.6 (1.0) Stop at Defrain Road

63.6 (1.0) Stop at Arrowhead Boulevard

64.6 .(1.0) Stop at Neighbors Road/Hwy 78. Watch for 
traffic. TURN LEFT (S) toward Ripley and Cibola. 
RESET ODOMETER to 00.0

2.0 (2.0) Proceed past 18th Street.

4.8 (2.8) Slow through Ripley.

6.7 (1.9) Stop at 28th Street. PROCEED STRAIGHT 
SOUTH on Neighbors Blvd. Hwy 78 jogs right (W).

7.7 (1.0) 30th Street.

8.7 (1.0) 32nd Street.

11.8 (3.1) Imperial county line.

12.9 (1.1) Slow as road bends right.

13.2 (0.3) Cibola Bridge. Cross the Colorado River. 
Once across the river, you have left Palo Verde Valley 
and entered Cibola Valley, a small patch of floodplain 
between the river’s east bank and the piedmont of the 
Trigo Mountains. Welcome to La Paz County, Arizona. 
PROCEED SOUTH on River Road (Cibola Road).

15.8 (2.6) Stop at G & SR Baseline Road in Cibola 
Valley. PROCEED SOUTH. B & B Market is located 
west on Baseline at Mojave St.

16.8 (1.0) Cibola National Wildlife Refuge Visitors 
Center.

20.3 (3.5) Cibola Sportsman’s Club.

21.1 (0.8) Cibola Crossroads. Intersection with east/
west road, road west to bridge crosses river to reach SR 
78. TURN LEFT (east) to barnacle locality in Hart (not 
Hart Mine) Wash.
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Figure 13. Overview Map 2, courtesy Tom Schweich
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23.4 (2.3) Cross Hart Wash.

23.6 (0.2) Pull left into barnacle locality and PARK. 

STOP 2-4: Hart Wash Barnacles. This is one of 
many locations in the middle and upper piedmont where 
basal Bouse carbonate deposits are draped over alluvial 
fan, or reworked alluvial fan, deposits. The fan deposits 
underlying basal carbonate deposits nearly always have 
an orange tinge indicative of oxidation, but pockets of 
greenish color are also common. Silty marl at this site 
contains numerous disarticulated valves of mixed 
species of freshwater clams (LaFollette p. c. to 
Reynolds, Feb. 2016). The valves were distributed by 
the current, and were subsequently used as anchors 
by barnacles. Barnacles can tolerate brackish but 
not fresh water (Zulo and Buising, 1989; Reynolds 
and Berry, 2008), thus the fauna is a curious mix 
of environmental indicators. If time permits, 
walk southwest down drainage to look at barnacle 
coquina that is similar to recent beach deposits of 
disarticulated barnacle plates at Corvina Cove on 
the east side of the Salton Sea.

From Stop 2-4, we will walk north and drop into Hart 
Wash and then walk ENE on 
the south bank of Hart Wash 
to inspect five Bouse exposures. 
Stratigraphic symbols used in 
outcrop discussions are:

Tbz = upper bioclastic sand 
and conglomerate, locally 
interbedded with Tbs

Tbs = fine reddish brown 
siliciclastic deposits, including 
clay, silt, and minor sand.

Tbc = lower (basal) carbonate 
of marl, travertine, calcareous 
sandstone 

Tbg = reworked local nearshore 
gravel and sand (the ‘golden 
gravel’)

Outcrop 1: Tbs/Tbz: The base 
of this section is stratigraphically 
above, but probably just above, the 
top of the previous outcrop of basal 
carbonate. This section exposes 
bioclastic limestone interbedded 
with local gravel at the base, 

overlain by reddish brown mud, interbedded upsection 
and to the east with thin bioclastic-rich sands. The 
interbedded section is overlain by only bioclastic sand 
with thin carbonate beds, rather like marl, interbedded 
with fine, then coarse locally-sourced gravel beds with 
bioclastic fine matrix, including some rounded cobble 
to boulder size masses of tufa. We believe that all of the 
section is part of the enigmatic upper bioclastic unit 
(Tbz; Gootee et al., 2016; this volume), which is a variant 
on the upper bioclastic limestone unit first described 
by Homan (2014). The interbedding of bioclastic rich 
sediment with fine siliciclastic sediment was described in 
a few locations by Homan (2014), and has subsequently 
been recognized at a number of other locations between 
~110-158m asl (O’Connell, oral and written comm.; 
Gootee et al., 2016).

Walk about 0.25 mile ENE up Hart Wash; there are 
extensive outcrops of gravelly Tbz at the base of the slope 
bordering the wash. Turn SE up small drainage; look for 
interesting outcrop of Bouse carbonate deposits on the 
left at about 0.1 mile.

Outcrop 2: Tbz/Tbc: At this location, bioclastic-rich 
sandstone and gravel (Tbz) beds directly overlie basal 

Figure 14. Stop 2-4 through 2-7, courtesy Tom Schweich
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marl (Tbc) over an erosional contact. The basal marl 
contains minor green mud layers. The erosional contact is 
wavy, almost grooved, at least 0.5m erosional topography. 
Much of the overlying sand and gravel is thin to medium, 
wavy to planar bedded, but in part of the section there 
are W to NW facing moderately dipping foreset beds. 
There are chunks of bioclastic material of various sizes in 
the sand and gravel. Since the basal carbonate continues 
much higher in landscape in this area, and is erosionally 
overlain by bioclastic-rich gravel and sand deposits in a 
number of exposures, our interpretation is that upper 
bioclastic unit prograded over eroding landscape mantled 
by Bouse deposits.

Retrace your route to Hart Wash. Continue 0.25 miles 
ENE up Hart Wash; there are more outcrops of the 
upper bioclastic unit along the bank, including some 
rounded local gravel that we infer is eroded from golden 
gravel deposits beneath the basal carbonate deposits. 
Turn ESE up a large tributary, which eventually turns to 
the south. Look for excellent exposures on the right as 
you approach higher, more dissected deposits.

Walk SE along large drainage

Outcrop 3: Tbz/Tbc: This is an interesting exposure of 
~1m of golden gravel (Tbg) with abundant carbonate 
cementation and thin travertine layers (Tbc)and rock 
coatings at top. These deposits are abruptly overlain by 
1-2m of thin bedded marl, with alternating limestone 
and pale greenish gray mud layers higher in the section. 
These deposits are erosionally overlain by upper bioclastic 
sand (Tbz) and locally-derived gravel, with several small 
erosional channel forms at the contact. Shell hash makes 
up much of matrix of the Tbz deposits. Deposits are 
coarser higher in the section, and include rounded tufa 
cobbles and possible branch-form rhodolith fragments

Walk SE along the large drainage.

Outcrop 4: Tbc/Tbg: Exposure of basal marl (Tbc) over 
2 distinct underlying fanglomerate packages. The lowest 
exposed fanglomerate (Tbg) is tan, with substantial sand 
and silt and some local pebbles and cobbles in particular 
layers. It is overlain by generally coarser gray gravel over 
an erosional contact with at least 1m of paleotopography 
(in other exposures near Hart Mine Road there is at least 
2m of erosional relief on the contact). The upper 1-2m 
of the gray gravel is oxidized with subangular to well-
rounded clasts – the golden gravel. The topmost layer 
of golden gravel is a lag of pebbles, cobbles, and small 

boulders, with most clasts at least somewhat rounded. 
To examine this layer more closely, take advantage of the 
large chunk of golden gravel that is flipped over in the 
wash bed. The golden gravel (Tbg) is overlain by 2m of 
mostly thin-bedded marl (Tbc) with some thin bioclastic 
limestone layers, which is overlain by relatively loose 
Quaternary gravel. Thus, there are no upper bioclastic 
deposits preserved in this location. 

Walk ENE across this large wash and up to an isolated 
hill of Bouse carbonate deposits.

Outcrop 5: Highest Tbz/Tbc: This is the highest 
exposure of Tbz deposits over Tbc deposits that we 
have found on the Arizona side of the Colorado River. 
Travertine encrusts boulders in the underlying golden 
gravel at base of the carbonate section. This is overlain by 
2m bioclastic limestone and marl with fine sand and silt 
interbeds; there is a lag of pebble to cobble size rhodolith 
fragments on eroded surface. The very top of hill at 
~198m asl consists of a small remnant of bioclastic-rich 
gravel and sand over an undulating erosion surface; this 
is probably a poorly preserved remnant of the upper 
bioclastic unit. 

Walk SW across terrace to Hart Mine Road and west 
to vehicles at Stop2-4. Leave the Hart Wash location 
and proceed to Cibola Cross Roads, then south to the 
Hart Mine Wash localities. RETRACE to Cibola Cross 
Roads.

26.1 (2.5) Stop at Cibola Cross Roads. TURN LEFT 
(S). Proceed south on River Road toward the Hart Mine 
turnoff.

27.0 (0.9) Hart Mill and Hart Mine turnoff. BEAR 
LEFT 15oSW. Drive past Hart Mill.

27.5 (0.5) Ascend terrace.

27.8 (0.3) At the top of the terrace, TURN LEFT (NE). 
Beautiful exposures of Bouse marl and green, yellow 
and reddish brown siliciclastic deposits are exposed in 
the next valley to the south, informally named “Hidden 
Wash.” Some deformation of Bouse deposits is obvious 
from a distance.

28.4 (0.6) Hart Mine Road bears ENE

29.1 (0.7) PARK at BLM kiosk. STOP 2-5: Hart Mine 
Wash. Hike northwest for 0.4 miles across some middle 
to late Pleistocene alluvial fan deposits and drop into 
Hart Mine Wash (HMW) from the south
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Once we get to the southern edge of HMW we will 
walk downstream to the west through a fairly complete 
section of the various facies of the Bouse Formation. 
Conveniently, the surface at the base of the Bouse 
carbonate section dips more steeply to the W than does 
the modern wash bed, so by walking downstream we 
are walking up-section. The exposures are dominated 
initially by the alluvial fan deposits that commonly 
underlie the basal Bouse carbonate deposits. There are 
many examples of obvious reworking of the fan deposits 
in a near-shore environment, and layers that are clearly 
coarse lag deposits where the fines were presumably 
winnowed away by wave action. As noted in the previous 
stops, the upper few meters of these deposits commonly 
are orange-stained or green-tinged, presumably resulting 
from inundation associated with the Bouse. 

Outcrop 1: This outcrop is located at the downstream-
most outcrop of the golden gravel beneath the basal 
carbonate. This ~5m section of carbonate was described 
in detail by Homan (2014) and Bright (Bright et al., 
2016). Here the carbonate section includes nearshore 
bioclastic-rich limestone and travertine and relatively 
resistant marl deposits. Some beds of bioclastic limestone 
are rich in barnacles, as at our previous site, and there are 
modest amplitude, W-dipping foreset beds and smaller-
scale oscillatory ripples. These are all indicators of a near-
shore environment. 

Walk downstream as the left bank bends to the SW and 
continue ~0.2 miles.

Outcrop 2: This outcrop exposes a higher part of 
the carbonate section and the beginning of a gradual 
transition upward into more siliciclastic deposits. The 
carbonate section here is the upper, less resistant marl, 
which has been interpreted as a deeper/quieter water 
deposits well below wave base (O’Connell et al., this 
volume). 

Walk downstream another 0.1 mile.

Outcrop 3: The lowest 1m is fairly clean white, locally 
orange stained powdery marl. This transitions upward 
into very finely bedded clay beds, with some whiter 
limestone beds. There is gradually more green mud 
up section, until limestone is seen no more. Greenish 
mudstone transitions upward into reddish brown mud, 
silt and minor fine sand, and the section is capped by 
Quaternary gravel. The arrival of significant amounts 
of very fine siliciclastic material presumably signals 

the beginning of distant pro-delta deposition, which 
suppressed deep-water carbonate precipitation and 
deposition. Of particular interest in this section is a fairly 
dramatic change in stable isotope values and microfaunal 
assemblages near the top of the marl section. Bright et 
al (2016) argue that none of the isotope ratios from any 
of these sections are consistent with marine water. They 
argue that relationships below the isotopic transition 
could have existed in a stratified saline lake environment 
with a fresh water cap, and relationships above the 
transition reflect a thoroughly mixed lake. From this 
evidence, they argue that the transition may be evidence 
of a lake spillover at the southern end of the Blythe 
basin, resulting in catastrophic lowering of the divide 
and mixing of the lake water. The influx of siliciclastic 
sediment immediately above the isotopic transition could 
be the result of erosion of higher delta deposits in the 
north that were exposed by lake lowering.

In contrast to this interpretation, McDougall and 
Miranda-Martinez (2014; this volume) interpret forams 
from the carbonate section as indicating fairly deep 
marine or estuarine water. In addition, McDougall 
(this volume) argues that the lower part of the section 
must be at least 6 Ma based on the known age limit of a 
particular foram species, and that the section exposed at 
this outcrop must be greater than 5.3 Ma. Thus, Bouse 
outcrops raise more questions.....!

Hart Mine, Trigo Mountains, La Paz County, 
Arizona (33 17.591N, 114 35.064W)

The Hart (or Hardt) mine was worked in the 1890s. 
Around 1900 a Mrs. Hardt owned the property, a 
5-stamp mill was erected but three mill runs yielded 
disappointing results (Wilson, 1933, p.72). Gold 
at the Hart mine occurs in narrow quartz veins in 
Jurassic dioritic gneiss. The mine was examined by the 
USGS (Bulletin 1702-J) in the 1980s in connection 
with an evaluation of the adjacent Trigo Mountains 
Wilderness Study Area. They reported, “gold resources 
were calculated for the gold bearing quartz veins in 
two adits at the Hart mine. In the upper adit, average 
gold concentrations are calculated to be 0.22 oz/st for 
about 150 st of material. In the lower adit, average gold 
concentrations are calculated to be 0.13 oz/st for about 
10,000 st of material. The tonnages were calculated using 
one-half the strike length of each fault and a tonnage 
factor of 12.2 cubic feet per short ton. The resource is 
sub-economic.” In addition mercury (as much as 2.4 
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ppm), and silver (as much as 5 ppm) were detected. 
(Sherrod and others, 1989; Wilson, 1933; submitted by 
L. Vredenburgh). 

Return to vehicles. RETRACE to Hart Mill. Proceed to 
River Road

32.2 (2.1) Stop at Cibola Road (River Road). TURN 
LEFT (S) and proceed south to find (obscured) entrance 
to Quarry Wash. 

33.6 (1.4) TURN SHARP LEFT (E) into Quarry Wash 
(aka: Big Fault Wash) and proceed east past quarry where 
the marine fossil False Grunion (Colpichthys sp.; Todd, 
1976) was found. 

33.8 (0.2) Pass the quarry. Proceed east along Quarry 
Wash. 

33.6 (0.3) Wash road bears right (SE).

33.8 (0.2) Wash road bears left (E).

34.0 (0.2) STOP 2-6: Bouse on Bouse. PARK before 
the wash road narrows. The Bouse sequence exposed on 
the north wall of the valley includes a distinctive white 
marl, the upper part of the basal carbonate sequence, 
overlain by the reddish brown mud, capped by fine, tan 
quartz-rich sand. No upper bioclastic deposits (Tbz) are 
preserved at this locality. The upper bioclastic sand (Tbz) 
deposits are restricted to of the Big Fault exposure, where 
they can be seen in the hanging wall of the fault zone on 
north and south sides of the slot canyon.

Time permitting, hike a 0.7 mile east along Quarry 
Wash in the slot canyon to see the “Big Fault” exposure, 
an important tectonic feature that juxtaposes lower 
Bouse sequence against older pre-Bouse fanglomerate 
(O’Connell , this volume). Exposures show Bouse 
carbonate overlain by red sandstone and mud (green 
clay beds absent) overlain by the upper bioclastic 
limestone unit with mud cracks (Homan, 2014; Gootee 
et al., 2016). The bioclastic unit coarsens upwards into 
conglomerate and fanglomerate. In the hanging wall of 
Big Fault the contact between the upper bioclastic unit 
and underlying Bouse carbonate is unconformable near 
the fault zone, and conformable further away from the 
fault, indicating faulting was coeval with and continued 
after deposition of the upper bioclastic unit. 

From vehicles at Stop 6, hike southwest 600 feet across 
terrace and enter wash bottom to STOP 2-7. The wash 
cuts through white marl to expose yellow, cross-bedded 

sands with brackish water gastropods (Batillaria sp.; 
Reynolds and Berry, 2008). These invertebrate-rich sands 
are similar to those at Earp, California and at Osborne 
Wash (Stop 1-10). Return to vehicles and RETRACE 
west past the quarry to River Road.

34.7 (0.7) TAKE THE LEFT FORK at quarry.

35.0 (0.3) Stop at Cibola Road (River Road). Watch for 
traffic. TURN RIGHT (N) toward Cibola Crossroads.

36.4 (1.4) Pass the Hart Mine reverse turn.

37.4 (1.0) Cibola Crossroads. TURN LEFT (W) toward 
the Colorado River.

38.3 (0.9) Cross east levee road.

38.4 (0.1) Cross the Colorado River on single lane 
bridge.

38.6 (0.2) TURN RIGHT (N) on Levee Road on the 
west side of the river.

42.0 (3.4) TURN LEFT (W) toward Marlow Road and 
SR 78. Marlow Road bears NW.

42.6 (0.6) Proceed north on Marlow Road to SR 78.

44.2 (1.6) Stop at pavement of SR 78. Look for cross 
traffic.

44.6 (0.4) Proceed NW on Marlow Road to SR 78.

46.1 (1.5) Stop at pavement of SR 78. Look for cross 
traffic. TURN LEFT (S).

47.8 (1.7) Pass the road east to a rock quarry.

50.0 (0.2) Slow as you pass Palo Verde Park on east. 
Watch traffic from ahead and behind. Prepare to turn 
right across traffic.

50.2 (0.3) Turn left toward Palo Verde Point. Proceed 
north on dirt road to wooden posts.

STOP 2-8: Palo Verde Point. Walk north to 
Bouse tufa-covered outcrops. This rocky cove is the 
downstream side of a ridge of early Miocene volcanic 
and volcaniclastic rocks. In latest Miocene time, it was 
submerged by a Bouse lake filling the Blythe basin. 
Branching tufa structures were deposited by blue-green 
algae on eastern outcrops. Blue-green algae require 
relatively clear, sunlit, shallow water to deposit tufa 
(Li, 2003). Subsequently, cross-bedded sands with 
mollusks and barnacles covered the tufa deposits. This 
sequence suggests that the clear water lake was replaced 
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by shoreline activity that mixed a variety of fresh and 
brackish water invertebrates (Reynolds and Berry, 2008). 
Look around for gastropods that might describe the 
depositional environment. The tufa at Palo Verde Point 
is the lowest altitude for exposed tufa anywhere in the 
Blythe basin(~80 m/240 feet asl).

Bouse sediments (limestone, sandstone, and travertine) 
at Palo Verde Point are among the lowest-lying Bouse 
carbonate deposits in the lower Colorado River corridor. 
Deposits of wave-worked, nearshore sandstones protrude 
from the historical flood plain of the river at 70 m ASL. 
These deposits drape irregular bedrock topography to 
the level of the modern floodplain. The Bouse deposits in 
the PVP area form a relatively thick, sand-rich part of a 
transgressive clastic wedge of calcareous and siliciclastic 
nearshore sediments that extends discontinuously from 
the Colorado River floodplain (70 m) to about 100 m 
ASL in nearby parts of the Palo Verde Mountains. Local 
Bouse deposits are not found higher than about 220-240 
m ASL along the perimeter of the Palo Verde Mountains.

Note the petroglyphs carved in the spongy stromatolitic 
tufa. Petroglyphs at Travertine Point have been dated as 

Figure 16. Stop 2-8, courtesy Tom Schweich

Figure 15. Stops on Day 2, courtesy Tom Schweich
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9,100 years BP (Turner and Reynolds, 1977; Li, 2003). 
The cultural landscape is discussed by Cleland (2003). 
Return to vehicles. RETRACE south to pavement of 
CA-78, the Ben Hulse Highway, dedicated to the senator 
who worked to complete the four state highway system 
from Canada to Mexico. 

50.5 (0.3) Stop at CA-78. Watch for traffic from both 
directions. TURN RIGHT (N) onto paved CA-78 and 
proceed through the Palo Verde and on to 30th Avenue. 

52.4 (1.9) Cross Drain and pass Marlow Road

54.6 (2.2) Ben Hulse Highway (CA-78) bears left (NW).

55.7 (1.1) Ben Hulse Highway (CA-78) bears right (N).

57.1 (1.4) Slow passing through Palo Verde.

59.0 (1.9) Pass 35th Avenue.

60.5 (1.5) TURN RIGHT on 32nd Avenue.

61.8 (1.3) Stop, TURN LEFT (N) on Rannells 
Boulevard.

62.8 (1.0) Watch for traffic from ahead and behind. 
TURN LEFT (W) on 30th Avenue (Bradshaw Trail).

64.1 (1.3) Pavement ends.

64.7 (0.6) 30th Ave bends southwest and heads east 
toward a powerline road.

64.8 (0.1) BEAR RIGHT (W) and uphill toward a 
powerline. We are now on the Bradshaw Trail—the Gold 
Road to the La Paz Gold Fields (Potholes), named after 
William Bradshaw. The 180-mile trail began in the San 
Gorgonio Pass, ran to Agua Caliente (Palm Springs), 
and east to a stage stop at Dos Palmas Spring. The 
trail continued between the Orocopia and Chocolate 
mountain ranges, skirting the Chuckwalla range, and 
passed through the Mule Mountains to reach the Palo 
Verde Valley two miles south of Ripley. Water holes 
found at 30-mile intervals included Canyon Springs, 
Tabaseca Tanks, Chuckwalla Springs, and Mule Spring. 
(Johnston, 1977; Ross, 1992). PROCEED WEST to 
WAPA powerline.

65.8 (1.0) TURN LEFT (S) at WAPA Powerline.

66.3 (0.5) Drop into wash.

66.5 (0.2) Climb south bank of wash

Figure 17. Local Map Stop 2-9, courtesy Tom Schweich
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66.6 (0.1) TURN SHARP RIGHT (120o) on road 
heading northwest

66.7 (0.1) STOP 2-9. Stop before the edge of the bluff 
and examine the reddish lower (336 ft.) of two late 
Pleistocene paleosols. This paleosol has produced small 
vertebrate fossils and dates on tortoise eggshell are 
between 13,620–13,790 calendar ybp (Stewart and 
others, 2012). Retrace to WAPA powerline road.

66.8 (0.1) TURN LEFT (N) along the WAPA 
Powerline road to the Bradshaw Trail.

68.8 (2.0) Bradshaw Trail; watch for traffic. TURN 
RIGHT (E) and proceed to Hwy 78.

69.8 (1.0) Reach 30th Ave;  proceed east to Rannells Blvd 
and Hwy 78.

71.8 (2.0) Stop at Rannells Blvd. Watch for traffic. 
TURN LEFT (N) on Hwy 78. 

72.8 (1.0) At 28th Ave. BEAR RIGHT (E) to Neighbors 
Blvd., CA-78.

75.8 (3.0) Stop at Neighbors Blvd. TURN LEFT (N) on 
Hwy 78.

76.4 (0.6) Slow entering the community of Ripley.

82.7 (6.3) I-10 interchange. End Of Trip.

Check your fuel gauge and return to Blythe for gas if 
necessary. Drive east on I-10 to Quartzite and Phoenix, 
West on I-10 to Indio (110 miles) continues to Riverside, 
San Bernardino or Los Angeles.
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Living in the tellurium age: insights into 
plate tectonics and climate change from 
chronology of tellurate minerals and 
associates
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For almost a decade, we have been working on 
understanding the nature and occurrence of tellurium 
minerals, focussing mainly on the Otto Mountain and 
Blue Bell localities in the Mojave Desert (e.g. Kampf 
et al., 2010; Mills et al., 2014; Christy et al., 2016). As 
part of a current study, we have cast our net further 
afield in order to see how the Mojave Desert tellurium 
occurrences are related to any broader-scale tectonic 
activity. Along an almost NW‒SE trajectory from 
Otto Mountain and Blue Bell, two other tellurium 
occurrences have been observed. One is the Reef 
mine, Hartford District, Arizona, and the other is the 
world famous Moctezuma deposit 
in Sonora, Mexico (Fig 1). The 
tellurium deposits follow the trace 
of the Mojave–Sonora Megashear 
(MSM), the plate boundary of south-
western North America in the Late 
Jurassic (Anderson and Schmidt, 
1983). If the tellurium deposits 
were to be related by displacement 
along this megafault, then we would 
expect chemical similarities between 
the deposits.

All four occurrences are 
anomalous for their abundance 
of tellurium secondary minerals, 
and remarkably, more than 
1/3 of all tellurium secondary 
minerals have first been found in 
these deposits. This looks to be 
more than coincidence, given the 
general rarity of Te. Te is one of 
the scarcest elements in the Earth’s 
crust (estimated at 0.4‒10 ppb) and 
also in seawater (< 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 it is, in fact, rarer than 
platinum or gold. 

Initial Pb–Pb dating of the vein galena from the 
four localities showed that they all had similar isotopic 
ratios that indicated an Early Permian age. Given that 
the host rocks for the veins are considerably younger 
(Cretaceous), the Pb data corresponds to the source rock 
rather than the crystallisation event of the mineralised 
veins. δ34S data on the galena were in the range -4 to -6, 
which indicate that the source rock is likely to be either 

Figure 1: A = Otto mountain/Blue Bell; B = Reef mine, Arizona; C = Moctezuma, Mexico. 
Red dashed line: location of Mojave-Sonora megashear, after Anderson and Schmidt (1983) 
and Campbell and Anderson (2003). 
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sedimentary or metamorphic in origin, rather than 
igneous.

Barra & Valencia (2014) have recently shown that 
porphyry copper systems in south-western North 
America could be grouped in broad metallogenic 
belts, that began in the west, trending almost N‒S, and 
gradually migrated eastwards as volcanism advanced into 
the continent, while also rotating anticlockwise. We see 
the same age progression in the tellurium deposits with 
the older Otto Mountain deposit at ~100 Ma in the west 
and the younger Moctezuma deposit ~60 Ma in the east. 
We suggest that the tellurium deposits are all related, 
and have originated from a deep Te-rich source that was 
dismembered by movement along the MSM or parallel 
faults, with southeastward displacement of part of the 
source giving rise to the Reef mine and Moctezuma 
deposits.

Despite the age of the primary tellurium 
mineralisation being relatively ‘old’, investigation into 
the age of the unique secondary minerals has shown 
them to be very young; in fact, most of the secondary 
mineralisation appears to have formed between about 
300,000 and 400,000 years ago (Marine Isotope Stage 8 
and 11, respectively). This is consistent with other studies 
on secondary minerals in Victoria, Australia, where 
it was shown that the majority of secondary minerals 
formed between 125 and 500 ka (Birch et al., 2011).

This study has been funded by The Ian Potter 
Foundation grant “tracking tellurium” to SJM, which we 
gratefully acknowledge.
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Introduction
Camelops hesternus (Leidy,1873), “Yesterday’s Camel,” 
is one of the largest animals found in terrestrial settings 
of the last Pleistocene of the southwest U.S. and often 
dominates the total skeletal abundance of material. 
The track record of camelids (camels and llamas) is 
more rare, but is a common fixture where Pleistocene 
trackways are preserved. As a species, C. hesternus 
represents the last chapter of a long reign of camelids 
in North America. Having evolved from the ungulate 
stock in North America in the middle Eocene, camelids 
expanded throughout the Paleogene and Neogene, 
totaling about 100 species. Major radiations occurred in 
the late Eocene–middle Oligocene, late Oligocene–early 
Miocene, and early–middle Miocene (Janis et al., 1998). 
By the late Pleistocene, only three genera remained in 
North America to become fully extinct by the earliest 
Holocene. Ironically, camelids had by this time expanded 
out of North America where they 
continue today. Like the rest of the 
large Pleistocene fauna, decrease 
in abundance and diversity likely 
records a combination of changing 
climates as well as human impact.

It is clear the changing climate 
affected the ecosystems of the 
Mojave Desert during the latter 
Neogene and Quaternary (Springer 
et al., 2015). The lowland valleys 
record a complex interplay between 
intermittent river input, atmospheric 
variation driven by a combination 
of glacial-interglacial cycles and the 
high topography of the mountains, 
and significant groundwater 
discharge (Morrison, 1991; Quade 
et al., 2003; Reheis et al., 2007; 
Schmidt and McMackin, 2006; 
Menges, 2008). The geological 

record of these fluctuating conditions—primarily the 
Quaternary climate—is best preserved in the various 
geomorphic facies such as alluvial fans, lakes, landslides, 
river deposits, and spring deposits (Reheis et al., 2007; 
Schmidt and McMakin, 2006) as well as the fossils 
contained therein. 

The present paper presents an overview of recent 
paleontological finds in Mesquite Lake, in the 
northeastern Mojave Desert, and presents a hypothesis 
on how these fossils might record a response to a 
significant climatic shift at the end of the Pleistocene. 
This research was conducted as part of a paleontological 
resources assessment report for the Bureau of Land 
Management. Except where noted, all vertebrate material 
is deposited at the Natural History Museum of Los 
Angeles County.

Figure 1. General geology of Mesquite Lake from Bedrossian (2010). Critical units include 
Ql= Lacustrine, Playa, and Estuarine (Paralic) Deposits; Qyl= Young Lacustrine, Playa, 
and Estuarine (Paralic) Deposits; and Qol= Old Lacustrine, Playa, and Estuarine (Paralic) 
Deposits. Note the dashed line is the Mesquite Lake Fault. Inset shows the position of 
Mesquite Lake relative the state line, Las Vegas and Baker, California. 
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Geological Setting
Mesquite Lake occupies a low valley surrounded by 
mountains of Paleoproterozoic through Paleozoic 
marine and Jurassic and Cretaceous terrestrial sediments 
along the Nevada–California state line (Figure 1). The 
region experienced east–west extension as the Basin 
and Range developed in the early Neogene. The current 
topography is largely a function of regional transtension 
and transpression associated with large (predominantly) 
right-lateral strike-slip faults associated with shifting 
tectonic forces in the Neogene. One of these large faults 
runs through the center of the Mesquite Lake playa, 
raising the bed slightly along a lineation that roughly 
parallels the state line. This fault, the Mesquite Lake 
fault, is a strand of the Stateline fault system, active in the 
Holocene and part of the larger eastern California shear 
zone (Guest et al., 2007). (Note that there is a second 
Mesquite Lake fault in the southern Mojave Desert that 
is not related to this fault.)

Detailed mapping of the area at the 
1:100,000 scale was compiled by Schmidt 
and McMackin (2006) and defines 
two geological formations dominating 
the playa: active playa deposits of latest 
Holocene age (Qap) and the surrounding 
intermediate crystal body playa deposit 
of late and middle Pleistocene age (Qipc). 
Both of these units comprise weakly 
bedded, poorly sorted silt, clay, and sand 
deposits that are locally rich in chloride 
and sulfate (=gypsum) salts. The Qipc 
contains regions were wind abrasion has 
removed late Pleistocene playa deposits, 
exposing a crystal body playa covered with 
abundant selenite (crystalline gypsum) 
laths up to 5 cm in length (Schmidt and 
McMackin, 2006). The western margin of 
the playa is bordered by young playa fringe 
(Holocene and latest Pliocene) (Qypf) 
or intermediate wet playa deposit (late 
and Middle Pleistocene) (Qipw). These 
deposits comprise complex mixes of eolian, 
lacustrine, playa, alluvial, and groundwater 
deposits that are modified by the prevailing 
wind (Schmidt and McMackin, 2006). 
Bedrossian (2010) produced a similar scale 
map of the quadrangle. The two maps are 
identical with the placement of formational 
boundaries.

In another study that detailed the geomorphology 
of various playa lakes in the Mojave and other areas as 
potential analogues for the desiccation of the Salton 
Sea, Sweeney et al. (2007) defined a different set of 
Quaternary units using field-based reconnaissance as 
well as landform interpretation of 15-meter resolution 
compressed LANDSAT TM imagery. Mapping was at 
a higher resolution (1:40,000 or 1:60,000) compared to 
Schmidt and McMackin (2006). Based on their surficial 
geological map, the valley bottom is dominated by the 
seasonally wet playa (Qpw) in the north and broad playa 
(Qpl) in the south. The playa margin or fringe (Qpm) 
lies to the west and south.

The most recent report of note was a study of the wind 
abrasion on Mesquite Lake by Whitney et al. (2015). In 
order to understand the effect of current wind patterns 
on deflation of the sediments as well as formation of 
yardangs, the authors re-mapped the surficial geology at 
a higher resolution than previous authors. The authors 

Figure 2. Quaternary facies of southern Mesquite Lake. Mapping based on field 
survey and air photo interpretation. Borders on active facies vary with season due to 
flooding and wind ablation and deposition. Hol=Holocene; Pl=Pleistocene. See Table 
1 for additional description.
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noted that the center of the basin was floored by 1.5–2 
meters of Holocene gypsumiferous sediments. Below the 
gypsum are late Pleistocene silts. Late Pleistocene paleo-
discharge deposits are located to the southwest. Deltas of 
alluvial sediments are found on the northwestern edge 
of the playa. Mixed fan and lacustrine deposits fringe the 
west and south sides of the playa.

For this study, the area was remapped to further 
delineate subfacies of the playa (Figure 2). The following 
facies were delineated with age relationships interpreted 
based on lithology and facies relationships: Recent large 
dunes, Recent small dunes, Holocene gypsumiferous 
sands, Early Holocene playa fringe, Late Pleistocene 
ablated playa, Late Pleistocene older playa, Late 
Pleistocene old fans (TABLE 1). It should be noted that 
everywhere, the Holocene deposits are thin, likely less 
then two meters.

The distribution of facies is a combination of lake 
growth and recession and variable eolian activity. 
Specifically, the lake was a region of active gypsum 
precipitation during receding water conditions that 
coincided with the progradation of a muddy fringing 
playa apron. It is not likely that the lake dried up 
completely during the late Pleistocene–Holocene 
transition as several meters of selenite crystals are 
recorded in excavated outcrops without intervening mud 
beds. Strong winds, primarily from the west–northwest, 
moved the silt and sand-sized grains easterly to form 
an extensive dune belt along the eastern shore (see 
Whitney et al., 2015). The lake completely desiccated 
sometime in the Holocene leaving a veneer of mud on 
top of the gypsum. Continued winds excavated large 
areas of Holocene cover, exposing an extensive ablated 
surface of the Pleistocene playa fringe and also a series of 
sculpted yardangs along the eastern margin (Whitney 
et al., 2015). In more recent times, the wind has led to 
deflation of the silts and clays and construction of small 
dunes, largely composed of coarse gypsum. In many 
regions, [presumed] groundwater led to stabilization of 
the dunes and pioneering by low vegetation. This episode 
is seen as extensive coppice dunes (or nebkhas), primarily 
in the north and west. Repeated wetting and drying of 
the modern playa has resulted in more exposure of coarse 
gypsum and large (up to 20 cm long) selenite crystals and 
formation of mud cracks. Modern landforms include 
fields of starved longitudinal and barchan microdunes of 
ablated gypsum crystals.

The geological history is further complicated by 
activity along the Mesquite Lake fault, a right-lateral 

strike-slip fault that involved uplift of perhaps a meter in 
the western block. This uplifted area is the prime target 
for active gypsum mining activity. The area west and 
south of the active mine shows evidence of denudation 
and an inverse topography of [likely] late Pleistocene or 
earliest Holocene gypsumiferous beds surrounded by 
Holocene alluvium and playa muds.

Fossil Material
Skeletal fragments and trackways were recorded and 
some specimens collected during the course of the 
survey of Mesquite Lake. Fossil material is deposited at 

Figure 3. Camelops hesternus material. It is possible that all 
elements are from a single left hind limb. A) Navicular. B) Cuboid. 
C) Fragment of distal tibia with medial malleolus. D) Proximal 
metatarsus, anterior view. E) Proximal metatarsus, proximal view 
showing facets for entocuneiform on left and cuboid on right. F) 
–H) Distal metatarsus in anterior, posterior, and lateral view. I) 
and J) Posterior and lateral views of the distal end of the proximal 
phalanges. Scale 5 cm except A,B,C and J where it is 1 cm.
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the Natural History Museum of Los Angeles County 
and the full report is retained by the Bureau of Land 
Management, Needles Field Office.

Skeletal Fossils

One surveyed locality consisted of several dozen bone 
fragments in various state of decay. As this site is 
still being actively researched as a taphonomic study 
related to wind abrasion (J. Whitney, 2015 personal 
communication), only the most diagnostic bones were 
collected. Surface fossils are concentrated in a region 
approximately seven by three meters across though small 
fragments were found up to 15 meters to the northeast. 
The bones are weathering out of a greenish clay that 
contains very low quantities of gypsum. Based on 
exposed plants, the area has seen a minimum of 15–30 

centimeters of deflation. This lithofacies 
continues to the north.

Eight samples were collected in the 
field by coating the specimens in Butvar 
dissolved in acetone and then wrapped 
in tissue and sealed in plastic bags. The 
samples were cleaned in the laboratory with 
acetone and fine nylon brushes and then 
resealed with Butvar. Three samples were 
joined together leaving a total of six distinct 
specimens (Figure 3).

The bones are all from the rear leg. 
Starting distal, there is a fragment of 
the distal end of the proximal phlanges. 
There are two specimens of a metatarsus, 
one distal, one proximal. The proximal 
end connects to remnants of the tarsus 
(the cuboid and navicular elements). The 
final fragment is the distal end of the 
tibia, retaining the medial malleolus. 
The astragalus, cuneiform elements, and 
calcaneus are missing. All are potentially 
from the same individual Camelops 
hesternus. The condition of the bones is 
considered ‘moderate’ though there is 
enough material to facilitate identification.

In addition, the San Bernardino County 
Museum contains articulated material 
from a C. hesternus rear limb (Scott, 2015). 
The material was not investigated by the 
author but the location was surveyed and 
is equivalent in facies to the locality of the 
collection described above. It should be 
noted that the San Bernardino County 

Museum also contains specimens of “large mammal 
tooth enamel” from the southwestern fringe of the 
present playa (Scott, 2015) but no additional material was 
located in a survey of the area.

Trace Fossils

Of note to this study was the discovery of two areas 
of trackways that have not been previously published. 
Both trackways are extensive in length, primarily 
in gypsumiferous sands, and are limited to several 
individuals (Figure 4). Based on facies relationships, 
it is believed that these trackways are younger (earliest 
Holocene?) than the previous described high-density 
trackways that were in latest Pleistocene playa muds 
(Sagebiel et al., 2009).

Figure 4.Sub-meter GPS record of trackways. Black lines mimic the tracks but 
recorded ~1 meter to the outsie to preserve the tracks. A) Trackway A. North-south 
road is the main valley road. Note increase in dune size and cover to the northwest. 
Scale bar in lower right corner is 200 feet. Image from Google Earth Pro. B) Trackway 
B. There is one additional track between the border tracks but was not surveyed to 
preserve the area. The tracks end in the northwest under dune cover and are truncated 
in the south by the edge of the mesa (note the vegetation line coincides with the edge). 
On the western edge is the boundary of the scraped gypsum mine. East-west road is 
main road in the southern part of the valley. Scale bar in lower right corner is 800 feet. 
Image from Google Earth Pro.
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Trackway A

Trackway A is found on the 
northwestern border of the modern 
playa lake. The tracks run northwest 
to southeast for ~275 meters and are 
in fine gypsumiferous sediments that 
weather to a ‘popcorn crust’ (Figure 
5). Low coppice dunes dominate the 
present landscape, stabilized by small 
plants though the tracks are limited 
to the deflated areas, exposing the 
gypsumiferous sediments. A few 
millimeters of flaky dried mud overlies 
the sediment and tracks and most areas 
are penetrated by mud cracks. In some 
prints, secondary gypsum crystals have 
nucleated on the depressed surfaces. To 
the northwest, the tracks are lost under 
increasingly larger dunes. The tracks 
are truncated by the valley road and 
could not be reclaimed to the southeast 
due to dune cover. Extensive searches 
perpendicular to the trackways did not 
reveal additional tracks. The individual 
footprints average 34.3 cm in length, 
measured in the direction of travel 
(range 18.3–51.5). The great variability 
is a result of the relative amount of 
mud in the substrate with the more 
muddy footprints having been excavated 
to a greater extent. Based on the size and pattern, the 
trackways are believed to be from Camelops hesternus. C. 
hesternus tracks are typically in the 20–24 cm range and 
may show distinct pads separated by a medial pocket, as 
in the ichnospecies Lamaichnum sarjeanti. However, in 
Mesquite Lake, no distinguishing pads were observed.

Trackway B

This locality comprises four clear trackways that run 
northwest to southeast for approximately 860 meters on 
the southeast edge of the present playa. The trackways 
end in the north under a field of coppice dunes and loose 
Holocene sediments. The southern terminus coincides 
with the edge of a plateau. The trackways cross several 
facies but are primarily in the coarse gypsumiferous 
sands (Figure 5). Toward the northwest, the trackways 
are in slightly muddier facies and the individual tracks 
are both shallower and wider and filled in with loose 
gypsum making them harder to recognize. Individual 

tracks average 31.1 cm along the axis parallel to travel 
(range=21.7–47.2). The smaller diameter tracks are 
associated with coarser selenite substrate and the larger 
tracks in muddy gypsumiferous sediments. Mudcracks 
are common in all the trackways though some tracks 
are relative deep depressions (8–9 cm) into centimeter-
scale selenite crystal mush. The trackways show mud 
extrusion to the west where preserved. Tracks are 
largely parallel though some cross-over occurs. A survey 
for 50 meters perpendicular to the tracks did not 
recover additional tracks. Pending further analysis, the 
preliminary conclusion is that the tracks record four 
distinct Camelops hesternus individuals. It is interesting 
to note that modern camels tend to move as families so it 
is possible the four individuals are from a family, but that 
conclusion is necessarily speculative.

Trackway C

Sagebiel and others (2009) presented a description of 
trackways of large camels and possible proboscideans. 

Figure 5. Field photos of trackways. A) Trackway B example. C) Relatively large size 
print (Sharpie pen for scale). C) Trackway A example. D) Impression of print that broke 
through selenite crust. E) Print showing extrusion of material toward the west (right). E) 
Surface of abundant Pleistocene tracks such as in Sagebiel et al. (2009).
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The trackways were exposed by high 
wind activity but quickly eroded in 
the strong winds of the Mesquite 
Lake Playa (Sagebiel et al., 2009). 
The author visited the locality with 
J. Whitney of the U.S.G.S. and the 
trackways are distinctly different 
from the two localities described 
above (Figure 5). The lithofacies 
is primarily playa silt and mud of 
low gypsum content. The exposed, 
ablated surface is densely covered 
by footprints so that individual 
trackways could not be recognized. 
Based on stratigraphic position 
relative to larger dunes and yardangs, these trackways are 
older and correlated to the Late Pleistocene (see below).

Age Control
Age dating of the localities is constrained through 
stratigraphic and facies analysis as well as limited 
optically stimulated luminescence (OSL) dates obtained 
by the U.S. Geological Survey. The bone locality 
and dense trackway are from a wind-ablated surface 
exposure dated as late Pleistocene or earliest Holocene 
age of 11,300 +/- 1,025 14C ybp (Sagebiel et al., 2009). 
Note that the current accepted boundary age of the 
Pleistocene–Holocene is 11,700 ybp (International 
Commission on Stratigraphy, v. 2015). Trackways A and 
B are in the gypsumiferous facies that has a thin veneer 
of Holocene playa muds and are interpreted as slightly 
younger, or early Holocene based on facies relationships 
only. It should be noted that Trackway B is truncated 
to the east by a sharp cliff, the edge of a small plateau. It 
is possible that the sharp elevation change records the 
position of the Mesquite Fault, thus constraining the 
most recent fault movement to be post-trackway.

Discussion
The fossil record for Mesquite Lake is scanty and 
likely more material will be collected with further 
investigation, yet it is clear that the abundance of 
trackways declines precipitously at the Pleistocene–
Holocene transition. Although bona-fide camelid fossils 
have not been collected in the facies associated with the 
trackways, there is evidence that at least a few individuals 
were in at the playa in the early Holocene. 

The decline in camelid population coincided with 
the growth of marginal playa muds at the cost of the 

deeper lacustrine gypsum beds. The exact cause for the 
desiccation of Mesquite Lake is unknown; that is, the 
relative effects of decreased precipitation and fluvial 
input are not reconciled. 
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Introduction  
A fossiliferous claystone overlies roundstone 
conglomerate and sandstone of the Bullhead Alluvium 
on the north side of Sacramento Wash in and adjacent 
to the Topock 7.5’ quadrangle, Arizona. The claystone 
subunit is about 10 m thick including sandstone in its 
lower part. The claystone and two overlying subunits of 
roundstone conglomerate show faulting and fanning dips 
indicative of progressive deformation; together they were 
assigned as the three subunits of the deposits of Santa 
Fe Railroad (Howard and others, 2013). They may be 
facies of the Bullhead Alluvium. The claystone’s position 
between fluvial conglomerates above and below (Figure 
1) would be consistent with a depositional environment 
in a pond or slow-moving body of water associated 
with braid plains of the Pliocene Colorado River. The 
Chemehuevi Formation and other fluvial and alluvial 
fan deposits overlie the deposits of Santa Fe Railroad. 

The deposits of Santa Fe Railroad may be part of 
the Bullhead Alluvium or inset into it. The Bullhead 
Alluvium is older than a 3.3 Ma tephra (House and 
others, 2005) and was estimated to span roughly 4.5 
to 3.5 Ma (Howard and others 2015). The younger 
Chemehuevi Formation contains a tephra correlated 
to 70 ka (Malmon and others, 2011) and remains of 
a miniature pronghorn, Capromeryx sp., which C.A. 
Repenning in a 1968 internal USGS report suggested 
probably predates late Pleistocene based on dentition 

(Howard and others, 2013). An additional Pleistocene 
upper constraint on the claystone is provided by a 
mammoth find in other nearby post-claystone beds, 
probably Mammuthus meridionalis of Irvingtonian 
North American Land Mammal Age (NALMA) 
(Agenbroad and others, 1992; Bell and others, 2004; 
House and others, 2005).  

abstract—A stratigraphic sequence exposed in Sacramento Wash, south of Golden Shores, 
Arizona, includes a fossiliferous claystone assigned as part of the deposits of Santa Fe Railroad. 
The claystone overlies and underlies coarse river gravels and was apparently deposited in a pond or 
slow-moving body of water. The contained fauna and flora suggests fresh water conditions. Possible 
correlation to the Bullhead Alluvium with its age of deposition greater than 3.3 Ma suggests that 
the presence of a large cotton rat (Sigmodon sp. cf. S. lindsayi) may be an early range extension of the 
species, unless the deposits of Santa Fe Railroad postdate and are inset into the Bullhead Alluvium.

Figure 1. Simplified stratigraphic section, Bullhead Alluvium.
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Fauna, flora, and habitat
Fossils found in the claystone subunit of the deposits 
of Santa Fe Railroad (Locality: 2006 USGS collection: 
H06WS-17) have been identified as follows.

Plants

Rush: Juncus sp. Unjointed reeds, or rushes, live in wet 
habitats in moist soil at the water’s edge, along streams 
and ponds. Juncus is commonly found in humus-rich 
areas like marshes, channels and beaver dams (Ball 
and others, 2016).

Horse tail: Equisetum sp. Jointed stem shoots grow in 
wet, sandy soils. 

Crustaceans

Continental ostracode: Cypridopsis sp. Broad habitat but 
prefers weedy areas (J. Bright p. c. to Reynolds, Feb. 
2016).

Benthal continental ostracode: Candona sp. Found in 
the profundal zone of deep, still bodies of muddy 
water that are vegetation-free (J. Bright p. c. to 
Reynolds, Feb. 2016).

Fish

Dace: A cyprinid fish pharyngeal arch might be from 
the hypothesized ancestor of the Moapa dace, Moapa 
coriaceae (G. R. Smith, Jan. 2015 p. c. to R. Reynolds). 
Extant Moapa daces require swift warm water, up to 
93°F. 

Razorback sucker: Xyrauchen sp. This large catostomid 
prefers slow moving parts of large streams and 
backwaters, and feeds on detritus and algae (Roeder, 
2007). The genus is represented by one lower 
pharyngeal fragment.

Chub: Gila sp. is represented by ceratohyal and 
pharyngeal teeth. These fish inhabit flowing streams, 
streamside eddies, and pools. Chubs feed on a variety 
of aquatic algae, plankton, plant debris and terrestrial 
insects and worms (Roeder, 2007). 

Amphibians

Leopard frog: Rana sp., c.f. pipiens. Leopard frogs live in 
and adjacent to permanent ponds, swamps, marshes, 
and slow-moving streams, where they eat a variety of 
crickets, flies, worms, and small frogs (Nevada Fish 
and Wildlife Office; Stebbins, 2003). They must 
return to water to lay eggs. The species is represented 
by jaw fragments, a proximal illium, and a tibiotarsus.

Toad: cf. Bufo. Toads inhabit grasslands, arid desert 
lowlands, mountain canyons with oaks and sycamores, 
and pinyon-oak-juniper mountain forests. They are 
found in washes, river bottoms, springs, streams, 
temporary pools, and away from water, and eat mainly 
a variety of invertebrates and lizards, and mice (Pauly 
and others, 2004; Stebbins and others, 2012). An 
illium was recovered.

Reptiles

Western pond turtle: Actinemys marmorata. Pond 
turtles eat aquatic plants, invertebrates, worms, frog 
and salamander eggs and larvae, crayfish, carrion, 
and occasionally frogs and fish. They hibernate 
underwater, often in muddy pool bottoms, and will 
leave water in search of food or other water sources 
(Ernst and Lovich, 2009). This species is represented 
by limbs, vertebrae, and carapace material.

Anguid (Alligator) lizards: Anguid lizards, represented 
by osteoderms, are insectivorous and carnivorous and 
live in a wide range of habitats (Bauer 1998). 

Gopher snake: cf. Pituophis sp. A fossil tooth represents 
Pituophis. Gopher snakes live in all terrestrial habitats 
in the southwest (Van Devender and Worthington 
1977).

Mammals

Cotton rat: Sigmodon sp. cf.  S. lindsayi. The Sacramento 
Wash locality produced the upper first and second 
molars of a large cotton rat (Sigmodon sp.). Upper 
molars of Sigmodon are particularly hard to 
identify to a specific level. The Sacramento Wash 
specimen is larger than the largest S. minor (= S. 
medius) described from the 4 Ma Verde Formation 
(Czaplewski, 1987). Sigmodon of similar size to the 
Sacramento Wash specimen are Sigmodon minor 
from the San Timoteo Formation (Loc. 195 at 2.4 
Ma; Albright, 1999) and S. lindsayi from the 2 Ma. 
Vallecito Creek part of the Fish Creek–Vallecito 
Creek section in the Anza–Borrego Desert (Martin 
& Prince. 1989). Based on morphology as well as size, 
this specimen is referred to Sigmodon sp. cf. S. lindsayi 
(Robert Martin, p. c. to R. Reynolds, July 2015). If so, 
it may be an early range extension to older than 3.3 
Ma, when compared to known occurrences (Lindsay, 
2008), or the deposits of Santa Fe Railroad may 
postdate and be inset into the Bullhead Alluvium. 
All cotton rats feed on grass, and construct runways 
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in grass. Within their range in southeast and central 
Arizona and western Mexico, Arizona cotton rats 
inhabit only areas where there is enough water to 
support grasses, weeds, or brush.

Summary
The fossil flora and fauna of the Sacramento Wash 
locality in the lower claystone and sandstone subunit of 
the deposits of Santa Fe Railroad suggest deposition in 
slow moving fresh water in a lateral channel or marginal 
pond along the Colorado River. The claystone may 
be inset into the Bullhead Alluvium or more likely 
correlates to part of the Bullhead Alluvium and its 
major aggradation of mostly sand and gravel along the 
Colorado River. The syndepositional deformational 
sagging structures shown by the deposits of Santa Fe 
Railroad offer the possibility that the claystone records a 
local structural basin formed during aggradation.

This claystone unit at the Sacramento Wash locality 
(Locality: 2006 USGS collection: H06WS-17) produced 
a cotton rat (Sigmodon sp. cf. S. lindsayi) that may extend 
the range of this species.
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Franconia Area meteorites:  
what can Holocene meteorite falls  
tell us about the recent drainage history in 
the Sacramento Wash area  
of the Lower Colorado River?

Robert S. Verish
Meteorite Recovery Lab, 1157 W. Mission Ave. #463084, Escondido, CA 92046-7125

The abandoned alluvial fans that are the result of the 
dissection of the lower Colorado River and its tributaries 
(e.g. Sacramento Wash) have produced geomorphic 
surfaces conducive to the recovery of meteorites. Some 
of these localities that are more productive than others 
are designated Dense Collection Areas (DCA) by the 
Meteoritical Society. One of the most prolific has been 
known since 2002 as the “Franconia Area strewn-field”, 
located in the very southeast corner of the Mojave Desert 
in the southwest corner of Mohave County, Arizona. 

The Meteoritical Society officially classifies 35 of 
these meteorite finds, with the bulk of them being 
H-chondrites (most are considered paired). At least 
five of these classified stones are L6 chondrites (at least 
two are considered paired). These finds represent an 
overlapping strewn-field of at least 160 recovered stones. 
Ten meteorites were analyzed for both 14C and 10Be 
abundances to determine their terrestrial ages. Their 
results (Hutson, 2004) indicate that the Franconia Area 
chondrites contain seven pairing-groups with terrestrial 
residence ages ranging from 0.9 to 23.0 kya. 

Less than a third of these 35 “officially classified” 
specimens have undergone terrestrial age-dating. This 
could be considered a small percentage given that there 
are over 900 known (but undocumented) meteorite finds 
from this DCA. If more terrestrial age-dating could be 
conducted on these and other meteorite specimens from 
other DCA along the nearby Colorado River, a more 
accurate (or, at least, a better constrained) age-date could 
be obtained for when the abandonment of these alluvial 
fans started, and for when these present-day geomorphic 
surfaces first formed. 

It is the purpose of this paper to bring attention to 
researchers from various disciplines that meteorites 
are widely scattered and that many have already been 

recovered from this study area. Not only being useful to 
geomorphologists, and being necessary to geochemists 
in order to conduct meteorite pairing-studies, terrestrial 
age-dating is of great interest to those studying the 
rate of influx for meteorites falling upon this planet. 
There is an obvious interest in better understanding just 
how often, just how many, and just how big are these 
rocks that are falling upon us from space. Using the 
terrestrial residence age of Franconia Area meteorites 
as a to understand the recent drainage history of the 
Colorado River–Sacramento Wash area will also require 
a cross-disciplined approach. It is to this end that all the 
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Table 1. Meteorite-recovery data for specimens 
from the Franconia Area: date-of-find, masses, 
and locations.

Disclaimers and caveats: 

The data in this table are recorded by the finders of the meteorites 
and a handful of volunteer field-workers have field-checked and 
compiled all of this data. There is no funding for this effort.

One of these “volunteers”, Jim Wooddell of Parker AZ, used the data 
in this list to generate an unpublished map in 2014. It was called, the 
“Franconia Strewn Field” map. Again, none of this “citizen-scientist” 
effort is funded.

This is not a list of every meteorite found at this locality. A large 
number have never been recorded. Exactly how “large of a number”, 
we will never know. 

Not every meteorite listed in “Jim Smaller’s Table” (Addendum 1.) 
may appear in this Table 1. There is no way to reconcile these two 
tables without a complete set of date-of-finds or masses.

Not every Lat/Lon find coordinate merits a 
decimal-to-the-third-place. 

Not every find will be a meteorite. Personal experience has shown 
that for every 100 specimens that I’ve examined, on average, one 
specimen will not be an actual meteorite. But that includes many 
sub-gram specimens. Limiting my examination to specimens larger 
than 10 grams, I have never encountered a “meteor-wrong”, which 
is why I would expect that subset of finds to be more than 99% 
meteorites. So, for finds much larger than 10 grams, there is a high 
degree of confidence that 100% of them are, indeed, meteorites. 

Date of find Mass (grams) Lat/Lon hddd°mm.mmm’

31-Oct-2002 4255g N34°42.982 W114°13.318

11-Aug-2003 98.9g N34°45.382 W114°14.061

16-Nov-2003 57.0g coords with finder, Mike Miller

23-Nov-2003 33.0g

coords with finder, Rubin 

Garcia

22-Dec-2003 156.9g N34°47.219 W114°15.031

9-Jan-2004 3550g N34°43.461 W114°12.333

9-Jan-2004 ~3000g N34°43.4 W114°12.5

9-Jan-2004 3430g N34°43.055 W114°12.710

11-Jan-2004 1850g N34°43.415 W114°12.650

11-Jan-2004 1653.3g N34°43.403 W114°12.716

18-Jan-2004 650g N34°43.397 W114°12.755

18-Jan-2004 ~150g N34°43.4 W114°12.8

18-Jan-2004 456.3g N34°43.179 W114°12.524

28-Jan-2004 816g N34°43.472 W114°12.530

29-Jan-2004 6750g coords with finder, John Wolfe

1-Feb-2004 817g N34°43.160 W114°11.485

6-Feb-2004 6963g

coords with finder, Jack 

Schrader

15-Feb-2004 2002g N34°42.874 W114°11.485

29-Feb-2004 50g N34°43.947 W114°13.354

3-Mar-2004 14,612g coords with finder, John Wolfe

3-Mar-2004 5975g coords with finder, John Wolfe

3-Mar-2004 4526g coords with finder, John Wolfe

known Franconia Area meteorites are being presented 
to this workshop, and to petition fellow researchers to 
collaborate in a future “cross-disciplined” study. 

Annotated bibliography
Hutson, Melinda, et al, 2013. Stones from Mohave County, Arizona: 

Multiple falls in the “Franconia strewn field”, in Meteoritics & 
Planetary Science, Volume 48, Issue 3, pages 365–389, March 
2013. As an “electronic supplement” to the on-line version of this 
paper,  a spreadsheet (Table S1) listing meteorite finds from the 
Franconia Area was compiled by Mr. Jim Smaller of Kingman, 
AZ. The table did not include the “date-of-find” for any of the 
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strewn-field map, 2013. For completeness sake, that data is 
included in Table 1. and is now published here.
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11-Mar-2004 7160g coords with finder, S. Clary

13-Mar-2004 3787.5g coords with property owner

13-Mar-2004 892.8g N34°45.381 W114°14.058

22-Mar-2004 89.2g N34°45.524 W114°14.005

10-Apr-2004 18.4g N34°43.160 W114°12.470

17-Apr-2004 28.6g N34°45.047 W114°13.630

18-May-2004 52.3g N34°44.800 W114°12.600

9-Oct-2005 29,500g N34°44.070 W114°13.030

25-Oct-2005 34,200g N34°44.070 W114°13.030

12-Dec-2006 75.4g N34°42.670’ W114°10.911’

19-Jan-2007 319.3g N34°43.90’ W114°13.12’

26-Jan-2007 N34°45.117 W114°14.586

26-Jan-2007 N34°46.313 W114°13.306

26-Jan-2007 N34°45.062 W114°14.601

26-Jan-2007 N34°45.298 W114°14.349

26-Jan-2007 N34°45.234 W114°14.423

26-Jan-2007 N34°45.389 W114°14.183

26-Jan-2007 N34°45.887 W114°13.760

26-Jan-2007 N34°45.118 W114°14.587

26-Jan-2007 N34°47.316 W114°14.856

26-Jan-2007 N34°47.036 W114°13.960

26-Jan-2007 N34°45.378 W114°14.268

26-Jan-2007 N34°45.425 W114°14.153

26-Jan-2007 N34°45.361 W114°14.288

26-Jan-2007 N34°45.145 W114°14.790

26-Jan-2007 N34°45.159 W114°14.798

26-Jan-2007 N34°45.169 W114°14.800

26-Jan-2007 N34°45.169 W114°14.795

26-Jan-2007 N34°45.168 W114°14.798

26-Jan-2007 N34°45.174 W114°14.800

26-Jan-2007 N34°45.173 W114°14.799

26-Jan-2007 N34°45.175 W114°14.797

26-Jan-2007 N34°45.173 W114°14.793

26-Jan-2007 N34°46.312 W114°13.311

26-Jan-2007 N34°46.006 W114°13.144

26-Jan-2007 N34°45.816 W114°13.850

26-Jan-2007 N34°46.314 W114°13.307

26-Jan-2007 N34°45.172 W114°14.808

26-Jan-2007 N34°45.178 W114°14.795

26-Jan-2007 N34°45.175 W114°14.800

26-Jan-2007 N34°46.807 W114°13.934

26-Jan-2007 N34°45.178 W114°14.799

26-Jan-2007 N34°45.677 W114°14.068

26-Jan-2007 N34°45.649 W114°14.017

26-Jan-2007 N34°45.536 W114°13.877

26-Jan-2007 N34°45.652 W114°13.999

26-Jan-2007 N34°45.441 W114°13.846

26-Jan-2007 N34°45.444 W114°13.859

26-Jan-2007 N34°45.446 W114°13.863

26-Jan-2007 N34°45.569 W114°13.936

26-Jan-2007 N34°45.616 W114°13.980

26-Jan-2007 N34°45.414 W114°14.154

26-Jan-2007 N34°45.622 W114°14.859

26-Jan-2007 N34°46.037 W114°13.488

2-Feb-2007 556.5g N34°43.70’ W114°12.98’

9-Oct-2007 859.7g N34°43.223’ W114°11.518’

1-Nov-2007 8.6 N34°43.223’ W114°11.518’

1-Nov-2007 7.9 N34°43.007’ W114°11.281’

1-Nov-2007 11.1 N34°43.168’ W114°11.537’

1-Nov-2007 17.5 N34°43.189’ W114°11.401’

1-Nov-2007 25.9 N34°43.948’ W114°11.457’

1-Nov-2007 10.3 N34°43.161’ W114°11.503’

1-Nov-2007 15.8 N34°43.118’ W114°11.403’

1-Nov-2007 4.4 N34°43.363’ W114°11.748’

1-Nov-2007 51.2 N34°43.469’ W114°10.370’

1-Nov-2007 19.8 N34°43.440’ W114°11.484’

4-Nov-2007 8.7 N34°42.868’ W114°10.826’

6-Nov-2007 12.1 N34°42.890’ W114°11.275’

6-Nov-2007 11.1 N34°42.827’ W114°11.238’

11-Nov-2007 14.6 N34°43.440’ W114°11.285’

11-Nov-2007 13.6 N34°42.972’ W114°11.388’

14-Nov-2007 68.2 N34°43.297’ W114°10.838’

16-Nov-2007 N34°47.317 W114°14.854

16-Nov-2007 N34°45.628 W114°13.646

16-Nov-2007 N34°46.029 W114°13.644

16-Nov-2007 N34°45.841 W114°13.250

26-Nov-2007 1.4 N34°43.279’ W114°10.839’

27-Nov-2007 11.3 N34°42.985’ W114°11.396’

27-Nov-2007 13 N34°42.827’ W114°11.279’

27-Nov-2007 12 N34°42.760’ W114°11.162’

27-Nov-2007 15.4 N34°42.760’ W114°11.160’

27-Nov-2007 20.3 N34°42.963’ W114°11.373’

27-Nov-2007 25.2 N34°42.850’ W114°11.262’

14-Dec-2007 14.7 N34°42.909’ W114°11.164’

18-Dec-2007 14.2 N34°43.135’ W114°11.431’

18-Dec-2007 5.5 N34°43.129’ W114°11.463’

20-Dec-2007 3.2 N34°43.428’ W114°11.467’

21-Dec-2007 10 N34°43.331’ W114°11.314’

27-Dec-2007 40.5 N34°43.902’ W114°11.367’

27-Dec-2007 75.2 N34°42.785’ W114°11.023’

27-Dec-2007 5.6 N34°42.891’ W114°11.787’

27-Dec-2007 9.7 N34°43.005’ W114°11.282’

27-Dec-2007 4.8 N34°42.852’ W114°11.750’

27-Dec-2007 10.7 N34°42.806’ W114°11.058’

27-Dec-2007 9.4 N34°43.055’ W114°11.312’

27-Dec-2007 40.7 N34°42.393’ W114°11.457’

27-Dec-2007 3.1 N34°43.934’ W114°11.461’

27-Dec-2007 6.2 N34°43.163’ W114°11.387’
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27-Dec-2007 4.7 N34°42.892’ W114°11.794’

27-Dec-2007 21.9 N34°42.987’ W114°11.251’

1-Jan-2008 N34°46.253 W114°14.626

1-Jan-2008 N34°45.386 W114°13.897

1-Jan-2008 N34°46.020 W114°13.227

1-Jan-2008 N34°46.273 W114°14.629

1-Jan-2008 N34°45.627 W114°13.642

1-Jan-2008 N34°44.866 W114°15.209

1-Jan-2008 N36 22.632 W115 36.979

1-Jan-2008 N34°46.274 W114°14.630

1-Jan-2008 N34°44.900 W114°15.000

9-Jan-2008 9.5 N34°42.970’ W114°11.240’

10-Jan-2008 46.6 N34°42.889’ W114°11.170’

15-Jan-2008 7.3 N34°43.366’ W114°11.776’

16-Jan-2008 4.6 N34°43.364’ W114°11.816’

18-Jan-2008 15.1 N34°43.004’ W114°11.089’

1-Feb-2008 1550g N34°43.0’ W114°11.5’

1-Feb-2008 20.35g N34°44.0’ W114°14.2’

23-Feb-2008 N34°47.376 W114°14.853

23-Feb-2008 N34°46.084 W114°13.191

23-Feb-2008 N34°45.378 W114°14.181

23-Feb-2008 N34°47.331 W114°14.860

23-Feb-2008 N34°47.334 W114°14.857

23-Feb-2008 N34°47.334 W114°14.863

23-Feb-2008 N34°47.339 W114°14.867

23-Feb-2008 N34°47.386 W114°14.847

1-Mar-2008 3.65g N34°44.7’ W114°13.2’

5-Mar-2008 9.7 N34°43.12’ W114°11.09’

7-Mar-2008 5.4 N34°43.22’ W114°11.50’

8-Mar-2008 3.9 N34°43.30’ W114°11.94’

9-Mar-2008 9 N34°43.23’ W114°11.52’

9-Mar-2008 6.1 N34°43.24’ W114°11.54’

9-Mar-2008 5.4 N34°43.22’ W114°11.81’

10-Mar-2008 24 N34°43.06’ W114°11.37’

12-Mar-2008 16.9 N34°43.04’ W114°11.39’

12-Mar-2008 12.2 N34°42.96’ W114°11.14’

14-Mar-2008 6.2 N34°43.19’ W114°11.89’

14-Mar-2008 22.2 N34°43.15’ W114°11.12’

25-Mar-2008 28.5 N34°43.98’ W114°12.02’

26-Mar-2008 10 N34°43.97’ W114°11.98’

26-Mar-2008 5.1 N34°43.95’ W114°11.98’

26-Mar-2008 4.5 N34°43.84’ W114°11.65’

26-Mar-2008 4.9 N34°43.86’ W114°11.68’

27-Mar-2008 6 N34°43.95’ W114°11.97’

28-Mar-2008 11.2 N34°43.88’ W114°11.79’

28-Mar-2008 7.4 N34°43.86’ W114°11.67’

28-Mar-2008 13.7 N34°43.32’ W114°12.09’

29-Mar-2008 16 N34°43.31’ W114°12.08’

1-Apr-2008 3.45g N34°45.0’ W114°13.0’

2-Apr-2008 6.7 N34°43.77’ W114°12.11’

2-Apr-2008 2 N34°43.76’ W114°12.11’

5-Apr-2008 8.7 N34°43.76’ W114°11.74’

5-Apr-2008 4.5 N34°43.77’ W114°11.73’

6-Apr-2008 8.3 N34°43.63’ W114°11.54’

6-Apr-2008 3.8 N34°43.64’ W114°11.56’

6-Apr-2008 6 N34°43.64’ W114°11.55’

6-Jun-2008 4.8g N34°44.0’ W114°13.0’

13-Oct-2008 7 N34°44.007’ W114°11.871’

13-Oct-2008 7.4 N34°43.904’ W114°11.643’

14-Oct-2008 10 N34°44.007’ W114°11.858’

14-Oct-2008 20 N34°43.589’ W114°11.511’

14-Oct-2008 4.6 N34°43.945’ W114°11.986’

15-Oct-2008 14.5 N34°43.111’ W114°12.117’

17-Oct-2008 9.7 N34°43.617’ W114°11.511’

17-Oct-2008 12.2 N34°43.561’ W114°11.517’

17-Oct-2008 9.4 N34°43.531’ W114°11.460’

17-Oct-2008 5.8 N34°43.572’ W114°11.421’

17-Oct-2008 6.7 N34°43.553’ W114°11.354’

17-Oct-2008 10.4 N34°43.475’ W114°12.271’

17-Oct-2008 6.4 N34°43.592’ W114°11.448’

17-Oct-2008 2.7 N34°43.605’ W114°12.258’

17-Oct-2008 3.7 N34°43.612’ W114°12.267’

18-Oct-2008 15.1 N34°43.380’ W114°12.122’

23-Oct-2008 3 N34°43.921’ W114°11.636’

24-Oct-2008 4.8 N34°43.641’ W114°11.907’

26-Oct-2008 14.7 N34°43.436’ W114°12.090’

26-Oct-2008 9.7 N34°43.426’ W114°12.131’

22-Nov-2008 8.7 N34°43.331’ W114°11.534’

24-Nov-2008 N34°46.292 W114°14.615

25-Nov-2008 N34°45.689 W114°14.052

6-Dec-2008 998.8 N34°43.284’ W114°13.107’

7-Dec-2008 373 N34°46.14’ W114°14.53’

7-Dec-2008 10 N34°46.10’ W114°14.24’

12-Dec-2008 18 N34°42.895’ W114°11.378’

14-Dec-2008 N34°46.328 W114°14.632

14-Dec-2008 N34°46.335 W114°14.616

14-Dec-2008 N34°46.426 W114°14.587

14-Dec-2008 N34°46.512 W114°14.465

14-Dec-2008 N34°46.360 W114°14.660

15-Dec-2008 3.3 N34°43.86’ W114°11.56’

15-Dec-2008 6.6 N34°43.73’ W114°11.46’

16-Dec-2008 4.5 N34°43.92’ W114°11.71’

16-Dec-2008 9.3 N34°43.80’ W114°11.49’

16-Dec-2008 N34°46.306 W114°14.681

26-Dec-2008 3.8 N34°43.78’ W114°11.46’

27-Dec-2008 9.1 N34°42.64’ W114°11.29’

27-Dec-2008 N34°46.909 W114°14.312

27-Dec-2008 N34°46.623 W114°14.451
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27-Dec-2008 N34°46.658 W114°14.436

28-Dec-2008 4.1 N34°43.55’ W114°11.31’

28-Dec-2008 5.7 N34°42.52’ W114°11.23’

28-Dec-2008 8.8 N34°43.49’ W114°11.18’

29-Dec-2008 4.2 N34°43.78’ W114°11.45’

29-Dec-2008 N34°46.709 W114°13.516

29-Dec-2008 N34°46.764 W114°14.515

30-Dec-2008 3 N34°43.63’ W114°11.39’

1-Jan-2009 N34°45.600 W114°14.100

1-Jan-2009 N34°44.961 W114°14.997

1-Jan-2009 N34°45.167 W114°15.011

1-Jan-2009 N34°44.840 W114°14.688

1-Jan-2009 N34°45.335 W114°14.532

1-Jan-2009 N34°46.218 W114°14.553

1-Jan-2009 N34°46.447 W114°14.220

1-Jan-2009 N34°46.288 W114°13.350

1-Jan-2009 N34°45.324 W114°14.910

1-Jan-2009 N34°46.079 W114°14.804

1-Jan-2009 N34°46.707 W114°13.741

1-Jan-2009 N34°47.143 W114°14.796

2-Jan-2009 3.8 N34°43.35’ W114°11.91’

2-Jan-2009 4.8 N34°43.36’ W114°11.90’

2-Jan-2009 7.3 N34°43.01’ W114°11.56’

7-Jan-2009 4.9 N34°43.22’ W114°11.94’

11-Jan-2009 15.1 N34°42.990’ W114°11.555’

12-Jan-2009 34.2 N34°43.324’ W114°10.967’

17-Jan-2009 6.3 N34°43.014’ W114°11.555’

17-Jan-2009 3.4 N34°43.950’ W114°11.315’

20-Jan-2009 4.1 N34°43.561’ W114°11.545’

20-Jan-2009 7.5 N34°43.539’ W114°11.525’

22-Jan-2009 1.6 N34°43.478’ W114°11.366’

22-Jan-2009 7.5 N34°43.513’ W114°11.372’

15-Feb-2009 14.6 N34°43.268’ W114°11.708’

15-Feb-2009 2 N34°43.265’ W114°11.735’

16-Feb-2009 4.8 N34°43.951’ W114°11.159’

17-Feb-2009 5.4 N34°43.290’ W114°11.699’

19-Feb-2009 10.4 N34°43.435’ W114°11.754’

20-Feb-2009 2.7 N34°43.555’ W114°11.473’

22-Feb-2009 3.5 N34°43.478’ W114°11.366’

7-Mar-2009 4.1 N34°43.181’ W114°11.670’

9-Mar-2009 8.7 N34°43.303’ W114°11.795’

10-Mar-2009 15.2 N34°43.298’ W114°11.170’

21-Mar-2009 3.5 N34°43.938’ W114°12.311’

21-Mar-2009 8.2 N34°43.415’ W114°11.098’

9-Sep-2009 6.2 N34°43.112’ W114°11.783’

1-Nov-2009 6.9 N34°43.54’ W114°11.31’

1-Nov-2009 8.4 N34°42.951’ W114°11.153’

5-Dec-2009 7.1 N34°45.685 W114°13.939

26-Dec-2009 N34°45.897 W114°13.819

26-Dec-2009 N34°45.213 W114°14.881

31-Jan-2011 N34°43.490 W114°12.334

12-Feb-2011 N34°45.773 W114°13.406

12-Feb-2011 N34°46.399 W114°15.766

12-Feb-2011 N34°45.619 W114°14.118

12-Feb-2011 N34°47.132 W114°15.547

12-Feb-2011 N34°47.133 W114°15.546

12-Feb-2011 N34°47.135 W114°15.543

12-Feb-2011 N34°47.139 W114°15.532

22-Feb-2011 N34°47.122 W114°15.558

22-Feb-2011 N34°47.080 W114°15.607

22-Feb-2011 N34°45.693 W114°15.479

22-Feb-2011 N34°45.676 W114°15.401

22-Feb-2011 N34°45.655 W114°15.382

7-Mar-2011 N34°44.862 W114°14.734

19-Mar-2011 N34°46.126 W114°15.489

19-Mar-2011 N34°46.048 W114°15.472

20-Mar-2011 N34°46.069 W114°14.391

20-Mar-2011 N34°46.069 W114°14.391

20-Mar-2011 N34°45.759 W114°14.280

20-Mar-2011 N34°45.909 W114°14.602

20-Mar-2011 N34°45.909 W114°14.601

20-Mar-2011 N34°47.403 W114°14.380

22-Mar-2011 N34°46.157 W114°14.636

22-Mar-2011 N34°46.153 W114°14.640

22-Mar-2011 N34°46.221 W114°14.710

22-Mar-2011 N34°46.218 W114°14.706

22-Mar-2011 N34°46.253 W114°14.705

22-Mar-2011 N34°45.761 W114°14.275

22-Mar-2011 N34°46.240 W114°14.628

24-Mar-2011 N34°46.231 W114°14.711

24-Mar-2011 N34°46.217 W114°14.624

24-Mar-2011 N34°46.148 W114°14.632

27-Mar-2011 N34°45.800 W114°14.349

27-Mar-2011 N34°46.258 W114°14.637

27-Mar-2011 N34°46.495 W114°14.537

27-Mar-2011 N34°46.495 W114°14.531

27-Mar-2011 N34°46.502 W114°14.516

27-Mar-2011 N34°46.502 W114°14.515

27-Mar-2011 N34°46.508 W114°14.505

27-Mar-2011 N34°45.894 W114°14.101

27-Mar-2011 N34°46.458 W114°14.644

30-Mar-2011 N34°46.485 W114°14.474

6-Apr-2011 N34°46.289 W114°14.515

10-Apr-2011 N35 51.526 W114°12.587

13-Apr-2011 N35 56.784 W114°10.051

13-Apr-2011 N35 57.662 W114°10.115

25-Apr-2011 N34°45.721 W114°14.001

26-Apr-2011 N34°45.234 W114°13.223
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26-Apr-2011 N34°45.229 W114°13.221

26-Apr-2011 N34°45.219 W114°13.234

26-Apr-2011 N34°45.382 W114°13.022

1-May-2011 N34°46.951 W114°15.295

1-May-2011 N34°46.781 W114°15.243

1-May-2011 N34°46.775 W114°15.235

1-May-2011 N34°46.773 W114°15.246

8-May-2011 N34°45.759 W114°14.280

9-May-2011 N34°46.785 W114°15.299

9-May-2011 N34°46.785 W114°15.300

9-May-2011 N34°46.715 W114°15.237

9-May-2011 N34°46.701 W114°15.240

9-May-2011 N34°46.659 W114°15.174

9-May-2011 N34°46.686 W114°15.257

9-May-2011 N34°46.686 W114°15.257

9-May-2011 N34°46.684 W114°15.255

16-May-2011 N34°46.744 W114°15.310

16-May-2011 N34°47.117 W114°15.362

16-May-2011 N34°47.258 W114°15.377

16-May-2011 N34°46.687 W114°15.258

16-May-2011 N34°47.344 W114°15.635

16-May-2011 N34°45.770 W114°14.343

17-May-2011 N34°47.403 W114°14.380

23-May-2011 N34°47.324 W114°15.642

23-May-2011 N34°47.248 W114°15.685

23-May-2011 N34°47.303 W114°15.668

23-May-2011 N34°47.303 W114°15.668

23-May-2011 N34°47.457 W114°15.808

23-May-2011 N34°47.323 W114°15.642

23-May-2011 N34°47.321 W114°15.643

2-Jun-2011 N34°45.765 W114°14.271

2-Jun-2011 N34°46.098 W114°14.581

2-Jun-2011 N34°46.079 W114°14.554

2-Jun-2011 N34°46.073 W114°14.555

18-Sep-2011 19.6g N34°45.682 W114°14.144

18-Sep-2011 1.6g N34°45.688 W114°14.140

18-Sep-2011 64.6g N34°45.713 W114°14.150

18-Sep-2011 6g N34°46.076 W114°14.565

26-Sep-2011 14.0g N34°45.722 W114°14.164

26-Sep-2011 8.1g N34°45.812 W114°14.432

8-Oct-2011 216.2g N34°45.939 W114°14.356

8-Oct-2011 15.4g N34°46.073 W114°14.440

8-Oct-2011 18.7g N34°46.064 W114°14.556

8-Oct-2011 35.3g N34°46.118 W114°14.602

8-Oct-2011 3.4g N34°46.073 W114°14.555

8-Oct-2011 19.8g N34°46.130 W114°14.601

8-Oct-2011 0.8g N34°46.063 W114°14.521

8-Oct-2011 N34°45.845 W114°14.447

8-Oct-2011 N34°46.107 W114°14.402

8-Oct-2011 N34°46.055 W114°14.582

8-Oct-2011 N34°45.913 W114°14.452

9-Oct-2011 0.5g N34°47.363 W114°15.722

9-Oct-2011 8.8g N34°47.351 W114°15.702

9-Oct-2011 60.7g N34°46.953 W114°15.280

11-Oct-2011 1.0g N34°48.350 W114°16.263

11-Oct-2011 N34°48.347 W114°16.093

11-Oct-2011 N34°48.325 W114°16.053

11-Oct-2011 N34°48.330 W114°16.051

11-Oct-2011 N34°48.325 W114°16.054

11-Oct-2011 N34°48.287 W114°16.056

11-Oct-2011 N34°48.371 W114°16.201

11-Oct-2011 N34°48.354 W114°16.262

11-Oct-2011 N34°48.333 W114°16.052

12-Oct-2011 1.9g N34°48.101 W114°15.901

12-Oct-2011 N34°48.181 W114°15.854

12-Oct-2011 N34°48.194 W114°15.862

12-Oct-2011 N34°48.197 W114°15.850

12-Oct-2011 N34°48.201 W114°15.830

12-Oct-2011 N34°48.200 W114°15.826

12-Oct-2011 N34°48.185 W114°15.831

12-Oct-2011 N34°48.196 W114°15.827

12-Oct-2011 N34°48.187 W114°15.566

12-Oct-2011 N34°48.196 W114°15.741

13-Oct-2011 N34°48.008 W114°15.761

13-Oct-2011 N34°48.018 W114°15.756

13-Oct-2011 N34°48.027 W114°15.728

13-Oct-2011 N34°48.007 W114°15.741

13-Oct-2011 N34°48.012 W114°15.759

13-Oct-2011 N34°48.026 W114°15.699

13-Oct-2011 N34°48.046 W114°15.757

13-Oct-2011 N34°48.045 W114°15.761

13-Oct-2011 N34°48.066 W114°15.754

13-Oct-2011 N34°48.028 W114°15.729

13-Oct-2011 N34°47.996 W114°15.751

13-Oct-2011 N34°48.069 W114°15.755

13-Oct-2011 N34°48.064 W114°15.756

13-Oct-2011 N34°48.066 W114°15.757

15-Oct-2011 N34°48.104 W114°15.621

15-Oct-2011 N34°48.102 W114°15.623

15-Oct-2011 N34°48.110 W114°15.617

15-Oct-2011 N34°48.110 W114°15.615

15-Oct-2011 N34°48.114 W114°15.615

15-Oct-2011 N34°48.112 W114°15.621

15-Oct-2011 N34°48.181 W114°15.568

15-Oct-2011 N34°48.186 W114°15.603

15-Oct-2011 N34°48.214 W114°15.599

15-Oct-2011 N34°48.375 W114°15.328

15-Oct-2011 N34°48.327 W114°15.319
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15-Oct-2011 N34°48.132 W114°15.488

15-Oct-2011 N34°48.095 W114°15.630

15-Oct-2011 N34°48.131 W114°15.620

15-Oct-2011 N34°48.334 W114°15.329

15-Oct-2011 N34°27.058 W113 34.519

16-Oct-2011 N34°48.327 W114°15.306

16-Oct-2011 N34°48.453 W114°15.202

16-Oct-2011 N34°48.723 W114°11.639

16-Oct-2011 N34°48.278 W114°15.334

16-Oct-2011 N34°48.268 W114°15.353

16-Oct-2011 N34°48.265 W114°15.345

16-Oct-2011 N34°48.233 W114°15.335

16-Oct-2011 N34°48.228 W114°15.334

16-Oct-2011 N34°48.193 W114°15.350

16-Oct-2011 N34°48.185 W114°15.345

19-Oct-2011 N34°49.202 W114°16.615

19-Oct-2011 N34°49.226 W114°16.335

19-Oct-2011 N34°49.230 W114°16.330

19-Oct-2011 N34°49.237 W114°16.327

19-Oct-2011 N34°49.207 W114°16.290

19-Oct-2011 N34°49.197 W114°16.299

19-Oct-2011 N34°49.332 W114°16.239

19-Oct-2011 N34°49.222 W114°16.317

19-Oct-2011 N34°47.990 W114°16.178

20-Oct-2011 N34°45.700 W114°14.250

20-Oct-2011 N34°45.817 W114°14.483

20-Oct-2011 N34°45.817 W114°14.483

20-Oct-2011 N34°48.001 W114°14.959

20-Oct-2011 N34°47.990 W114°14.961

20-Oct-2011 N34°48.013 W114°14.950

20-Oct-2011 N34°48.027 W114°14.783

20-Oct-2011 N34°48.027 W114°14.784

20-Oct-2011 N34°48.027 W114°14.784

20-Oct-2011 N34°48.027 W114°14.784

20-Oct-2011 N34°48.027 W114°14.783

20-Oct-2011 N34°48.027 W114°14.780

20-Oct-2011 N34°48.029 W114°14.783

20-Oct-2011 N34°48.054 W114°15.357

20-Oct-2011 N34°47.991 W114°15.956

20-Oct-2011 N34°48.140 W114°15.751

20-Oct-2011 N34°48.175 W114°15.849

20-Oct-2011 N34°47.995 W114°15.951

21-Oct-2011 N34°48.210 W114°16.115

21-Oct-2011 N34°48.230 W114°16.091

21-Oct-2011 N34°48.241 W114°16.088

21-Oct-2011 N34°48.268 W114°16.097

21-Oct-2011 N34°44.111 W114°11.155

21-Oct-2011 N34°48.235 W114°16.097

23-Oct-2011 3.9g N34°46.141 W114°14.593

23-Oct-2011 11.1g N34°46.009 W114°14.415

23-Oct-2011 N34°08.624 W114°17.496

23-Oct-2011 N34°46.143 W114°14.594

25-Oct-2011 N34°46.733 W114°15.263

25-Oct-2011 N34°46.737 W114°15.248

25-Oct-2011 N34°46.740 W114°15.243

25-Oct-2011 N34°46.973 W114°15.223

25-Oct-2011 N34°46.967 W114°15.229

25-Oct-2011 N34°46.967 W114°15.224

25-Oct-2011 N34°47.055 W114°15.038

25-Oct-2011 N34°47.087 W114°14.843

25-Oct-2011 N34°47.043 W114°15.082

26-Oct-2011 N34°08.619 W114°17.494

26-Oct-2011 N34°46.174 W114°14.598

27-Oct-2011 N34°47.807 W114°14.416

28-Oct-2011 N34°48.119 W114°16.083

28-Oct-2011 N34°47.912 W114°15.602

28-Oct-2011 N34°48.462 W114°16.410

28-Oct-2011 N34°48.104 W114°15.606

28-Oct-2011 N34°48.141 W114°15.582

28-Oct-2011 N34°48.173 W114°15.585

28-Oct-2011 N34°48.073 W114°15.513

28-Oct-2011 N34°48.073 W114°15.510

28-Oct-2011 N34°47.962 W114°15.330

30-Oct-2011 N34°08.620 W114°17.495

31-Oct-2011 N34°47.517 W114°15.533

31-Oct-2011 N34°48.007 W114°15.360

31-Oct-2011 N34°48.040 W114°15.345

31-Oct-2011 N34°48.040 W114°15.345

31-Oct-2011 N34°48.042 W114°15.334

31-Oct-2011 N34°48.037 W114°15.337

31-Oct-2011 N34°48.026 W114°15.338

31-Oct-2011 N34°48.130 W114°15.388

31-Oct-2011 N34°48.097 W114°15.424

31-Oct-2011 N34°48.415 W114°16.477

31-Oct-2011 N34°48.427 W114°16.481

31-Oct-2011 N34°48.427 W114°16.482

31-Oct-2011 N34°48.429 W114°16.478

31-Oct-2011 N34°48.427 W114°16.489

31-Oct-2011 N34°48.473 W114°16.501

31-Oct-2011 N34°48.479 W114°16.500

1-Nov-2011 N34°47.517 W114°15.533

1-Nov-2011 N34°47.033 W114°14.967

1-Nov-2011 N34°47.150 W114°14.900

1-Nov-2011 N34°47.343 W114°14.152

3-Nov-2011 N34°48.365 W114°16.531

3-Nov-2011 N34°48.500 W114°16.527

3-Nov-2011 N34°48.394 W114°16.407

3-Nov-2011 N34°48.415 W114°16.330
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3-Nov-2011 N34°48.373 W114°16.418

3-Nov-2011 N34°48.431 W114°16.293

3-Nov-2011 N34°48.430 W114°16.291

3-Nov-2011 N34°48.086 W114°16.111

3-Nov-2011 N34°48.097 W114°16.115

3-Nov-2011 N34°48.036 W114°15.369

3-Nov-2011 N34°47.997 W114°15.953

8-Nov-2011 N34°42.478 W114°20.289

9-Nov-2011 N34°46.040 W114°14.445

9-Nov-2011 N34°46.061 W114°14.440

9-Nov-2011 N34°46.079 W114°14.463

10-Nov-2011 N34°46.162 W114°14.415

11-Nov-2011 N34°45.826 W114°14.228

11-Nov-2011 N34°45.883 W114°14.321

11-Nov-2011 N34°45.688 W114°14.452

11-Nov-2011 N34°45.765 W114°14.399

11-Nov-2011 N34°45.858 W114°14.327

11-Nov-2011 N34°49.023 W114°16.250

11-Nov-2011 N34°49.021 W114°16.255

11-Nov-2011 N34°49.016 W114°16.222

11-Nov-2011 N34°48.965 W114°16.070

11-Nov-2011 N34°48.990 W114°16.151

11-Nov-2011 N34°48.989 W114°16.152

11-Nov-2011 N34°49.138 W114°16.093

11-Nov-2011 N34°49.047 W114°15.847

11-Nov-2011 N34°49.158 W114°15.971

11-Nov-2011 N34°49.192 W114°16.048

11-Nov-2011 N34°49.162 W114°16.384

11-Nov-2011 N34°49.111 W114°16.677

11-Nov-2011 N34°47.949 W114°16.078

11-Nov-2011 N34°47.968 W114°16.061

11-Nov-2011 N34°47.979 W114°16.051

11-Nov-2011 N34°47.992 W114°16.021

11-Nov-2011 N34°47.937 W114°15.948

14-Nov-2011 N34°49.018 W114°16.233

14-Nov-2011 N34°49.050 W114°16.294

14-Nov-2011 N34°49.075 W114°16.316

14-Nov-2011 3g N34°49.182 W114°16.566

14-Nov-2011 N34°49.595 W114°16.658

14-Nov-2011 N34°49.594 W114°16.658

14-Nov-2011 N34°49.506 W114°16.399

14-Nov-2011 N34°49.418 W114°16.372

14-Nov-2011 N34°49.418 W114°16.381

14-Nov-2011 N34°49.381 W114°16.513

14-Nov-2011 N34°49.366 W114°16.590

15-Nov-2011 N34°08.621 W114°17.493

16-Nov-2011 N34°47.330 W114°13.483

16-Nov-2011 N34°47.067 W114°14.633

16-Nov-2011 N34°46.633 W114°14.517

16-Nov-2011 N34°49.715 W114°17.148

16-Nov-2011 N34°49.940 W114°16.484

17-Nov-2011 N34°49.467 W114°16.733

17-Nov-2011 N34°49.567 W114°16.567

17-Nov-2011 N34°49.517 W114°16.383

17-Nov-2011 N34°48.633 W114°16.683

18-Nov-2011 N34°48.970 W114°16.147

18-Nov-2011 N34°49.012 W114°16.290

18-Nov-2011 N34°49.030 W114°16.322

24-Nov-2011 N34°50.286 W114°17.379

24-Nov-2011 N34°49.281 W114°16.655

24-Nov-2011 N34°49.238 W114°16.636

24-Nov-2011 N34°49.154 W114°16.641

24-Nov-2011 N34°49.138 W114°16.630

24-Nov-2011 N34°49.276 W114°16.839

25-Nov-2011 N34°47.525 W114°15.562

25-Nov-2011 N34°48.142 W114°15.381

25-Nov-2011 N34°48.142 W114°15.380

25-Nov-2011 N34°48.054 W114°15.358

25-Nov-2011 N34°48.036 W114°15.346

25-Nov-2011 N34°48.024 W114°15.506

25-Nov-2011 N34°48.033 W114°15.542

8-Dec-2011 N34°47.996 W114°15.367

8-Dec-2011 N34°47.996 W114°15.367

9-Dec-2011 N34°47.555 W114°15.335

9-Dec-2011 N34°47.561 W114°15.305

9-Dec-2011 N34°47.268 W114°15.165

9-Dec-2011 N34°47.639 W114°15.424

9-Dec-2011 N34°48.017 W114°15.922

12-Dec-2011 N34°48.645 W114°15.064

12-Dec-2011 N34°48.663 W114°14.938

14-Dec-2011 N34°47.216 W114°14.897

14-Dec-2011 N34°47.381 W114°14.770

14-Dec-2011 N34°47.304 W114°14.856

19-Dec-2011 N34°48.477 W114°16.544

19-Dec-2011 N34°49.141 W114°16.500

19-Dec-2011 N34°49.246 W114°16.543

Date of find Mass (grams) Lat/Lon hddd°mm.mmm’
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Addendum 1. Data for specimen masses and 
locations in the Franconia Area”, more commonly 
known as “the Jim Smaller table.”

Smaller # mass (g) Lat degrees Long degrees

1 3460 N34°46.02 W144°13.227

2 40 N34°46.9038 W144°13.5312

3 175 N34°45.456 W144°13.9548

4 300 N34°47.3088 W144°14.0562

5 400 N34°46.035 W144°14.0352

6 225 N34°45.381 W144°14.058

7 60 N34°45.408 W144°14.058

8 20 N34°45.513 W144°14.265

9 102 N34°45.6228 W144°14.031

10 164 N34°45.6408 W144°14.028

11 200 N34°46.095 W144°14.0502

12 120 N34°45.363 W144°14.0568

13 200 N34°45.3618 W144°14.061

14 40 N34°45.5418 W144°14.007

15 21 N34°45.6012 W144°14.0292

16 16 N34°45.1338 W144°14.007

17 44 N34°45.489 W144°13.914

18 229 N34°45.486 W144°13.8942

19 1172 N34°45.5742 W144°14.0142

20 472 N34°45.603 W144°14.07

21 602 N34°45.573 W144°14.0598

22 161 N34°45.639 W144°14.031

23 7 N34°45.6162 W144°14.0262

24 77 N34°45.633 W144°14.0358

25 140 N34°45.0138 W144°14.0058

26 130 N34°46.0902 W144°14.0448

27 30 N34°45.6918 W144°14.0292

28 290 N34°45.6348 W144°14.0598

29 679 N34°45.3 W144°14.1138

30 75 N34°45.579 W144°14.0148

31 25 N34°45.6918 W144°14.0292

32 692 N34°45.915 W144°14.0748

33 35 N34°45.6402 W144°14.0082

34 120 N34°45.6888 W144°14.0712

35 20 N34°45.513 W144°14.4648

36 102 N34°45.6228 W144°14.031

37 164 N34°45.6408 W144°14.028

38 54 N34°44.3598 W114°13.9338

39 15 N34°44.484 W114°13.7838

40 5.5 N34°44.4798 W114°13.7742

41 64 N34°45.5982 W114°13.599

42 141 N34°45.6348 W114°13.623

Smaller # mass (g) Lat degrees Long degrees

43 65 N34°45.6468 W114°13.626

44 32 N34°45.4428 W114°13.902

45 16 N34°45.3942 W114°14.0388

46 10 N34°45.4488 W114°13.9548

47 8 N34°45.4782 W114°13.9128

48 11 N34°45.951 W114°14.0442

49 21 N34°46.0902 W114°13.845

50 26 N34°44.9862 W114°13.6998

51 188 N34°43.8942 W114°13.3812

53 70 N34°44.2842 W114°13.9548

54 172 N34°44.349 W114°14.1918

55 151 N34°44.3562 W114°14.22

56 4.8 N34°45.1128 W114°14.3898

57 210 N34°43.1262 W114°12.7782

58 1596 N34°43.9908 W114°12.21

59 819 N34°44.1528 W114°12.3438

60 596 N34°43.8942 W114°12.6558

61 33 N34°44.064 W114°13.4898

63 0 N34°45.0948 W114°14.4282

64 0 N34°45.0588 W114°13.6002

65 0 N34°45.0342 W114°13.6212

66 0 N34°45.4158 W114°13.9332

67 8.5 N34°45.5112 W114°13.9152

68 14 N34°45.573 W114°13.9128

69 1.4 N34°45.4308 W114°14.0262

70 3.4 N34°45.4152 W114°14.0388

71 24.3 N34°45.4698 W114°13.893

72 8 N34°46.0728 W114°14.043

73 1.8 N34°46.1538 W114°14.0658

74 0.3 N34°46.0368 W114°13.911

75 0 N34°47.1138 W114°15.2742

76 0.9 N34°45.2292 W114°14.2392

77 71 N34°45.2292 W114°14.2392

78 15 N34°47.1522 W114°16.038

79 0 N34°45.0792 W114°14.388

80 0 N34°45.1938 W114°14.2182

81 0 N34°45.885 W114°14.3958

82 154 N34°45.408 W114°13.8942

83 516 N34°45.4758 W114°13.9128

84 12 N34°44.958 W114°14.619

85 43 N34°45.4938 W114°14.2128

86 18 N34°45.0168 W114°14.601

87 35 N34°45.4662 W114°13.9122

88 88 N34°45.1032 W114°14.5098
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Smaller # mass (g) Lat degrees Long degrees

89 0 N34°45.234 W114°14.385

90 560 N34°45.234 W114°14.247

91 3121 N34°45.885 W114°12.8562

92 1818 N34°44.064 W114°13.2762

93 4000 N34°43.44 W114°12.51

94 3500 N34°43.7898 W114°12.78

95 3000 N34°43.8102 W114°12.7998

96 4000 N34°43.0998 W144°12.81

97 6700 N34°43.4898 W144°12.27

98 1175 N34°43.9002 W144°13.5798

100 6000 N34°42.7998 W144°12.0798

101 1500 N34°43.35 W144°12.12

102 6800 N34°42.3 W144°12.15

103 1800 N34°43.02 W144°11.6202

104 2600 N34°43.0302 W144°12.21

105 5200 N34°43.68 W144°13.02

108 1600 N34°43.9698 W144°12.3

109 5266 N34°44.13 W144°12.18

110 5176 N34°44.2098 W144°12.5898

111 513 N34°44.01 W144°12.45

112 345 N34°44.0202 W144°12.45

113 646 N34°43.5702 W144°12.5202

114 219 N34°43.02 W144°12.4398

115 80 N34°43.0302 W144°12.4398

116 207 N34°43.9998 W144°13.1202

117a 181 N34°44.07 W144°13.08

117b 105 N34°44.07 W144°13.08

117c 121 N34°44.07 W144°13.08

117d 70 N34°44.0802 W144°13.0602

117e 103 N34°44.0898 W144°13.05

117f 100 N34°44.0898 W144°13.0902

117g 69 N34°44.1102 W144°13.0998

117h 45 N34°44.1 W144°13.0902

117i 474 N34°44.1102 W144°13.08

117j 66 N34°44.0898 W144°13.0002

117k 113 N34°44.0898 W144°13.0002

118 130 N34°44.19 W144°13.5102

119 129 N34°44.16 W144°13.4898

120 580 N34°44.1 W144°13.0098

121a 145 N34°44.07 W144°12.5898

121b 404 N34°44.07 W144°12.5898

121c 1925 N34°44.0802 W144°12.5502

122 1745 N34°44.0598 W144°13.11

123 110 N34°43.9998 W144°13.1598

Smaller # mass (g) Lat degrees Long degrees

124 16 N34°44.01 W144°13.0998

125 112 N34°44.13 W144°13.4502

126 1583 N34°44.13 W144°13.4598

127 0 N34°43.5642 W144°13.1232

128 0 N34°43.5642 W144°13.1232

129 69 N34°45.5022 W144°14.1582

130 9 N34°45.327 W144°14.1762

131 0 N34°45.8418 W144°14.5908

132 0 N34°45.9018 W144°14.6028

133 247 N34°46.0572 W144°14.0382

134 16 N34°46.0332 W144°13.9068

135 9 N34°46.0782 W144°13.8738

136 54 N34°46.1628 W144°13.8042

137 24 N34°46.2888 W144°13.9758

138 0 N34°46.4658 W144°14.0358

139 0 N34°46.8378 W144°14.118

140 26 N34°46.2648 W144°13.9758

141 2 N34°44.9868 W144°14.7162

142 27 N34°44.9652 W144°14.7582

143 84 N34°45.7002 W144°13.926

144 2.8 N34°45.729 W144°13.866

145 1.6 N34°45.7968 W144°13.8408

147 686 N34°44.01 W144°12.0798

148 150 N34°43.77 W144°11.7198

149 207 N34°43.9998 W144°13.1298

150 110 N34°43.9998 W144°13.17

151 325 N34°44.0298 W144°13.08

152 100 N34°43.5498 W144°13.1202

153 300 N34°43.5498 W144°13.1202

154 3495 N34°43.4298 W144°11.4198

155 1100 N34°43.5198 W144°11.3202

156 1004 N34°49.02 W144°11.37

157 906 N34°43.53 W144°13.9602

158 50 N34°45.9798 W144°13.7298

159 50 N34°45.8202 W144°13.44

160 50 N34°45.8502 W144°13.77

161 50 N34°45.9702 W144°13.5198

162 50 N34°46.0998 W144°13.4802

163 50 N34°46.14 W144°13.8402

164 50 N34°45.2802 W144°14.1198

165 50 N34°45.3702 W144°14.1

166 50 N34°45.3798 W144°14.07

167 231 N34°45.6498 W144°13.68

168 260 N34°46.08 W144°13.83
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Smaller # mass (g) Lat degrees Long degrees

169 40 N34°46.32 W144°14.19

170 80 N34°46.2498 W144°14.1198

171 20 N34°45.1698 W144°13.4502

172 11 N34°46.2162 W144°14.418

173 91 N34°45.4248 W144°14.2032

174 47.1 N34°46.1058 W144°14.0592

175 14 N34°46.0662 W144°14.4642

176 87 N34°46.0488 W144°13.9752

178 21 N34°43.1598 W144°12.4302

179 24 N34°43.5402 W144°11.43

180 9.5 N34°43.845 W144°13.3938

181 149 N34°45.7602 W144°13.5798

182 424 N34°45.8298 W144°13.6602

183 220 N34°46.32 W144°13.2402

184 72 N34°45.4008 W144°14.148

185 322 N34°46.0428 W144°13.3698

186 20 N34°44.9472 W144°13.3518

187 41 N34°46.1802 W144°14.2032

188 5.6 N34°44.9928 W144°13.3518

189 1002 N34°44.0502 W144°11.73

190 153 N34°43.7802 W144°11.6202

193 16 N34°46.1598 W144°13.7898

194 992 N34°45.6702 W144°13.62

195 199 N34°45.06 W144°13.6098

196 619 N34°44.37 W144°12.6

197 508 N34°43.4598 W144°13.32

198 928 N34°44.0202 W144°13.9002

199 199 N34°44.0202 W144°13.83

200 267 N34°43.9902 W144°13.8198

201 57 N34°47.118 W144°15.426

202 25 N34°47.0832 W144°15.426

203 78 N34°46.869 W144°15.522

204 103 N34°47.004 W144°15.5112

205 464 N34°47.1072 W144°15.3048

206 20 N34°47.0208 W144°15.0882

208 180 N34°47.1972 W144°14.8572

209 511 N34°47.1828 W144°14.6478

210 10 N34°47.502 W144°14.7192

211 240 N34°47.388 W144°14.946

212 118 N34°47.1042 W144°14.4978

213 278 N34°46.7598 W144°14.7042

214 423 N34°47.3262 W144°14.0682

215 108 N34°47.406 W144°14.0358

216 16 N34°47.28 W144°14.0718

Smaller # mass (g) Lat degrees Long degrees

217 126 N34°46.749 W144°13.8828

218 35 N34°46.3188 W144°14.7582

219 45 N34°46.8312 W144°14.001

220 80 N34°47.3148 W144°13.8018

221 25 N34°47.1918 W144°13.866

222 100 N34°46.8072 W144°13.9302

223 14 N34°46.215 W144°14.3358

224 350 N34°46.14 W144°14.2662

225 526 N34°46.1712 W144°14.0352

226 0 N34°44.9568 W144°13.4352

227 23 N34°44.9418 W144°13.677

228 375 N34°46.215 W144°14.3358

229 2268 N34°46.197 W144°13.5168

230 745 N34°45.381 W144°14.085

231 292 N34°44.3598 W144°13.011

232 42 N34°44.37 W144°12.5898

233 99.4 N34°45.9768 W144°14.0082

234 387 N34°45.8832 W144°14.0298

235 529 N34°46.53 W144°13.89

236 169 N34°46.2 W144°13.7202

237 294 N34°46.44 W144°13.89

238 1720 N34°46.44 W144°13.89

239 49 N34°46.1892 W144°13.8318

240 51 N34°46.9158 W144°13.7052

241 44 N34°45.8862 W144°13.4052

242 20 N34°45.9078 W144°14.2098

243 10 N34°46.2378 W144°14.3268

244 17 N34°43.4562 W144°12.8562

245 680 N34°43.392 W144°13.206

246 4536 N34°43.44 W144°13.4598

247 2155 N34°43.3902 W144°13.3242

248 1361 N34°43.4178 W144°13.1568

249 11340 N34°43.458 W144°13.0272

250 453 N34°43.4508 W144°12.5742

251 680 N34°43.4508 W144°12.5742

252 450 N34°43.458 W144°13.1568

253 225 N34°43.458 W144°13.1568

254 567 N34°43.392 W144°13.32

255 354 N34°43.389 W144°13.3152

256 1389 N34°43.3032 W144°13.3212

257 737 N34°43.3902 W144°13.3302

258 170 N34°43.3872 W144°13.3218

259 198 N34°43.3908 W144°13.3182

260 85 N34°43.392 W144°13.3272
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Smaller # mass (g) Lat degrees Long degrees

261 907 N34°43.392 W144°13.3272

262 8689 N34°44.1672 W144°11.9262

263 209 N34°45.6882 W144°14.0922

264 38 N34°45.699 W144°14.0778

265 171 N34°47.2338 W144°14.0508

266 2 N34°45.663 W144°13.71

267 102 N34°45.7362 W144°13.857

268 64 N34°45.6372 W144°13.809

269 1814 N34°43.2942 W144°11.8458

270 50 N34°43.2468 W144°11.7612

271 50 N34°43.0392 W144°11.5068

272 50 N34°42.891 W144°11.2752

273 300 N34°46.2828 W144°12.693

274 20 N34°45.1578 W144°14.589

275 250 N34°45.1848 W144°14.5362

276 300 N34°45.2058 W144°14.4882

277 0 N34°45.495 W144°13.9488

278 191 N34°45.3318 W144°14.13

279 7 N34°45.294 W144°14.1138

280 23 N34°45.4512 W144°14.199

281 12 N34°45.4998 W144°14.0898

282 37 N34°45.5202 W144°14.0568

283 26 N34°45.5208 W144°14.055

284 89 N34°45.5238 W144°14.055

285 8 N34°45.5238 W144°14.0568

286 116 N34°45.6792 W144°14.1288

287 50 N34°45.6792 W144°14.1282

288 61 N34°45.7488 W144°13.827

289 203 N34°45.1938 W144°13.35

290 12 N34°45.42 W144°14.049

291 209 N34°45.906 W144°13.83

292 17.4 N34°45.5382 W144°13.851

293 16 N34°45.687 W144°13.668

294 113 N34°45.5838 W144°13.758

295 6.3 N34°45.57 W144°13.8582

296 18 N34°45.903 W144°13.7622

297 5 N34°45.5592 W144°13.8552

298 29 N34°45.5508 W144°13.734

299 3.6 N34°45.5862 W144°14.0622

300 3.8 N34°45.666 W144°13.8018

301 223 N34°45.9198 W144°13.83

302 28 N34°45.9198 W144°13.83

303 9 N34°45.9198 W144°13.83

304 5 N34°45.594 W144°14.0688

Smaller # mass (g) Lat degrees Long degrees

305 3.3 N34°45.7902 W144°13.7892

306 174 N34°45.7038 W144°13.662

307 185 N34°45.7038 W144°13.662

308 9 N34°45.8892 W144°13.7328

309 31 N34°46.0578 W144°13.998

310 85 N34°45.9252 W144°13.7442

311 15 N34°45.7518 W144°13.839

312 66 N34°46.0488 W144°14.0202

313 14 N34°45.8268 W144°13.9032

314 11.2 N34°46.0698 W144°14.0412

315 99 N34°45.8442 W144°13.8852

316 5.2 N34°45.864 W144°13.722

317 12 N34°45.645 W144°13.8288

318 193 N34°45.8472 W144°13.839

319 75 N34°45.8472 W144°13.839

320 71 N34°45.8472 W144°13.839

321 24 N34°45.8472 W144°13.839

322 34 N34°45.8478 W144°13.8852

323 52 N34°45.5718 W144°14.0538

324 122 N34°45.5832 W144°13.6662

325 4.2 N34°45.6042 W144°14.0712

326 2 N34°45.576 W144°14.055

327 70 N34°45.7098 W144°14.0958

328 332.2 N34°45.8292 W144°13.842

329 101 N34°45.9132 W144°13.7568

330 39 N34°45.8628 W144°14.0058

331 6.7 N34°45.8538 W144°13.7652

332 30 N34°45.8202 W144°13.722

333 57 N34°45.8088 W144°13.7268

334 31.4 N34°45.048 W144°13.0428

335 21.7 N34°45.4692 W144°14.178

336 53.4 N34°45.0492 W144°13.035

337 24.9 N34°45.0672 W144°13.0272

338 29.5 N34°44.991 W144°13.0722

339 31.6 N34°45.009 W144°12.9582

340 0.06 N34°44.979 W144°13.0152

341 5.8 N34°45.0228 W144°13.089

342 12.4 N34°45.003 W144°13.0482

343 75.3 N34°44.994 W144°13.002

344 24.2 N34°44.9958 W144°13.0848

345 10.5 N34°45.024 W144°13.302

346 154.5 N34°46.4172 W144°13.8228

347 1547 N34°45.822 W144°13.6272

348 65 N34°45.9702 W144°13.3002
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Smaller # mass (g) Lat degrees Long degrees

349 1000 N34°46.0698 W144°13.3098

350 221 N34°46.0158 W144°13.2252

351 170 N34°45.4302 W144°13.7802

352 102 N34°46.0398 W144°13.9002

353 23.2 N34°45.3678 W144°13.047

354 36 N34°45.1218 W144°13.4622

355 398 N34°45.4902 W144°13.8798

356 503 N34°46.2198 W144°13.6098

357 13.3 N34°44.9202 W144°14.706

358 187.9 N34°44.9052 W144°14.718

359 144.1 N34°44.9322 W144°14.6748
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The LOCO Strata:  
new observations, mapping, discoveries, 
and ideas about key geologic deposits 
chronicling the inception and evolution 
of the lower Colorado River from the 
Pliocene to the present 

P. Kyle House
Research Geologist, U.S. Geological Survey, Flagstaff, AZ

Figure 1. Highly schematized cartoon of the primary members of the LOCO 
strata.

Overview
Ongoing regional geologic mapping efforts in the 
Lower Colorado River Corridor (LOCO) by the U.S. 
Geological Survey (USGS) and Arizona Geological 
Survey (AZGS) are delineating and characterizing 
the geologic and geomorphic features that record the 
inception and evolution of the river, its valley, and its 
bounding piedmonts from the early Pliocene to the 
present. Extensive new mapping, compilation and 
refinement of previous mapping, and concurrent, 
collaborative geologic studies involving USGS, AZGS, 
University of Oregon, the University of Arizona, and the 
University of New Mexico are providing important new 
geologic data, interpretations, and insights. 

The LOCO study area
The LOCO project map area encompasses the Colorado 
River corridor from Hoover to Imperial Dam. 
The corridor width is defined by watershed 
divides of local tributaries. Areas drained by 
larger, regional drainages were truncated at 
elevations above the highest known exposures of 
key LOCO strata in those areas. This approach 
accommodates a logical project boundary 
that underscores the focus on the river and its 
deposits. 

The lower Colorado River flows through a 
series of alluvial valleys and bedrock canyons 
between Hoover Dam and the Gulf of 
California. Two of the alluvial valleys now host 
large reservoirs. These valleys were inundated in 
succession by a chain of lakes fed by Colorado 
River water in the latest Miocene–early Pliocene 
(Spencer and Patchett, 1997; House et al., 

2008; Pearthree and House, 2014). Each basin filled 
sequentially with deltaic sediment and river alluvium 
as part of a stepwise, downstream-directed integration 
process. 

Debate continues about the ultimate extent of marine 
influence in the southernmost valley in the corridor and 
about evidence for significant tectonic influence on the 
river (e.g., Spencer et al., 2013; McDougall and Miranda-
Martinez, 2014); there are unequivocal local tectonic 
influences in several locations but the amount and timing 
of any regional uplift or subsidence is less well-defined. 
Definitive regional evidence of tectonic control is sparse, 
but is actively being sought. 

Following integration, the Colorado River has 
experienced at least 3 episodes of significant aggradation 
separated by deep erosion. There are scattered deposits 
and landforms in the valley that may be evidence of 
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Figure 2. Map of study area showing current status of new mapping 
and compilation of the primary LOCO strata. Mapping incomplete 
and underway.

periods of river stability during incision, between the 
aggradation episodes. Additionally, there are many fluvial 
scarps and abandoned tributary fan remnants that record 
both vertical and lateral variability in the river’s position.

The LOCO mapping project
The regional mapping project is primarily concentrated 
on the stratigraphic record of the river (Fig. 1). This 
thematic and systemic approach is improving our 
understanding of the lower river’s history. We have 
identified and have begun mapping 6 principal units 
in the ‘LOCO’ strata so far (Fig. 2): the early Pliocene 
Bouse Formation; the early to middle (?) Pliocene 
Bullhead Alluvium; the early to middle (?) Pleistocene 
Palo Verde alluvium; the Late Pleistocene Chemehuevi 
Formation; a stair-stepping sequence of relatively thin, 
late Pleistocene alluvial terraces (the ‘Riverside terraces’); 
and the late (?) Holocene to recent Blythe alluvium, 
which includes the modern floodplain and channel. 

Extant deposits and landforms of the LOCO group 
can provide important constraints on speculations 
about tectonic influences. There is only local evidence 
of Quaternary tectonic activity (Blythe and Needles 
grabens), and at the sites of Hoover and Parker dams 
where depth to bedrock has been documented through 
drilling it is well below river level. 

General characteristics of the LOCO strata

The Bouse Formation (Metzger, 1968) is the 
enigmatic piece of the LOCO strata and the first 
deposit of Colorado River provenance in the river’s 
lower corridor. Most of the Bouse originated from the 
early inundation of the lower Colorado River Valley 
by Colorado River water, contemporaneous with and 
followed by voluminous deposition of Colorado River 
sediment (Buising, 1990; House et al., 2005; Pearthree 
and House, 2014). It has a distinctive facies association 
with siliciclastic and carbonate rich components. Within 
the LOCO corridor, Bouse Formation deposits are 
found in basins from northern Cottonwood Valley to 
Cibola. Its distinctive facies relations and character are 
strikingly similar in each basin with few exceptions. The 
Bouse Formation includes a group of related deposits 
including: subround to round nearshore sand and 
gravel; marl and bioclastic limestone (Figs 3 and 4) and 
sandstone; scabrous tufa/travertine encrustations and 
platforms; and extensive interbedded siliciclastic mud 
and sand of the Colorado River and its local and regional 
tributaries (Fig. 5). The Bouse often has a distinctive 
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Figure 3. Basal limestone of the Bouse Formation. Chemehuevi 
Valley / Havasu Lake, CA.

Figure 4. Massive basal limestone of the Bouse Formation. 
Cottonwood Valley, AZ.

Figure 5. The interbedded siliciclastic facies of the Bouse Formation 
near Mesquite Mtn, AZ. This is the most voluminous single outcrop 
of the Bouse Formation in the LOCO corridor. The section here is 
more than 70 m thick.

contact marking an abrupt transition in environmental 
conditions, from subaerial axial valley / alluvial fan 
deposition to deposition in deep bodies of standing 
water. In addition to erosional contacts related to high-
energy nearshore conditions, some interlayering with 
local sediments can also be observed. See House and 
Pearthree (this volume) for many photos of interesting 
aspects of the Bouse Formation.

The Bullhead Alluvium (Howard et al., 2015) is 
more than 200 m thick (Figs. 6 and 7) and its outcrops 
are dominated by cross-bedded sand and gravel. Where 
exposed, its local base is typically strongly erosional, and 
includes well-preserved paleochannel forms cut into the 

Bouse Formation, underlying fanglomerate, or bedrock. 
The true base of the unit, however, is not exposed at 
the surface and is below the current Colorado River 
profile. The lower Bullhead alluvium typically contains 
a mixture of locally derived, reworked gravels and 
far-traveled exotic gravels from areas upstream. In these 
outcrops, the locally derived sediments (from alluvial fan 
deposits) are generally coarser. Although not widespread, 
the Bullhead contains some mud- and sand-rich 
floodplain deposits. The lateral margins of the Bullhead 
Alluvium are commonly characterized by interbedded 
river and alluvial fan sediments. 

The Bullhead Alluvium represents the fluvial 
aggradational response of full river integration to the 
Gulf of California and, likely, significant enlargement of 
the Grand Canyon and erosion of the Colorado Plateau. 
This package of fluvial sand, gravel, and mud dates to 
approximately 4.5–3.5 Ma (Howard et al., 2015). The 
Bullhead Alluvium is found from the mouth of the 
Grand Canyon to Yuma. The Bullhead and the Bouse are 
separated by a major erosional unconformity. Weathered, 
soil-bearing subaerial fanglomerates locally lie between 
Bouse and Bullhead strata. That intervening interval is 
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Figure 6. Bullhead Alluvium type section in Tyro Wash, Arizona. 
Cottonwood Valley area. Continuous section in this area is nearly 
100 m thick.

Figure 7. Typical outcrop of the Bullhead Alluvium in Cottonwood 
Valley near Cottonwood Cove, NV. Note strongly carbonate 
cemented polymictic roundstone gravel.

Figure 8. Type section of proposed ‘Palo Verde alluvium’ near 
Palo Verde, CA. The alluvium comprises the upper 4–6 m of the 
exposure. Here it overlies Bouse delta flat or Bullhead floodplain 
deposits with paleosols. There are many field situations in which the 
Bouse and the Bullhead can be hard to distinguish (our current field 
nomenclature for this is ‘Bousehead’, which is humorous because 
of the French meaning of Bouse; however, it is also an intuitive 
placeholder where one is needed). There are also instances where the 
Bouse, Chemehuevi, and Bullhead are hard to distinguish. It is an 
inevitable consequence of the influence of the same fluvial system in 
each case.

Figure 9. A more distant view of area in previous figure. Here, the 
relict terrace morphology associated with the Palo Verde alluvium 
is evident. This type of morphology is more likely to reflect the 
relatively young aspect of this deposit than it is to reflect fortuitous 
exhumation and preservation of Bullhead Alluvium. However, it 
is likely that the Palo Verde alluvium contains abundant reworked 
Bullhead Alluvium. Nearly all of the varnished gravel in the 
foreground is Colorado River gravel which locally forms a major 
constituent of local alluvial fans. 

being intensively investigated in the ongoing mapping 
effort.

The Palo Verde alluvium is a newly identified 
stratigraphic package. Recent mapping and 
reconnaissance in the Palo Verde and Chemehuevi 
Valleys has identified a series of relatively well-preserved 
Colorado River deposits and related landforms at 
an intermediate position in the landscape and the 
stratigraphic record (Figs. 8 and 9). These deposits 
include features locally mapped by Stone (2006) as the 
gravels of McCoy Wash area, and may include deposits 
mapped as Bullhead alluvium south of Laughlin (House 
et al., 2004). Key characteristics of these deposits 
include: well-preserved terrace landforms; intercalated 
clasts of rounded petrified wood (pristine and fragile 
petrified wood is typical in the older Bullhead alluvium); 

and interbedding with very old, but post-Bullhead 
alluvial fans. A key site near Palo Verde, CA shows that 
an alluvial terrace surface on the Palo Verde alluvium 
unconformably overlies Bouse sediments, supports a 
minimally degraded terrace surface covered with a large 
volume of varnished river gravel, and hosts a moderately 
strong soil.

The Palo Verde alluvium occupies a critical niche 
in the yawning ~3.5 Ma gap between the previously 
identified Bullhead Alluvium and the Chemehuevi 
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Figure 10. Rounded, detrital petrified wood, Palo Verde alluvium 
(?), Chemehuevi Valley, CA. The petrified wood in the Bullhead 
is characteristically pristine, sharp-sided, and commonly well 
preserved. The rounded petrified wood assigned to the Palo Verde 
alluvium is less common to find, but is conspicuously different in 
shape and, with the abundant gravel, strongly suggests that the unit 
is probably reworking much Bullhead Alluvium.

Figure 11. Pristine, in situ petrified wood, Bullhead Alluvium, 
Cottonwood Valley, AZ

Figure 12. Large outcrop of the Chemehuevi Formation north of 
Lake Havasu City. View to ENE.

Figure 13. Chemehuevi Formation occupying deep erosional niche 
in late Miocene alluvium. Castle Rock Bay, Arizona. Lake Havasu 
City area.

Figure 14. Interesting erosional features in Chemehuevi Formation 
on the east side of the Whipple Mountains near Parker,AZ

Formation (below). This apparent gap is perplexingly 
long. The direct implication is that nearly the entire 
Pleistocene epoch is effectively missing from the record of 
this major river. There are, however, examples of potential 
intermediate-age Colorado River deposits proposed in 
some maps, though they are limited in extent. To date, 
these deposits are mostly restricted to stratigraphic 
exposures and no clear expression in the geomorphic 
record has been identified as such. Other possible 
intermediate-age units have also been recognized: e.g., 
Cottonwood beds (House and Faulds, 2009), Boulder 
conglomerate of Bat Cave Wash (Howard et al., 2013); 
Laughlin conglomerate (Faulds et al., 2004; House et 
al., 2005), and Needles Beds (Malmon et al., 2009). 
However, their correlation to each other or to the Palo 
Verde alluvium remains uncertain and is being addressed 
by the ongoing mapping project. 

The Chemehuevi Formation (Malmon et al., 2011) 
is a particularly well-preserved late Pleistocene (~75 

ka) alluvial deposit likely associated with effects of 
Quaternary climatic variability on the watershed of the 
Colorado River. Specific driving mechanisms for such 
variability are, however, uncertain.  The Chemehuevi 
Formation includes a distinctive package of two primary 
fluvial facies: a lower mud-dominated facies that forms 
corrugated bluffs, and an upper sand-dominated 
facies that forms soft slopes Fig. 12). The Chemehuevi 
Formation is preserved as conspicuous brownish orange 



p. k. house | the loco strata

70 2016 desert symposium

Figure 15. Elaborate array of the Riverside alluvium and fluvially sculpted piedmont deposits near Opal Mountain, NV. Spot elevations 
shown derived from Google Earth.

Figure 16. Window-seat view over a point just east of Blythe, CA. View is to 
south down Palo Verde and Cibola Valleys. The Blythe alluvium comprises the 
modern, largely agricultural, floodplain.

to yellowish brown bluffs flanking one or both 
sides of the floodplain or standing as isolated 
patchy remnants of alluvial fan dominated 
piedmonts. 

The base of the Chemehuevi Formation is 
characterized by relatively widespread burial 
of paleotopography, including sites where it 
overlies areas of well-developed hillslope soils 
on eroded alluvial fan remnants. It is clear that 
the Chemehuevi buried an old landscape and 
that it was deposited by an aggradational episode 
following a relatively long period of deep erosion 
(Figs. 13 and 14). 

The Riverside terraces record likely brief 
episodes of stasis during a period of net incision 
between the Chemehuevi aggradation and the 
aggradation of the modern floodplain (see Blythe 
alluvium, below). Blackwelder (1934) remarked 
on these features and estimated at least 12 of 
them. Precise ages of the Riverside terraces are 
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Figure 17. Alluvial fan remnants ranging in age from Pliocene to Recent on the piedmont of the Big Maria Mtns north of Black Point, CA. 
Note prominent series of fluvial scarps on the fan complex and terraces of Riverside alluvium (Qctr)  near the floodplain margin.

unknown, but relative ages are clear. In some locales, we 
have identified at least 10 terraces (Fig. 15). 

The Blythe alluvium refers to the late Holocene to 
modern floodplain and channel. This alluvium forms a 
vast agricultural resource in the river corridor, supported 
by one of the nation’s most important water resources 
(Fig. 16). Although a considerable percentage of it is 
utilized for agriculture, a few untrammeled sections of 
the historic floodplain remain.  Historical aerial photos 
demonstrate the once dynamic and wandering Colorado 
River. Ongoing mapping efforts have focused on 
improved georectification of the historical aerial photo 
sets for use as base imagery for mapping the floodplain as 
it was prior to channelization and large-scale agricultural 
activity.

The Piedmont Alluvium

The LOCO Corridor is circumscribed by mountains 
and hosts only a few major tributaries that drain basins 
extending well away from the river, such as Piute Wash, 
Sacramento Wash, and Bill Williams River. Most of the 
piedmont areas flanking the Colorado River are covered 

by poorly sorted, locally derived, alluvial fan and terrace 
deposits. There is substantial variation in lithologic 
composition and grain size due to variations in bedrock 
lithologies in the adjacent mountains, but the fan and 
terrace deposits typically are quite coarse on the valley 
flanks, with abundant cobbles and small to medium 
boulders, and fine gravel, sand and silt dominant closer 
to the basin axes. The geomorphology of the piedmont 
alluvial fans and terraces flanking the river bear clear 
evidence of Colorado River influence and evolution. 
Fluvial scarps are direct evidence of the river’s effect. 
Relict fans, graded to prior levels of the river, are indirect, 
disconnected markers of the historical river elevation. 

An abundance of direct and indirect geologic 
evidence for the river’s evolution lay in the geology and 
geomorphology of adjacent, coeval piedmonts draining 
the valley-flanking ranges. Each piedmont contains 
an array of alluvial fans whose shape, configuration, 
position, and age record discrete stages in the evolution of 
the river. These geomorphic features may be responses to 
direct erosion by the river, lateral migration of the river, 
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or changes in the vertical position of the river driven by 
aggradation or incision. Some impacts to the piedmont 
by the river are discernible, well preserved, and fill gaps in 
its stratigraphic record (Fig. 17). Current research goals 
involve elucidating that record with focused mapping 
and geochronology, including cosmogenic methods.

Summary and conclusion
Our ongoing regional mapping project in the LOCO 
corridor is a wide-ranging collaborative effort with the 
goal of better understanding and characterizing the 
evolution of the Colorado River system. To date, we 
have identified key units and components of the river’s 
history and have significantly augmented previous 
maps of Colorado River deposits that depict more 
generalized combinations of units. Our mapping teams 
and collaborators have been discovering and describing 
new outcrops on each field excursion over the last several 
years. The project’s primary focus on the river and its 
evolution through the corridor is helping us maintain 
thematic and stratigraphic continuity in this major 
effort. We find this approach ideal for a suite of fluvial 
deposits linked to a single river.

Detailed mapping of and geochronological 
experiments on piedmont deposits are planned. We 
expect this work to fill the wide temporal gaps for which 
no river deposits are well represented, or are too cryptic 
or similar to be well understood. 

Plans for several more years of field work, map 
compilation, geochronologic analysis, and paleontologic 
analysis are likely to generate new discoveries about ages 
and characteristics of key units. Ongoing research will 
inevitably lead to new and interesting interpretations of 
this important and intriguing river.
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Introduction
Although the majority of late Miocene to present 
Pacific–North America plate boundary strain has been 
accommodated by faults of the San Andreas and Gulf 
of California systems, growing evidence of dextral shear 
east of the San Andreas Fault indicates that a component 
of plate boundary deformation occurred in the lower 
Colorado River (LoCR) region. Large-scale tectonic 
reconstructions across the Gulf of California and Salton 
Trough (GCAST) region (Fig. 1), a ~500 km-wide 
zone of deformation that affected the western margin 
of North America, provide important constraints on 
the location, timing, style, and magnitude of crustal 
deformation in the LoCR region (Fig. 2). Characterizing 
Miocene to present deformation in the LoCR region 
is important to resolve the presence and kinematics 

of upper crustal structures that accommodated 
intracontinental strain and improves our understanding 
of the processes that promoted localized or diffuse strain 
during reorganization of the Pacific–North America 
plate boundary.

Map-view translations of crustal blocks influence 
the relative motions of adjacent blocks, an approach 
adhered to in global plate-circuit models (Atwater and 
Stock, 1998; 2013). Thus, a synthesis of the magnitude 
and timing of horizontal strain across a broad zone 
of distributed deformation can provide insight into 
processes of strain partitioning and potential kinematic 
links between adjacent structural domains. Furthermore, 
it can help prioritize and guide future work by 
identifying gaps in our understanding of plate boundary 
deformation and provide a degree of predictability 

Figure 1. The GCAST tectonic reconstruction model (modified after Bennett et al., 2013a) at (A) present day, (B) 6 Ma, and (C) 11Ma. 
The GCAST model synthesizes and retrodeforms evidence for crustal deformation over the past 11 Myr along a ~2,000 km-long, 400–500 
km-wide swath of the Pacific-North America plate boundary, from San Bernardino, California (United States) to Puerto Vallarta, Jalisco 
(México). On present-day map (A), faults with >1 km of post-11 Ma map-view relative motion are shown: red–strike-slip faults; black–
normal faults; dashed yellow–oceanic spreading center or center of pull-apart basin; orange dash/dot–speculative strike-slip faults. On 
all maps (A–C), crustal blocks consist of pre-Quaternary rocks: orange–Baja California microplate; yellow–onshore continental crust, 
including the Sierra Madre Occidental of stable North America; gray & pale green–offshore continental crust; blue stippled–hyperextended 
continental crust underlain by sills. Uncolored rhombochasm-shaped regions in the Salton Trough and Gulf of California (centered on 
dashed yellow lines) are regions where young (<5 Ma) oceanic crust has been interpreted from geophysical studies. See text and Bennett et al. 
(2013a) for further details. Animation of full Gulf of California-Salton Trough tectonic reconstruction can be viewed at: https://youtu.be/
zRerSXoC_4c
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Figure 2A. Physiographic map showing the present-day arrangement of faults and modeled crustal blocks (yellow polygons) in the lower 
Colorado River (LoCR) region. Faults and crustal blocks as in Figure 1. Outcrops of Orocopia Schist (purple polygons) exposed along 
the Chocolate Mountains anticlinorium after Ludington et al., (2005). Paleodams (thick black bars) after Spencer and Patchett (1997), 
Pearthree and House (2014), and Sherrod and Tosdal (1991). Selected towns (white circles) and state boundaries (thin black lines) are shown. 
Valleys:  ChV - Chemehuevi Valley; CwH - Chuckwalla Valley; IV - Ivanpah Valley; MoV - Mohave Valley; MV - Mohawk Valley; PV - 
Parker Valley; PVV - Palo Verde Valley; YV - Yuma Valley. Mountain Ranges: BMM - Big Maria Mtns; BlM - Black Mtns; BM - Buckskin 
Mtns; CBP - Cabeza Prieta Mtns; CaM - Cady Mtns; CM - Cottonwood Mtns; CDM - Castle Dome Mtns; ChM - Chemehuevi Mtns; 
DM - Dead Mtns; DRM - Dome Rock Mtns; ETR - eastern Transverse Ranges; GM - Gila Mtns; GPM - Granite-Providence Mtns; LM - 
Laguna Mtns; MM - Mohave Mtns; MiM - Middle Mtns; MuM - Muggins Mtns; nCM - northern Chocolate Mtns; NM - Newberry Mtns; 
NYM - New York Mtns; OM - Orocopia Mtns; OWM - Old Woman Mtns; PVM - Palo Verde Mtns; PR - Peninsular Ranges; PiM - Pinto 
Mtns; PlM - Plomosa Mtns; SBM - San Bernardino mtns; SM -  Sacramento Mtns; SHM - Sheep Hole Mtns; SJM - San Jacinto Mtns; sCM - 
southern Chocolate Mtns; TM - Trigo Mtns; WM - Whipple Mtns. Geologic features: FCVB - Fish Creek-Vallecito Basin; PVF - Pinacate 
Volcanic Field
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for palinspastic reconstructions in areas where little 
information exists. At present, detailed geologic studies 
of crustal deformation related to the Pacific–North 
America plate boundary in the LoCR region are limited, 
leading to considerable uncertainty in the late Cenozoic 
tectonic evolution of the region. This uncertainty limits 
our understanding of how plate coupling evolves during 
the transition from a convergent margin to a transform 
margin.

In this paper, we utilize animated palinspastic 
fault-based reconstructions to evaluate the tectonic 

evolution of the LoCR region 
and to examine potential 
inconsistencies of the spatio-
temporal evolution of the late 
Cenozoic Pacific–North America 
plate boundary. Based on revised 
palinspastic reconstructions and 
remaining inconsistencies, we 
hypothesize that (1) late Miocene 
transtensional faulting related to 
the Gulf of California shear zone 
and eastern California shear zone 
promoted tectonic subsidence in 
the LoCR region that permitted 
the subsequent southward lake 
spillover of the Colorado River 
and connection with the northern 
Gulf of California, (2) distributed 
Pliocene transtensional faulting 
likely occurred within the 
southern LoCR region, and is 
presently unaccounted for in 
most studies of geologic units 
related to the Pliocene Colorado 
River, and (3) the Chocolate 
Mountains anticlinorium can 
be reconstructed to a broadly 
linear, E–W-oriented structure 
at ca. 11 Ma, consistent with 
reconstruction of several other 
strain markers along the southern 
San Andreas Fault system.

Constraints on plate 
boundary deformation

Inputs for tectonic 
reconstruction model

In this paper, we update the 
GCAST tectonic reconstruction model of Bennett 
et al., (2013a), which synthesized numerous datasets 
for crustal deformation over the past 11 Myr along 
a ~2,000 km-long, 400–500 km-wide swath of the 
Pacific–North America plate boundary, from San 
Bernardino, California (United States) to Puerto 
Vallarta, Jalisco (México). This GIS-based tectonic 
reconstruction1 sequentially restores crustal deformation 

1Animations of tectonic reconstructions can be viewed at: Full Gulf 
of California–Salton Trough: https://youtu.be/zRerSXoC_4c 
Lower Colorado River region: https://youtu.be/htzdDLW3-aQ

Figure 2B. Dextral shear domains within the greater eastern California shear zone. Numbers 
indicate documented cumulative post-10 Ma dextral shear within each domain, except for the 
Stateline fault which is only constrained as post-13 Ma (Guest et al., 2007). These values are 
exclusive of dextral slip on the San Andreas Fault (sensu stricto). Dashed white lines represent 
transects referred to in Table 1. Note that discrepancy in documented dextral shear between the 
adjacent eastern Mojave and lower Colorado River domains, which suggests that up to ~30–35 
km of distributed shear may be currently undocumented in the lower Colorado River domain. 
Asterisk (*) indicates that cumulative shear in the lower Colorado River domain is based on the 
preferred estimates from published data (see Table 1). ETR - eastern Transverse Ranges; LoCR - 
lower Colorado River
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between tectonic blocks and incorporates fundamental 
constraints on the magnitude and direction of Pacific–
North America relative dextral-oblique motion provided 
by the updated global plate-circuit model (Atwater and 
Stock, 2013). At more local scales, the GCAST model 
incorporates all published accounts of late Miocene to 
present crustal deformation, including contemporary 
deformation rates from GPS studies (e.g., Meade and 
Hager, 2005; Plattner et al., 2007), the location, timing, 
style, and magnitude of late Cenozoic faulting from 
geologic and marine geophysical studies (e.g., Howard 
and Miller, 1992; Richard, 1993; Umhoefer et al., 2002; 
Aragon-Arreola and Martin-Barajas, 2007; Guest et 
al., 2007; Lease et al., 2009; Bennett et al., 2013b), 
information about crustal structure from magnetic 
and gravity studies (e.g., Sandwell and Smith, 2009), 
estimates of the age and width of new oceanic crust in 
the Gulf of California (e.g., Lizarralde et al., 2007), and 
unique geologic formations that serve as strain markers 
across the Pacific–North America plate boundary 
(e.g., Crowell, 1962; Powell, 1993; Matti and Morton, 
1993; Oskin et al., 2001; Darin and Dorsey, 2013). This 
reconstruction is limited to published information about 
the geometry, timing, and magnitude of fault activity.

Pacific–North America plate boundary

The global plate-circuit postulates that Pacific–North 
America dextral-oblique plate motion initiated in 
northwest México ca. 12.3 Ma, however direct evidence 
of significant dextral shear east of the Baja California 
peninsula prior to ca. 9–10 Ma is sparse (Gans, 1997; 
Herman, 2013; Garcia-Martinez et al., 2014), suggesting 
that shear likely occurred at a low strain rate. Geologic 
studies in the Mojave Desert and eastern Transverse 
Ranges of southern California suggest that plate 
boundary dextral shear within the eastern California 
shear zone (ECSZ) initiated ca. 10–5 Ma (Dokka and 
Travis, 1990; Richard, 1993; Schermer et al., 1996; 
Dokka et al., 1998). More recent studies indicate that 
the Gulf of California shear zone (GCSZ; Bennett 
and Oskin, 2014), located east of the Baja California 
microplate, initiated ca. 9–7 Ma (e.g., Dorsey et al., 
2007, 2011; Seiler et al., 2010, 2011; Bennett et al., 
2013b, 2015; Miller and Lizarralde, 2013). The GCSZ 
and ECSZ were likely a continuous zone of late 
Miocene to early Pliocene distributed transtension, 
kinematically linked somewhere in the LoCR region 
near the California–Arizona border. The late Miocene 
onset of significant transtensional strain coincides 

with a clockwise azimuthal shift in the direction of 
Pacific–North America relative plate motion at ca. 8 
Ma (Atwater and Stock, 1998). This change resulted 
in an increase in rift obliquity, which promoted the 
development of strike-slip faults and transtensional 
sedimentary basins throughout the GCAST region. 

By ~6 Ma, the Pacific–North America plate 
boundary south of ~33.5°N latitude had localized into 
the core of the GCSZ, marking an important transition 
from diffuse transtension in the GCSZ to localized 
plate boundary motion with linked transform faults and 
spreading centers. Subsequent oblique plate boundary 
motion opened the Gulf of California, such that the 
geologic record of the GCSZ is now preserved in late 
Miocene to early Pliocene sedimentary basins that 
flank the modern-day Gulf of California. In contrast, 
the ECSZ continues to accommodate diffuse plate 
boundary shear today north of ~33.5°N latitude. Late 
Miocene (6.4–6.1 Ma) tuffs, now offset ~250 km across 
the northern Gulf of California, serve as cross-Gulf 
strain markers and indicate that ~90% of plate motion 
has been accommodated within the Gulf of California 
since latest Miocene time (e.g., Oskin et al., 2001; Oskin 
and Stock, 2003). Similarly, GPS studies (e.g., Plattner 
et al., 2007) indicate ~93% of modern Pacific–North 
America plate motion is localized between the Baja 
California microplate and mainland México, suggesting 
that the residual plate motion shear is accommodated 
on structures west of Baja California. Thus, the Baja 
California microplate has yet to become completely 
coupled to the Pacific plate.

Collectively, these observations suggest that the 
Pacific–North America plate boundary was initially 
moderately oblique and diffuse, with strain partitioned 
east and west of the Baja California microplate, 
progressively localized into a belt of highly oblique 
relative plate motion in the GCSZ and ECSZ during 
latest Miocene time, and culminated with the opening 
of Gulf of California–Salton Trough basins. With 
these constraints in mind, our preferred GCAST 
reconstruction model uses 25% Baja–Pacific coupling 
between 7 and 11 Ma. The residual 75% of Pacific–
North America strain is accommodated on structures 
offshore, west of Baja California. Between 6 and 7 Ma 
the GCAST model uses 60% Baja–Pacific coupling, 
followed by 93% Baja–Pacific coupling from 6 Ma to 
the present day. This gradual increase in Baja–Pacific 
coupling reflects the geologic evidence for progressive 
localization of the plate boundary. Our approach differs 
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from previous reconstructions (Wilson et al., 2005; 
Fletcher et al., 2007), which imply higher magnitudes of 
Baja–Pacific percent-coupling and thus restored larger 
amounts of Baja–North America relative motion. The 
advantage of our methodology is that unacceptable 
overlap of continental crust does not occur in two 
locations along the eastern Gulf of California margin 
(Fig. 1): (1) crustal blocks now located on Isla Tiburón, in 
the Sierra Libre, and in the Sierra El Bacatete, east of the 
Empalme graben near Guaymas, Sonora (N28°–N29°), 
and (2) extended crustal blocks now submerged offshore 
in the southern Gulf of California, between Mazatlán, 
Sinaloa and Puerto Vallarta, Nayarit (N21°–N24°). 

The GCAST reconstruction model includes minor 
clockwise rotation of the Baja California microplate that 
occurred during oblique rifting, and captures how total 
Baja–North America relative motion increases from 
north to south due to latitudinal variation in Euler pole 
distance. Total preferred Baja–North America dextral-
oblique motion since 11 Ma varies from ~385 km in the 
southern Gulf of California to ~365 km at the Midriff 
Islands in the northern Gulf of California. Because no 
trans-peninsular faults exist to transfer strain from the 
Gulf of California westward across the Baja California 
microplate to offshore structures, all this plate-boundary 
motion must have been transmitted along strike into 
the Salton Trough and LoCR region (e.g., southern San 
Andreas Fault system and ECSZ; Fig. 2). Accordingly, 
this south-to-north gradient of decreasing offset 
estimates is consistent with a recent estimate of ~340 ± 
40 km of cumulative relative dextral plate motion across 
southern California and the ECSZ (Darin et al., 2013).

Colorado River region

Despite sparse geologic constraints and an incomplete 
record of crustal deformation in the lower Colorado 
River region since late Miocene time, existing 
knowledge provides important insight into the diffuse 
but measureable influence of Pacific–North America 
relative plate motion as much as ~200 km inboard of the 
primary plate boundary (i.e., San Andreas Fault). 

Available geologic constraints for dextral shear across 
the ECSZ, along a transect from the central Mojave 
Desert to the eastern Mojave Desert, suggest at least 104 
± 8 km of cumulative northwest-oriented dextral shear 
on a regional system of diffuse strike-slip and oblique-slip 
faults located east of the modern San Andreas–Gulf of 
California fault system since ca. 13 Ma (Fig. 2B, Table 1; 
Darin et al., 2013). A compilation of fault displacement 

data from the central Mojave Desert reveals 53 ± 6 km of 
cumulative dextral shear since ca. 10 Ma (McQuarrie and 
Wernicke, 2005). However, considering new constraints 
for greater total slip on the Bristol–Granite Mountains 
fault system (Lease et al., 2009) and including published 
uncertainties for other faults increases the estimate 
for total dextral shear in the central Mojave to 74 ± 
7 km (Fig. 2B, Table 1), identical to an independent 
estimate of 74 ± 17 km of cumulative dextral shear along 
strike to the northwest in the southern Walker Lane/
Death Valley region (Renik and Christie-Blick, 2013). 
Approximately 90 km northeast of the Bristol–Granite 
Mountains fault system, Guest et al. (2007) documented 
30 ± 4 km of post-middle Miocene dextral slip along the 
northwest-striking Stateline fault, effectively pushing the 
eastern boundary of the ECSZ at least as far inboard as 
the California–Nevada border (Fig. 2B).

A significant component of dextral shear from this 
central and eastern Mojave region is transmitted to the 
southeast into the eastern Transverse Ranges (ETR) 
and LoCR regions (Fig. 2B). In the ETR, paleomagnetic 
data from Miocene–Pliocene volcanic rocks (Carter 
et al., 1987) and fault reconstruction models based 
on geophysical data (Langenheim and Powell, 2009) 
indicate ~40° of clockwise vertical-axis block rotations 
between ca. 10 and 4.5 Ma. Transrotational shear 
caused by the rotation of crustal panels in the ETR only 
accounts for up to 64 ± 12 km of dextral northwestward 
relative displacement (Dickinson, 1996), significantly 
less than the 104 ± 8 km of offset predicted for the entire 
ECSZ across the Mojave Desert to the north (Fig. 2B). 
Thus, several tens of kilometers of additional, distributed 
dextral shear must be accommodated by a discontinuous 
system of northwest-striking dextral and dextral-oblique 
faults within the LoCR. An early attempt at estimating 
this additional shear across the LoCR reported a 
maximum of 16 km (Richard, 1993). Based on our 
compilation of fault slip data, we revise the estimate 
of dextral shear in the LoCR to a minimum of 26 km 
(Table 1). However, the magnitude of documented 
dextral shear in the LoCR region (26 km) remains less 
than the dextral shear observed in the eastern Mojave 
domain (54 ± 5 km) along strike to the northwest (Fig. 
2B). Because we expect strain to be preserved along-
strike in a dextral shear zone, this comparison and their 
uncertainties (Table 1) suggests that as much as 30–35 
km of dextral offset could be unaccounted for in the 
LoCR region, between the Chocolate Mountains in 
southeastern California and the Buckskin Mountains 
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in west-central Arizona. Although the majority of 
paleomagnetic data suggest that post-early Miocene 
tectonic rotations in the LoCR region are generally small 
to insignificant (Calderone and Butler, 1984; Wells and 
Hillhouse, 1989; Calderone et al., 1990), large local 
rotations ranging from 51° counterclockwise to 37° 
clockwise are observed (Wells and Hillhouse, 1989) that 
could be related to local rotations within or adjacent to 
shear zones. Regardless, the lack of systematic tectonic 
rotations in the LoCR region implies that dextral shear 
in this area may be expressed as translational rather than 
transrotational strain.

In the Southwestern Arizona domain (Fig. 2B), 
Nourse et al., (2005) estimated 43–50 km of cumulative 
latest Cenozoic dextral shear and transtension (pull-
apart basin formation) across four northwest-striking 
structures that straddle the Arizona–Sonora border 
southeast of Yuma, AZ. This value is similar to dextral 

offset documented in the eastern Mojave domain, and 
further supports the notion that current estimates of 
total offset across the LoCR are incomplete. However, 
the relative continuity of structures along the 220-km-
long, ~east–west trending Chocolate Mountains 
anticlinorium, a discontinuous series of early to middle 
Miocene antiformal domes exposing Orocopia Schist 
(e.g., Haxel and Dillon, 1978; Sherrod and Tosdal, 1991; 
Jacobson et al., 2007), seems to preclude the existence 
of large-offset strike-slip faults in this region (Richard, 
1993). 

In summary, revised compilations of fault-slip data 
from the central Mojave Desert region and scattered 
evidence of post-middle Miocene dextral shear in 
easternmost California and western Arizona suggest that 
up to 30–35 km of dextral shear may be undocumented 
across the LoCR region (Fig. 2B). Precisely where and 
how this dextral shear is kinematically linked with coeval 
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transtensional structures in the surrounding western 
Arizona and Sonora regions remains uncertain.

Implications for the Lower Colorado River 
region
The implications discussed below are speculative and are 
not based on new field evidence. These hypotheses and 
concepts are merely permissible given existing constraints 
on the known timing and activity of faulting discussed 
above. These ideas tie together existing narratives for the 
lower Colorado River region with constraints from our 
GIS-based tectonic reconstruction and provide a holistic 
synthesis of crustal deformation. These hypotheses need 
to be tested – and refined or revised – with future field 
work.

Late Miocene transtension permitted Colorado 
River spillover

We hypothesize that transtensional faulting related to 
a once-continuous GCSZ–ECSZ was the mechanism 
responsible for late Miocene tectonic subsidence and 
basin isolation that set the stage for subsequent lake 
spillover and integration of the lower Colorado River 
into the northern Gulf of California ca. 5.3 Ma (e.g., 
Spencer and Patchett, 1997; House et al., 2008). Our 
map-view tectonic reconstruction for the LoCR region 
(Fig. 3) illustrates a permissible scenario for the style and 
location of late Miocene deformation across this region. 
Restoration of post-middle Miocene dextral slip along 
the northwest-striking Stateline fault (Guest et al., 2007) 
requires that blocks farther west and south restore to the 
southeast relative to North America. A portion of dextral 
shear from the Stateline fault was likely transmitted to 
the southeast and distributed onto numerous strike-slip 
faults in the Buckskin Mountains (Singleton, 2015) and 
Plomosa Mountains (Miller and McKee, 1971). This 
right-stepping fault geometry likely involved diffuse 
extension, transtension, and subsidence within pull-
apart basins from Needles, CA, to Blythe, CA. Similar 
structural connections between the Bristol–Granite 
Mountains faults, Cibola fault, and unnamed dextral 
faults at the Arizona–Sonora border likely opened 
comparable basins between Blythe, CA and Yuma, AZ 
during late Miocene time (Fig. 3). 

Specifically, our revised GCAST reconstruction 
model predicts opening and subsidence of several late 
Miocene transtensional basins in the LoCR region. 
These include: (1) the southern Mohave Valley near 
Needles, CA, between the Sacramento and Chemehuevi 

Mountains west of the Colorado River and the 
southernmost Black Mountains east of the Colorado 
River (Fig. 3C,D); (2) a hypothetical late Miocene 
basin in the Parker Valley, 10–40 km north-northeast 
of Blythe, CA; (3) the Cibola basin south of Blythe, 
CA, which subsided on the west flank of the Trigo 
Mountains in a complex zone of linked dextral and 
normal faults (Sherrod and Tosdal, 1991; Richard, 1993; 
Homan, 2014); and (4) a northwest-trending series of 
fault-bounded basins beneath Bristol, Cadiz, Danby 
and Palen dry lakes that likely also have late Miocene to 
Pliocene faulting and subsidence histories (e.g. Howard 
and Miller, 1992; Jachens and Howard, 1992). Thus, it 
appears that transtension played an important role in the 
formation of isolated late Miocene basins through which 
lake waters related to the first-arrival of the Colorado 
River later cascaded through and linked together on its 
path towards the Gulf of California.

Pliocene deformation of the southern Lower 
Colorado River region

We hypothesize that, although Pacific–North America 
dextral shear has progressively localized onto the 
southern San Andreas Fault and ECSZ, dextral shear, 
transtension, and transpression continued in the 
southern LoCR region at a relatively low strain rate into 
Pliocene time (Fig. 3B). This deformation likely affected 
Pliocene geologic records (lacustrine and fluvial deposits) 
of the early Colorado River system, downriver of Parker 
Valley, in ways that presently are not well understood.

Scattered evidence exists for Pliocene faulting in the 
eastern Mojave and southernmost lower Colorado River 
domains (Fig. 2B). Generally, the timing constraints 
of this deformation have large uncertainties and 
require further research. Mahan et al. (2009) proposed 
that dextral slip on the Stateline fault (~30 km) and 
opening of Ivanpah Valley may have initiated as late 
as Pliocene time (5 ± 1 Ma) based on (U–Th)/He 
thermochronologic data that records rapid exhumation 
of the New York mountains. This and other post-
Miocene dextral shear in the eastern Mojave Desert 
(e.g., Bristol–Granite Mountains fault zone) was likely 
transferred southeastward to dextral and normal faults 
east of the ETR and inboard of the San Andreas Fault 
(Figs. 2B, 3; Dokka and Travis, 1990; Richard, 1993). 
Pliocene deposits of the Bullhead Alluvium appear 
undeformed northeast of Parker Valley but have subsided 
or faulted down in the Blythe Basin (Howard et al., 
2015), suggesting that structures downriver of Parker 
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Valley may have been active during Pliocene time. 
Candidate structures include the Cibola and Laguna 
fault systems, which display late Miocene to Pliocene 
right slip (Sherrod and Tosdal, 1991; Richard et al., 
1992; Richard, 1993). Other dextral faults cut deposits 
of the Pliocene Bouse formation in the southeastern 

Palo Verde Mountains (Homan, 2014). This dextral 
shear was likely transferred farther to the southeast on 
inferred normal faults in the Indian Wash and Castle 
Dome basins (Richards, 1993) and/or within the Trigo 
Mountains (Homan, 2014; Beard et al., 2016; Beard et 
al., this volume). The east-dipping Ferguson Lake fault 

Figure 3 (A) Modern-day map of faults and crustal blocks (see Fig. 2A for details). Palinspastic reconstruction time slices showing fault 
activity in the eastern Mojave and lower Colorado River (LoCR) domains (see Fig. 2B) during (B) 5 Ma, (C) 8 Ma, and (D) 11 Ma. Basins 
that gradually open due to extension and/or transtension are shaded orange. Modern-day country and state boundaries remain fixed 
for reference in all four panels. Animation of Lower Colorado River region tectonic reconstruction can be viewed at: https://youtu.be/
htzdDLW3-aQ
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(Beard et al., 2016; Beard et al., this volume), located 
~9 km east of Picacho, CA, is likely part of this right-
stepping system (Fig. 3B). These extensional structures 
may have connected with the northwest-striking Laguna 
fault system in the southeastern Trigo Mountains, which 
appears to continue to the southeast as unnamed dextral 
and dextral-oblique faults that flank both sides of the 
Gila Mountains and continue into northwestern Sonora 
(Fig. 3; (Nourse et al., 2005)).

Farther south, in the Yuma Valley, lacustrine deposits 
of the Pliocene Bouse Formation are observed in drill 
cores 150–1000 m below sea level (Olmsted et al., 
1973), much lower than the deepest Bouse formation 
observed (-173 m) in the Blythe Basin to the north. This 
may support the idea that when the Colorado River 
reached this area, a relatively larger magnitude of late 
Miocene tectonic subsidence had already occurred in 
Yuma Valley than in the Blythe Basin. Alternatively, or 
in addition, the Bouse Formation in the Yuma Valley 
may have been deformed by post-depositional Pliocene 
structures and faulted down to its current elevation of 
150–1000 m below sea level. In the Yuma Valley area, 
the Bouse Formation is cut by several northwest-striking 
subsurface faults along the Algodones fault system and 
along the southwestern flank of the Gila Mountains 
(Olmsted et al., 1973), supporting the notion that 
Pliocene faulting has occurred east of the San Andreas 
Fault. Additional support comes from the subsided or 
faulted nature of the Pliocene Bullhead Alluvium east 
of the Algodones fault (Howard et al., 2015). These 
relations suggest the possibility that post-late Miocene 
transtensional deformation has exerted some influence 
on the modern-day elevation of Bouse formation 
exposures in this area. If diffuse Pliocene deformation 
along the LoCR (from Parker Valley to Yuma, AZ has 
been accompanied by even very slow vertical motions 
and subtle tilting, existing models that interpret the 
modern-day elevation of Bouse Formation outcrops as a 
proxy for paleo-elevation may require revision.

Is the Chocolate Mountains anticlinorium a line 
strain marker?

The original shape and orientation of the Chocolate 
Mountains anticlinorium (CMA) is unknown, thus its 
apparent present-day continuity does not preclude the 
occurrence of late Cenozoic distributed dextral shear 
in this region. Based on our tectonic reconstruction 
model, we hypothesize that the pre-late Miocene CMA, 
long recognized as a potential strain marker across the 

San Andreas Fault system (e.g., Crowell, 1962; Richard, 
1993; Dembosky and Anderson, 2005), was originally 
an east- to east-northeast trending structural feature. 
Previous workers have speculated about the utility of 
the CMA as a linear strain marker, but no attempt has 
been made to palinspastically restore the CMA using 
independent geologic constraints. Our reconstruction 
model (Fig. 4), which is based on a compilation that 
includes fault slip data, paleomagnetically constrained 
block rotations, and constraints for several offset geologic 
markers in southern California (synthesized in Darin 
and Dorsey, 2013), restores dextral displacement on the 
San Andreas Fault (sensu stricto), distributed dextral 
shear in the southern LoCR, and rotation of the ETR. 
A result of this reconstruction is restoration of the axis 
of the CMA to an approximately east–west orientation 
at 11 Ma (Fig. 4B). It is important to note that this 
restored trace of the CMA is an independent result of 
the reconstruction rather than an initial constraint of the 
model. 

Pre-11 Ma deformation along the PAC–NAM plate 
boundary may permit further rotation of the CMA and 
bring it to a more linear east-northeasterly orientation 
than our 11 Ma reconstruction (Fig. 4B). Paleomagnetic 
data from the western Transverse Ranges supports up 
to 50° of clockwise vertical-axis rotation of the San 
Gabriel Mountains ca. 15–9 Ma (Terres and Luyendyk, 
1985; Dickinson, 1996), which would restore the San 
Gabriel block farther south, back-rotate it more in a 
counterclockwise sense, and orient the CMA in the 
Sierra Pelona east-northeast, similar to the restored 
trend of the eastern CMA in southwestern Arizona 
(Fig. 4B). It is conceivable that, prior to ~10 Ma, before 
displacement on the San Gabriel and southern San 
Andreas Faults, the ETR were rotating in a clockwise 
sense, similar to rotation that is documented for the 
western Transverse Ranges. In this case, additional 
clockwise rotation of similar magnitude would also 
need to be restored in the Orocopia and Chocolate 
Mountains to bring them into alignment with exposures 
in the restored San Gabriel Mountains and southwestern 
Arizona; anomalously high clockwise rotations (>100°) 
have been observed in the Chocolate and Orocopia 
Mountains, but remain poorly understood (Carter et al., 
1987).

New evidence that may call into question the initial 
linearity of the CMA comes from a recently identified 
exposure of Orocopia Schist at Cemetery Ridge, AZ 
(Haxel et al., 2015). Assuming this exposure correlates 
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with other exposures of the CMA to the southwest, 
the initial trend of the CMA could have been either 
more northeasterly or nonlinear. A more northeasterly 
initial orientation of the CMA, as we hypothesize here, 
would align it parallel to the early to middle Miocene 
extension direction (Davis and Lister, 1988; Spencer and 
Reynolds, 1991). Thus, the development of the CMA 

may be analogous to 
lower plate corrugations 
found in the Whipple, 
Buckskin–Rawhide and 
other metamorphic core 
complexes in the LoCR 
region (e.g., Fletcher and 
Bartley, 1994; Singleton, 
2013), lending support to 
models that consider the 
CMA to be an early to 
middle Miocene structure 
temporally and genetically 
related to core complex 
exhumation in the North 
American Cordillera 
(e.g., Haxel et al., 1985, 
2002; Jacobson et al., 
2007). Additional work is 
required to demonstrate 
that exposures of 
Orocopia Schist at 
Cemetery Ridge in fact 
correlate to the CMA.

Conclusions
In this paper we 
demonstrate the utility 
of palinspastic tectonic 
reconstructions to 
provide a paleo-tectonic 
framework for evaluating 
published concepts about 
the evolution of the LoCR 
region. An animated 

synthesis of crustal 
deformation illustrates the 
tectonic consequences of 
existing faulting constraints, 
and highlights gaps in our 
current understanding 
of the spatio-temporal 
evolution of the late 

Cenozoic Pacific–North America plate boundary. From 
this analysis, we form three hypotheses:

(1) Progressive lake spillover of the early Pliocene 
Colorado River and its eventual integration with the 
northern Gulf of California was intimately related 
to, and immediately preceded by, the distributed 

Figure 4 A) Modern-day map of faults, crustal blocks and offset geologic markers along the San Andreas 
Fault system. All correlative geologic markers (Darin and Dorsey, 2013), except for the Chocolate 
Mountains anticlinorium (CMA), are used as constraints in this reconstruction model. B) 11 Ma 
palinspastic reconstruction of the LoCR region. Restoration of the Chocolate Mountains anticlinorium 
(CMA) to a sub-linear, ~east-west trend at 11 Ma is a result of the reconstruction rather than a first-order 
constraint. Yellow dashed line represents a plausible initial orientation of the CMA if pre-11 Ma clockwise 
(CW) rotation and/or additional dextral shear were restored in the San Gabriel (SGM) and Chocolate 
Mountains (CM). SGF – San Gabriel fault; other abbreviations as in Figure 2.
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transtensional regime of the GCSZ and ECSZ. Late 
Miocene transtension produced tectonic subsidence and 
isolated basins through which the Colorado River was 
later integrated. Importantly, this hypothesis proposes 
a direct genetic link between tectonic subsidence in the 
LoCR region and integration of the Colorado River at 
the end of Miocene time. 

(2) The region east of the San Andreas Fault system 
continued to accommodate a small but significant 
fraction of Pacific–North America relative plate motion 
into Pliocene time, likely accumulating tens of kilometers 
of distributed dextral shear across the southernmost 
Lower Colorado River region. This hypothesis is locally 
supported by observation of faults that cut Pliocene 
deposits (e.g., Bouse Formation and Bullhead Alluvium) 
downriver of Parker Valley, but otherwise it remains 
largely untested.

(3) The Chocolate Mountains anticlinorium 
(CMA) can be restored to a broadly linear, E–W to 
ENE-oriented structure at ca. 11 Ma, and may be a useful 
line strain marker for Pacific–North America plate 
boundary deformation. The CMA may have absorbed 
several tens of kilometers of distributed dextral-oblique 
strain and/or rotational shear since middle Miocene 
time. Thus, the apparent continuity of the CMA and 
related Pliocene–Quaternary rocks does not preclude late 
Miocene to Pliocene distributed deformation of the area, 
as assumed by previous workers.

These implications are speculative, are not based 
on new field evidence, and will require careful field 
studies to verify or reject the presence of some faults 
and tectonic basins. Future work is needed to improve 
constraints on the timing, magnitude and distribution 
of late Miocene to Quaternary deformation, and to seek 
out evidence for our prediction of up to 30–35 km of 
undocumented dextral shear across the LoCR region. 
Focused acquisition of new field data will improve our 
understanding of how the Pacific–North America plate 
boundary strain evolved over late Cenozoic time.
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The Colorado Plateau region was near sea level during 
late Cretaceous time. Today the plateau’s mean surface 
elevation is about 2 km (e.g. Pederson et al., 2002b). 
Although this clearly requires ~2 km of surface uplift, 
the timing and processes that produced the uplift remain 
controversial despite nearly a century of study. Rivers, 
which respond to uplift by adjusting their profiles, 
have the potential to shed light on these long debated 
questions. Pederson et al. (2002a) and Karlstrom 
et al. (2007; 2008)differential canyon incision, and 
neotectonic faulting. Earlier K-40/Ar-40 dates indicated 
that Grand Canyon had been carved to essentially its 
present depth before 1.2 Ma. But new Ar-40/Ar-39 data 
cut this time frame approximately in half; new ages are 
all < 723 ka, with age probability peaks at 606, 534, 348, 
192, and 102 ka. Strategic sampling of basalts provides a 
semicontinuous record for deciphering late Quaternary 
incision and fault-slip rates and indicates that basalts 
flowed into and preserved a record of a progressively 
deepening bedrock canyon. The Eastern Grand Canyon 
block (east of Toroweap fault proposed that regional 
uplift could be constrained by restoring deformed paleo 
Colorado River bedrock profiles. We further investigate 
this idea by integrating 25 new or updated incision rates 
in Grand Canyon / Lake Mead region with published 
incision rates, depth to bedrock constraints, and a 
compilation of fill-terrace heights derived from mapping 
in the lower Colorado River corridor, downstream from 
Grand Canyon (fig. 1). 

In the Grand Canyon, paleo Colorado River profiles 
are constrained by published (Pederson et al., 2002a; 
Pederson et al., 2006; Karlstrom et al., 2007; Polyak et 

al., 2008; Crow et al., 2014) and new incision rates, the 
most reliable of which range from ~50 to 175 m/Ma. 
These new rates were constrained with 40Ar/39Ar dating 
of 80 to 830 ka on intracanyon basalt flows in western 
Grand Canyon (Crow et al., 2015), new 40Ar/39Ar dating 
of a 4.7 Ma basalt flow in the Lake Mead area, and a new 
U-series date of 570 ka on travertine in western Grand 
Canyon that were all associated with unambiguous 
river gravel. All the incision rates were categorized as 
preferred, maximum, or minimum constraints based 
on the limitations of the chronometer and the geologic 
context at each site. Downstream from Grand Canyon 
and Lake Mead there has been little bedrock incision and 
we focus on the elevations of Pliocene and Pleistocene 
strata deposited during aggradational events (Bullhead 
Alluvium and Chemehuevi Formation). Together these 
datasets allow us to reconstruct Colorado River bedrock 
profiles through time which reveal overall incision 
magnitude, changes in incision through time and space, 
and Plio-Pleistocene deformation.

We focus in particular on the bedrock profile 
developed prior to deposition of the ca. 4.5 to 3.5 Ma 
Bullhead fill terrace. That profile and the magnitude 
of the Bullhead aggradational event are constrained 
in the lower Colorado River corridor by the elevation 
of almost 1,700 mapped Bullhead outcrops from 28 
published or in progress geologic maps (e.g. Faulds, 
1995; House et al., 2008; Youberg et al., 2014) and 21 
wells that penetrated paleo Colorado River deposits 
and pre-Bullhead Alluvium strata (Lee, 1908; LaRue, 
1925; Berkey, 1935; Metzger et al., 1973; Olmsted et al., 
1973) (fig. 2). Projection of these data onto longitudinal 
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Figure 1. Overview map showing the locations of Colorado River 
deposits and incision constraints. Also shown are the locations of 
Quaternary faults (USGS and AZGS, 2010). Quaternary faults of 
interest labeled as follows: T = Toroweap, H = Hurricane, GW = 
Grand Wash, W = Wheeler, SL = Stateline, and A = Algodones. The 
Fortification faults, located on the west side of Wilson Ridge, are not 
shown as they do not have documented Quaternary slip. However, 
displacement of the Bullhead tread across these structures suggests 
earlier activity. Projection of data on to profiles (fig. 2) was done 
orthogonal to the river in the “profile projection zones” shown on the 
map. The underlying hillshade was derived from the USGS National 
Elevation Dataset. The inset map shows the whole Colorado River 
watershed.

profiles shows that the regional slope of the Bullhead 
tread (0.67–0.71 m/km - dashed black line in Fig. 2) is 
similar to the ca. 70 ka Chemehuevi fill terrace (0.59 m/
km–not shown on figure 2). This suggests little regional 
deformation or tilting downstream from Lake Mead 
(Howard et al., 2015). The base of the Bullhead terrace 
(solid red line in the subsurface) is sub-parallel to the 
modern Colorado River, except in the southern Blythe 
basin, and projects to near Pliocene sea level, which may 
have ranged from -59 to 39 m above modern sea level 
from 4.5 to 3.5 Ma (Miller et al., 2005; Raymo et al., 

2009; Miller et al., 2011) (fig. 3). This indicates little to 
no bedrock incision or surface uplift in the corridor since 
4.5 Ma. However, drilling along of the axis of the Blythe 
valley suggests that the Bullhead Alluvium is locally 
present to below sea level (Metzger et al., 1973). This 
suggests that subsidence occurred locally, perhaps in an 
intrabasin graben that is not affecting the valley margins, 
New drilling and incorporation of legacy subsurface data 
are needed to better understand this local deformation. 
Post-4.5 Ma deformation also may have occurred in the 
Chocolate Mountains and across the State Line fault 
system. However, available constraints suggest that the 
magnitude of any post-Bullhead deformation there is 
not regionally significant if present. This is potentially 
resolvable with better mapping, but is also affected by 
preservation issues. Together, these observations suggest 
that the Colorado River attained a quasi-equilibrium 
profile after ca. 5 Ma integration and before Bullhead 
deposition, and that it subsequently has maintained a 
smooth profile graded to modern sea level. 

In western Grand Canyon speleothem- and basalt-
constrained incision rates suggest temporally steady 
incision over the last 4 Ma (Polyak et al., 2008; Crow et 
al., 2014)in contrast to eastern Grand Canyon samples 
that yielded much faster rates ( 166 to 411 meters per 
million years and can be extrapolated to estimate the 
position of the pre-Bullhead (~ 4.5 Ma) bedrock surface 
there. Restoration of this paleo bedrock profile (red 
line in figure 3), which remains graded to near Pliocene 
sea level at its lower end, can only be accomplished by 
~400 m of differential block uplift across faults in the 
Lake Mead area. The main structures accommodating 
this uplift are likely the Fortification faults in the Black 
Mountains across which the Bullhead tread is offset by 
about 200 m (Howard et al., 2015) and the Wheeler fault 
system which has 300–500 m of post-6 Ma offset (Brady 
et al., 2000: Seixas et al., 2015 )In the upper 3 km of the 
crust, the system developed in subhorizontal cratonic 
strata in the foreland of the Cordilleran fold and thrust 
system. The rugged topography and lack of vegetation of 
the area afford exceptional three-dimensional exposures. 
Compact stratigraphy and well-defined prefaulting 
configuration of the rocks permitted a detailed 
reconstruction of the system. Reconstruction of cross 
sections based on more than 300 km(2. Throw across 
Plio-Pleistocene faults is greater than the uplift across 
the structures due to localized uplift and subsidence in 
the immediate footwall and hanging wall of the faults. 
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Figure 3. Graph showing the 4.5 Ma Colorado River bedrock surface as constrained by dated alluvial deposits and straths (in red). Restoration 
of this profile suggests ~400 m of uplift across faults in the Lake Mead area and up to 270 m of epeirogenic uplift in eastern Grand Canyon 
(Crow et al., 2014). Fault separation and offset summarized in Brady et al. (2000)In the upper 3 km of the crust, the system developed in 
subhorizontal cratonic strata in the foreland of the Cordilleran fold and thrust system. The rugged topography and lack of vegetation of the 
area afford exceptional three-dimensional exposures. Compact stratigraphy and well-defined prefaulting configuration of the rocks permitted 
a detailed reconstruction of the system. Reconstruction of cross sections based on more than 300 km(2, Karlstrom et al. (2007)differential 
canyon incision, and neotectonic faulting. Earlier K-40/Ar-40 dates indicated that Grand Canyon had been carved to essentially its present 
depth before 1.2 Ma. But new Ar-40/Ar-39 data cut this time frame approximately in half; new ages are all < 723 ka, with age probability 
peaks at 606, 534, 348, 192, and 102 ka. Strategic sampling of basalts provides a semicontinuous record for deciphering late Quaternary 
incision and fault-slip rates and indicates that basalts flowed into and preserved a record of a progressively deepening bedrock canyon. The 
Eastern Grand Canyon block (east of Toroweap fault, Seixas et al., (2015), and Howard et al. (2015).

Figure 2. Modern Colorado River profiles showing the position of dated Colorado River deposits and straths (from many sources). The bold 
red line shows the estimated position of ca. 4.5 Ma bedrock paleoprofile. 
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In conclusion, this suggests that at least 20% of the total 
Colorado Plateau uplift occurred in the last 4 Ma.
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The goal of this paper is to pose research questions that 
may help resolve controversies about the depositional 
setting of the ~ 5–6 Ma Bouse Formation and 
paleohydrology of the earliest Colorado River system. 
We also summarize and update a 
recent Geosphere paper (Crossey et a., 
2015) that discusses the application of 
multiple geochemical tracers (87Sr/86Sr, 
[Sr], δ13C, δ18O) for understanding 
carbonates of the Bouse Formation. 

The Bouse Formation, whose age 
is bracketed regionally between about 
6.1 and 4.8 Ma, was deposited at least 
in part by first-arriving waters of the 
Colorado River as it was integrated 
through several previously internally 
drained basins to the Gulf of California 
(e.g. House et al., 2008; Pearthree and 
House, 2014; McDougall and Miranda-
Martinez, this volume). The northern 
basins (C=Cottonwood, M=Mojave 
on Fig. 1) have Bouse outcrops that 
reach modern elevations of ~560 m 
that are interpreted as lake high stands. 
Downstream basins (Havasu and 
Blythe) have interpreted high stand 
carbonate deposits at ~ 360 and 330 
m, respectively (Pearthree and House, 
2014). Carbonate chemistry, especially 
87Sr/86Sr, has been used to interpret that 
Bouse deposition took place in a lake 
isolated from the ocean (Spencer and 
Patchett, 1997) rather than a marine 
estuary (Buising, 1990). 

Figure 1 shows that the lower 
Colorado River region is transected by 
the San Andreas plate boundary, the 
eastern California shear zone, and the 
Stateline fault systems (among others). 

This raises the question of whether neotectonics may 
have modified outcrops relative to their depositional 
paleoelevations. Two alternative tectonic hypotheses 
need to be tested: (1) Highest Bouse carbonate outcrops 

Figure 1. Map of the Grand Canyon and lower Colorado River region with inferred 
Bidahochi, Hualapai and Bouse paleolakes. Surface exposures of the Hualapai Limestone 
are yellow; Bouse Formation are red; red dots show drill holes that encountered Bouse 
Formation. Paleolake maximum elevations are from Spencer et al. (2008; 2013) and 
Pearthree et al. (2014). SM= Split Mountain Gorge outcrops of Imperial Formation (solid 
line) restored 230 km to the SE (dashed line). 



k. e. karlstrom, l. c. crossey, r. crow, and r. dorsey | new directions in research on the bouse formation

92 2016 desert symposium

reflect undeformed lake highstands (e.g. Pearthree and 
House, 2014), highest Bullhead (early Colorado River 
gravel) outcrops represent the degraded tread surface of 
maximum aggradation, and lowest (subsurface) gravels 
are a proxy for the ~ 3.5–4.5 Ma pre-Bullhead bedrock 
strath (Howard et al., 2015; Crow et al., this volume). 
Alternatively: (2) Post- 5–6 Ma tectonism (faults and 
differential uplift/subsidence) has modified topography, 
lake highstands and the tread of Bullhead aggradation 
represents a complex (unresolved) combination of 
perhaps subtle deformation and selective preservation. 
Tests involve better understanding of post- 5–6 Ma 
deformation via analysis of faults, additional mapping 
of paleo Colorado River deposits, depositional paleo-
environments of shoreline deposits?, and characterization 

of subsurface Bouse and Bullhead deposits with shallow 
and deep drilling. 

Figure 2 shows the 87Sr/86Sr of regional waters and 
carbonates from upstream areas on the Colorado Plateau 
west, then south, to the Gulf of California. The modern 
Colorado River 87Sr/86Sr, shown in the blue solid line, 
shows an increase due to mixing with radiogenic spring 
waters (up to 0.735) in western Grand Canyon. Hualapai 
Limestone is highly radiogenic and is interpreted to also 
require similar spring inputs. The springs themselves get 
their high 87Sr/86Sr from deeply circulated geothermal 
fluids that cause water-rock reactions along the flowpaths 
that liberate Ca and Sr, especially in areas of radiogenic 
Precambrian basement rocks of the Mojave province 
(Crossey et al., 2006). Uppermost Hualapai Limestone 

Figure 2. This figure traces the 87Sr/86Sr isotopic composition of waters and carbonates of the Colorado River region from upstream to 
downstream. A main point of this diagram is that Lake Hualapai waters were highly radiogenic because of spring inputs and that Bouse 
waters were distinctly more radiogenic than Colorado River water because of mixing between Colorado River water and Lake Hualapai 
waters, plus any additional spring inputs. Mixing between Colorado River water and seawater in the Pliocene Colorado River delta (in Blythe 
and/or Yuma basins) may have been a “reverse” analog to mixing in the modern San Francisco Bay estuary (Ingram and DePaolo, 1993) in 
that rivers in the former were more rather than lass radiogenic than seawater. The inset shows the hypothesized series of lakes that filled and 
spilled during Colorado River integration (Spencer et al., 2013). 



k. e. karlstrom, l. c. crossey, r. crow, and r. dorsey | new directions in research on the bouse formation

932016 desert symposium

in Grand Wash basin was deposited in spring-fed lakes 
and marshes where waters were mainly sourced from 
Colorado Plateau karst-aquifer groundwater that mixed 
with high-87Sr/86Sr spring inputs similar to those seen 
today in springs of western Grand Canyon and Lake 
Mead. The downstream decrease in 87Sr/86Sr in Gregg 
and Temple, then various Bouse basins, is interpreted to 
reflect progressive downstream mixing of Hualapai water 
with increasing Colorado River input as lakes became 
integrated southward. Thus, the best explanation for the 
87Sr/86Sr of the Hualapai and Bouse carbonates, both 
of which are elevated relative to the modern Colorado 
River water, involves contributions from springs and 
groundwater. A test of this hypothesis is to identify 
paleo-spring vent locations using travertine textures 
coupled with additional 87Sr/86Sr analysis. 

Figure 3 shows application of stable isotope tracers 
to each of the Hualapai and Bouse basins. In this plot 
of C and O stable isotopes, closed basins often produce 
positive slope covariation due to evaporation and other 
mechanisms of isotope fractionation, whereas open 
basins often show negative covariation reflecting mixing 
during flow-through of input waters (Talbot, 1990). 
Marine waters plot near (0,0), as do late Miocene–early 

Pliocene planktonic foraminifera 
and nannofossils from the 
Pacific Ocean (Bright et al., 
2016). Data from the Bouse 
Formation show that covariation 
trends and mean values of δ13C 
and δ18O differ between basins. 
This may be compatible with 
existing “fill-and-spill” models 
for alternating closed and open 
systems and incomplete mixing 
during progressive downward 
integration of internally drained 
basins, as Lake Hualapai waters 
flowed to Cottonwood then 
Mojave and Havasu paleo-lakes 
at ~5–6 Ma (Spencer et al., 
2013; Pearthree et al., 2015). An 
important current ambiguity 
shown in Figure 3 is the C–O 
data from southern Blythe basin 
where Roskowski et al. (2010) 
and Crossey et al. (2015) showed 
that marls fall along a strong 
co-variation trend anchored at 

(0,0). In contrast, Bright et al. (2016) showed values for 
marls from this basin (Hart Mine Wash section) that 
are much lighter in oxygen than the marls analyzed in 
previous studies, but are similar to values reported for 
fossils (Crossey et al., 2015). 

The timescales for downward integration remain 
poorly known, and may range from <100 ka (Spencer 
et al., 2008) to perhaps 1 Ma. New age constraints will 
require better geochronology of Bouse Formation in 
each sub basin. Similarly, the timescales and processes of 
downstream mixing basin-to-basin of the type suggested 
in Figure 3 remain poorly resolved. Necessary new 
geochemical data include new tracers (Mn/Sr, Al/Sr, etc.) 
placed in better stratigraphic context with a complete 
understanding of different carbonate lithofacies. 

Figure 4 combines multiple tracers and shows 
that Bouse carbonates display a general southward 
(downstream) trend toward less radiogenic 87Sr/86Sr 
values and perhaps heavier δ18O. This was interpreted 
as compatible with the hypothesis for increased 
proportion of Colorado River water entering the system 
through time during Colorado River integration and/
or increased evaporation in southerly basins. However, 
the negative δ18O values of -8 to -12 for fossils and marl 

Figure 3. δ13C versus δ18O plot of the Bouse Formation carbonates by basin. This diagram also 
suggests complex mixing for Bouse waters. The main sources for upper Bouse lake waters (2 to 
3 arrow) may be a mix of Hualapai Limestone water (light shading) plus first arriving Colorado 
River water. Additional changes from north to south suggest that each of the Bouse basins had 
different evolution trends in water/carbonate isotopic composition compatible with evolving open 
and closed basins and mixing of different waters. Marls of southern Blythe Basin form a mixing 
line anchored at near-marine values of (0,0).
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in the southern Blythe basin (Bright et al., 2016) do 
not appear to be consistent with this idea, and still 
need to be reconciled. Bouse and Imperial Formation 
carbonates in the subsurface of the Yuma Basin have 
marine 87Sr/86Sr = 0.709 and are interpreted to have 
a marine origin, whereas elevated 87Sr/86Sr values of 
0.710 in the Blythe basin are higher than marine values 
of 0.709. Nevertheless, it remains debated whether 
Colorado River water first encountered and mixed 
with marine waters in the Blythe basin or in the Yuma 
basin. Bouse Formation of the southernmost Blythe 
basin may record at least intermittent mixing between 
marine water and river water in an estuary setting; this 
is based on δ13C and δ18O covariation trends anchored at 
(0,0), sedimentological evidence consistent with marine 
sequences (Dorsey, 2012; O’Connell and Dorsey, this 
volume), and presence of marine fossils (McDougall 

and Miranda-Martinez, this volume; McDougal et al., 
2015), which might alternatively be explained by avian 
trasport and establishment of marine organisms in saline 
lakes (Spencer and Patchett, 1997) . If radiogenic Bouse 
water was mixed with seawater in the southernmost 
Blythe basin, it may be a “reverse analog” to mixing of 
non-radiogenic tributary waters with seawater in the San 
Francisco Bay estuary system depicted at left (Ingram 
and DePaolo, 1993). 

Figure 5 plots the Sr concentration [Sr] versus 
87Sr/86Sr and shows how mixing of different waters 
could plausibly explain the observed ranges of 87Sr/86Sr 
in Hualapai and Bouse carbonates. These simple binary 
mixing models require knowledge of 87Sr/86Sr and 
[Sr] of mixed endmember waters. 87Sr/86Sr is “known” 
because carbonate values are generally equal to values of 
waters that deposit them. [Sr] is unknown but perhaps 

Figure 4. 87Sr/86Sr versus δ18O for the inferred downward integration of Lake Hualapai basins to-and-through different Bouse basins. As with 
87Sr/86Sr mixing in Figure 2: 1) western Colorado Plateau groundwaters are inferred as the source of the older parts of the Hualapai Limestone 
in Grand Wash basin. 2) 6-8 Ma input of progressively fresher Colorado Plateau groundwater is inferred to explain the upsection change in 
Hualapai Limestone observed in the top ~50 m of the section. 3) Arrival of the Colorado River 5-6 Ma is interpreted to have caused spill-
over and downward integration of the Hualapai basins to Bouse basins and complex southward change in hydrochemistry with overall trends 
toward more negative δ18O values from north to south interpreted as increased proportion of Colorado River water plus evaporation effects. 
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can be estimated from modern water analogs (boxes). 
Straight mixing lines represent equal volumes of end 
members; curved lines show 4-to-1 or 10-to-1 mixing 
proportions. These mixing models demonstrate that 
Bouse carbonate 87Sr/86Sr values of 0.710–0.711 could 
have been produced in several ways, for example by a 
mixture of late Lake Hualapai water with increasing 
volumes of Colorado Plateau groundwater (CPGW) and 
Colorado River (CR) water, followed downstream by a 
mixture of seawater with arriving Bouse plus Colorado 
River water. Additional inputs of radiogenic geothermal 
waters along the flowpath, for example (Fig. 5) similar 
to western Grand Canyon springs (87Sr/86Sr up to 0.735; 
[Sr] up to 6 ppm), Lake Mead springs (87Sr/86Sr up to 
0.724; [Sr] up to 8 ppm, or modern geothermal waters in 
the Salton Sea geothermal fields (87Sr/86Sr up to 0.7115; 
[Sr] in excess of 600 ppm), all of which would have a very 

strong leveraging affect on mixing models (Crossey et 
al., 2015). This diagram suggests that southern Blythe 
87Sr/86Sr values could have been produced by 25–75% sea 
water mixed with river water in a delta/marine estuary 
system. These and other hypothetical mixing models can 
be tested if end member values are better constrained. 
Analysis of 87Sr/86Sr and [Sr] in diverse carbonate 
facies, fossils, and fluid inclusions should continue to 
be expanded. Additional analyses of potential modern 
analog waters will also help show most likely ranges of 
endmembers values.  

In summary, we suggest several refinements to the 
“lake fill-and-spill” downward integration model for the 
Colorado River. (1) Overall, hydrochemical mixing is 
required to explain the multi-tracer geochemical data. 
(2) Lake Hualapai was fed by western Colorado Plateau 
groundwater from 12 to 8 Ma. (3) High-elevation 

Figure 5. This figure shows how mixing of different waters might explain the observed ranges of 87Sr/86Sr in the Hualapai and Bouse 
carbonates. These are simple binary mixing models that require knowledge of 87Sr/86Sr and [Sr] (concentration) of mixed endmember waters. 
87Sr/86Sr is “known” because carbonate values are generally equal to values of waters that deposit them. [Sr] is unknown but perhaps can be 
estimated from modern water analogs (boxes). Straight line mixing lines represent equal volumes of end members; others show 4-to-1 or 
10-to-1 mixing proportions. These mixing models demonstrate that Bouse carbonate 87Sr/86Sr values of 0.710-0.711 could be produced in 
several ways, for example by a mixture of Lake Hualapai spring water with Colorado Plateau groundwater (CPGW) and Colorado River 
(CR) water, followed downstream by a mixture of seawater with arriving lake/river water. Additional inputs of radiogenic geothermal waters 
similar to modern waters at Cerro Prieto could also have had a strong leveraging affect.  
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Colorado Plateau groundwater was progressively 
introduced to Lake Hualapai from ~8 to 6 Ma. (4) 
Colorado River water arrived across Grand Wash cliffs 
at ~6 Ma. (5) The combined inputs led to downward 
integration by a combination of groundwater sapping 
and sequential lake spillover. (6) The high 87Sr/86Sr of 
Hualapai and Bouse carbonates is best attributed to 
radiogenic spring inputs that took place in the western 
Grand Canyon, Grand Wash, Lake Mead regions and 
possibly also farther down the flowpath. (7) Until 
[Sr] of mixing endmembers is better known, 87Sr/86Sr 
values alone cannot be used as proof of non-marine 
deposition of Bouse carbonate. (8) Marine versus 
non-marine interpretations of the Bouse Formation of 
Blythe basin require reconciliation of paleontological 
data (McDougall et al., 2015; Bright et al., 2016) and 
integration of all other datasets. 9) The effects of post-6 
Ma faulting and differential epeirogenic uplift need to be 
quantified to resolve paleoelevations of basins relative to 
each other and to sea level during Bouse deposition. 
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Possible constraints on age and correlation of the 
early Pliocene stratigraphic record of Colorado River 
integration in the Blythe Basin (Fig. 1) are suggested by 
review of preliminary pre-2016 magnetostratigraphic 
information. The data invite comparison to the 
magnetostratigraphy of Colorado River-derived strata in 
the Fish Creek–Vallecito Basin of the Anza Borrego area 
in the western Salton Trough (Fig. 2). Figure 3 illustrates 
a conceptual stratigraphy of the Bouse Formation, whose 
marine vs. lacustrine environments remain debated. 
New studies in the Blythe Basin in 2016 are expected to 
resolve and greatly improve the magnetostratigraphy and 
its constraints on the duration and timing of deposition 
of the Bouse Formation. This may in turn help inform 
possible histories of how and when Colorado River water 
and sediments connected the Blythe Basin to the sea.

A section 165 ft (50 m) thick of the Bouse Formation 
near Mesquite Mountain (Fig. 1) was sampled a 
decade ago by Daniel Malmon in a pilot USGS 
study to investigate the feasibility of establishing a 
magnetostratigraphy of the Bouse Formation (Fig. 4). 
Preliminary determinations (by Malmon and Hillhouse) 
tentatively suggest a polarity transition, at an elevation 
about 500 ft (about 150 m) above sea level (asl), from 
magnetically normal below to reversed above (Malmon 
et al., 2011a1). 

This result needs to be tested with further sampling 
and measurement but seems consistent with generalized 
information on outcrop samples reported by Kukla 
and Updike (1976). According to their paleomagnetic 
study, six outcrop samples from the Bouse in the 
general vicinity of Malmon’s sampled section (“between 
Bouse Wash and Quarry Mountain”) showed normal 
polarity. But outcrop samples from the upper part of the 
formation, both nearby in the Parker Valley area and 

1 The polarity transition at 500 ft asl was inadvertently misreported 
(by KAH) in Malmon et al. (2011a) as at 500 m asl. 

to the southwest in the Palo Verde area (Fig. 1), were 
described as dominantly reversed. 

Kukla and Updike (1976) also sampled 14 drill cores 
in the Blythe Basin for polarity determinations. They 
reported reversed and normal polarities in both the 
Bouse Formation and the overlying “unit QTrb,” which 
we identify as the Bullhead Alluvium. They also reported 

Figure 1. Map of Bouse Formation former extent (in green), showing 
the Buzzards Peak, Mesquite Mountain, Palo Verde, and (Anza 
Borrego) Fish Creek sites. Reconstructing 5 myr of San Andreas fault 
offset would restore the Fish Creek site to the Gulf of California .
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dominantly normal (but locally reversed) polarity in 
the younger “unit QTrd,” which mostly correlates to 
the Chemehuevi Formation, for which Malmon et al. 
(2011b) reported a 70-ka tephrocorrelation age. 

The top of the Bouse Formation in two cores (Fig. 5) 
was recognized at 10–31 ft (3–6 m) above sea level (asl.) 
based on lithology (Fugro, 1976) and at 2–5 ft (1–2 m) 
below sea level (bsl.) based on the highest indigenous 
Bouse foraminifera (Fritts (1976). Neither drill hole 

reached the basal limestone of 
the Bouse Formation identified 
at greater depths by Metzger et al. 
(1973). 

The near-sea-level top of the 
cored Bouse sections lies hundreds 
of feet below outcrops of the Bouse. 
Three cores were reported to have 
dominantly reversed polarities in the 
Bouse Formation clays although one 
of the cores (B-DH-50) reportedly 
contained a 30-ft-thick (9-m) 
interval of normal polarities at the 
same elevation as reversed samples 
in nearby core B-DH-51 (Kukla and 
Updike, 1976). These assignments 
are less clear when the individual 
determinations are plotted (Fig. 5). 

The Bouse Formation and part of 
the Bullhead Alluvium are subsided 
in parts of the Blythe Basin, sagging 
towards the basin axis and affected 
by an uncertain degree of faulting 
(Metzger, 1973; Fugro, 1976; 
Homan and Dorsey, 2013; Howard 
et al., 2015). Because of the uncertain 
amount and sites of deformation, 
any direct correlations between the 
measured Palo Verde and Mesquite 
Mountain sites are tentative at best. 
The data in Figure 5 indicate more 
than 180 m of relative elevation 
difference between reversed-polarity 
parts of the Bouse Formation 
between the two sites. While more 
work is needed to test the possibility 
of this much deformation of a 
reversed-polarity interval, we suggest 
it is more likely that the Palo Verde 
reversed interval in the Bouse lies 

stratigraphically below the normal-polarity part of the 
much higher-elevation Mesquite Mountain section. If 
so, the Bouse Formation’s interbedded unit tentatively 
contains at least one normal interval sandwiched 
between two reversed intervals. 

The 4.83-Ma Lawlor Tuff (Fig. 2) has normal 
magnetic polarity as measured in northern California 
by Sarna-Wojcicki et al. (2011), who assigned it to the 
Sidufjall Normal Polarity Subchron (C3n.3n) of the 

Figure 2. Magnetostratigraphy for part of the Fish Creek-Vallecito Basin (modified from 
Dorsey et al., 2011), and (on the right) tentative correlations to two key units in the lower 
Colorado River corridor. The Fish Creek-Vallecito section, containing a record of sediment 
delivered by the Colorado River to the sea and the river’s delta plain, is constrained by 77 
polarity determinations using 3-10 samples at each site, and tied to the Miocene-Pliocene 
marine faunal boundary and to 2 dated tephras in the upper part of the section. Existing 
paleomagnetic measurements of the Bouse Formation in Blythe Basin are from upper, likely 
Pliocene, parts of the formation.
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Gilbert Reversed Polarity Chron, which has a calibrated 
age of 4.799 to 4.896 Ma (Gradstein and others, 2004). 
How the Lawlor tephra in the Bouse Formation in the 
Blythe basin correlates to the sections of the interbedded 
unit of the Bouse Formation that were studied for 
magnetic polarity (Figs. 3) remains unresolved. Dorsey 
et al. (this volume) propose that the Lawlor tephra near 
Buzzards Peak (Fig. 1) rests on thin basal carbonate 
of the Bouse Formation and is overlain by an upper 
limestone unit of the Bouse Formation. These possible 
stratigraphic correlations remain to be tested. Those 
authors interpret the upper limestone unit as recording 
a second inundation of the southern part of the Blythe 

Basin following initial entry of cross-bedded Colorado 
River sands.

In summary, the Bouse Formation contains at least 
one and likely two or more polarity boundaries, and 
likely at least one full subchron, within the Gilbert 
Polarity Chron. Normal polarity rocks include Lawlor 
tephra assigned to the Sidufjall Normal Polarity 
Subchron (Fig. 2). The interbedded unit of the Bouse 
Formation includes both reversed and normal polarity 
rocks, but how these may correlate between sections and 
to the Lawlor tephra remain uncertain. McDougall and 
Miranda-Martinez (this volume) report faunal evidence 
suggesting that parts of the Bouse basal carbonate are 

Miocene, older by at least two polarity 
subchrons than the Sidufiall. As no 
subchron between 3.6 and 6.9 Ma is less 
than 100 kyr long, the parts of the Bouse 
Formation sampled for polarity likely 
span more than 100 kyr. This apparently 
minimum length of time for deposition of 
the formation much exceeds the roughly 
30–40 kyr that Spencer et al. (2008, 
2013) modeled for the predicted filling 
and spillover of a model Bouse Formation 
lake in the Blythe Basin.
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Figure 5. Polarity determinations (in blue) shown by elevation (in feet). Right—Tentative 
results near Mesquite Mountain (Fig. 1) shown in Figure 4. Left— Determinations in drill 
holes B-DH-50 and nearby B-DH-51 at a site west of Palo Verde (Fig. 1; Kukla and Updike, 
1976). The quality of reversed (R) and normal (N) determinations increases away from the 
ordinate dividing R from N. 
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Introduction
The stratigraphic record of the inception and earliest 
evolution of the lower Colorado River includes the 
enigmatic Bouse Formation, which has been the subject 
of passing to intensive geologic interest for more than 
100 years (e.g., Blanchard, 1913; Noble, 1931). The 
Bouse Formation represents a dramatic and possibly 
abrupt transition from primarily subaerial to subaqueous 
environmental conditions near the Mio-Pliocene 
boundary (~5.3 Ma). This significant environmental 
change has been ascribed to marine incursion (e.g., 
Metzger, 1968) or lacustrine inundation, by waters and 
then sediment, of the incipient Colorado River (e.g., 
Spencer and Patchett, 1997). Combinations of those 
two putative phenomena have also been advocated. A 
basic characterization of Bouse facies includes: basal 
and perimeter carbonates; nearshore sand and gravel 
spatially associated with the basal carbonates; and a vast 
interbedded sequence of (primarily) Colorado River 
muds and sands. These facies are similarly manifested in 
each basin along the river from Cottonwood Valley to 
Cibola Valley. The southern (Blythe) basin, however, has 
distinctly more voluminous, complex, and well-exposed 
carbonate deposits, as well as much more extensive 
nearshore siliciclastic deposits.

Pearthree and House (2014) recently presented 
a simple model of the Bouse facies associations. 
Their model involves a sequence of decantation of 
carbonate-rich early Colorado River water through an 
interconnected chain of lacustrine basins, followed by a 
sequential and step-wise progradation of Colorado River 
deltas into each basin. In this model, the decantation 
of carbonate-rich and largely sediment-free Colorado 
River water initially induces widespread carbonate 
sedimentation in each valley. The carbonate deposition is 
suppressed over time as suspended sediment plumes, and 

then bedload sediment, are liberated progressively from 
sediment-filled valleys upstream as the early river’s delta 
advances through each basin.

Spilling-lake models assume that a string of 
progressively lower-lying basins, separated by bedrock 
divides, existed prior to Bouse deposition, and that each 
basin filled up in succession, first with water, and then 
much more gradually with sediment. At any given time 
in the system, only a single delta existed because most 
bedload would be trapped at the uppermost lake until 
the delta prograded to the basin outlet. Accordingly, 
the downstream-most basins received clear water for the 
longest time (aside from the influence of local sediment 
sources). In any basin, at any particular place, the highest 
level of deposition was controlled by lake level, which 
initially rose to a maximum and then declined as the 
spillover, or bedrock divide, was eroded. The rates of 
spillover-lowering likely varied owing to wholesale 
catastrophic failure, incremental failure, or intervals 
of progressive erosion related to overflow.  Spillover 
lowering probably increased rapidly once upstream 
bedload made it to spillover and the upstream lake ceased 
to exist. This model allows for a potentially complex 
distribution of carbonate-dominated nearshore deposits 
as lake levels rose and fell, and generally inset siliciclastic 
delta deposits as sediment was redistributed from 
upstream basins and responded to changing lake levels. 

The rapid inundation postulated by this model 
predicts that much of the Bouse Formation basal and 
perimeter deposits were draped over a dry, basin-and-
range landscape. This landscape included an array of 
valley flat / axial drainages, active and relict alluvial fans, 
and steep exposed bedrock slopes with moderate to steep 
colluvial deposits along mountain fronts and in canyon 
drainages. Field relations of Bouse carbonate deposits 
observed at hundreds of locations in each valley indicate 
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Figure 1. Idealized spilling-lake model for the evolution of the lower Colorado River in the LOCO corridor. 12-step program includes the 
progressive deposition of the Bouse Formation followed by the massive fluvial wedge of  Bullhead Alluvium (modified slightly from Pearthree 
and House, 2014).
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that the paleotopography prior to Bouse deposition was 
broadly similar to the modern topography, including 
mountains, axial valley, alluvial fans, and eolian sand 
deposits.

The specific model in Figure 1 is presented as a 
basic framework that is generally consistent with the 
distribution of basal carbonate and siliciclastic deposits 
in all three major Bouse basins. Yet no model so far 
exclusively predicts the features we catalog below. For 
example, a current alternate hypothesis is that a pre- or 
syn-Bouse marine incursion into the southernmost basin 
was later isolated by uplift to create a lake, or a large 
region was rapidly elevated to lift marine sediments to 
their current elevations as high as 330 m above sea level 
and provide vertical space for the erosion that must have 
occurred between deposition of the Bouse Formation 
and the beginning of river aggradation recorded by the 
Bullhead Alluvium (Howard et al., 2015; Pearthree and 
House, 2014).

In this short paper, we present images of conspicuous 
and interesting phenomena associated with the Bouse 
Formation, without lengthy interpretation. This general 
presentation is therefore possibly the beginning of an 
atlas of key sedimentary and stratigraphic features of 
the Bouse. Although some general features presented 
below have been repeatedly noted by other researchers, 
we have added hundreds of new observations to the 
growing archive of Bouse Formation features. More 
than 15 years of mapping in the LOCO corridor has led 
to the discovery of many variations on the same basic 
theme of carbonate, water, waves, and paleotopography 
that is common to each basin in the system. We have 
culled particularly interesting or curious images from our 
ongoing efforts in the following sections.

Interesting features of Bouse basal and 
perimeter carbonate deposits
It has been widely noted that the Bouse Formation, in 
each basin of the lower Colorado River corridor, records 
the consequences of an abrupt, dramatic, and similar 
transformation of depositional conditions (e.g., Metzger, 
1986; Buising, 1988, 1990; Hamilton, 1960; Noble, 
1931). Its imprint is imposed on the pre-Bouse landscape 
with predictable, observable geomorphic characteristics. 

The basal and perimeter carbonate refers to 
conspicuous deposits of bedded marl, wave-worked 
calcareous sediments, some fossil-rich deposits, and 
massive travertine (also called tufa) deposits at the base 
and along the perimeter of a transgressing body of water. 

Marl drapes—it does and they are

Oddly and intriguingly delicate marl drapes are a 
common feature of the basal contact of the Bouse 
Formation carbonate facies (Figs. 2 - 5). Examples 
include: conformable drapes over individual gravel clasts 

Figure 2. (Top) Conformable, short wavelength drapes of marl from 
which the large cobbles / boulders have fallen and human heads fit. 
Parker, Ariz. area. (Middle) Marl conformably drapes over unusually 
large boulder on paleo-surface, Silver Creek, Ariz. (Bottom) Marl 
drape over cobble lag on paleo-surface, Granite Wash, Cottonwood 
Valley, Ariz.
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Figure 6 (below). 
Modern example of 
moderately dipping (> 
33°) fresh drape of silt 
and mud on bank of 
small wash deposited 
by a recent flood, 
Milpitas Wash area, 
Calif. 

Figure 3. Two views of carbonate draped on steep colluvial slopes. Left - View of an intriguing drape of carbonate on colluvium and wave-
worked (?) colluvium. Dip of prominent carbonate strata is approx. 25°. Parker, Ariz. area. Right - Impressive and intriguing carbonate 
drape dipping 22°to ESE on the east face of the Dead Mountains, Mohave Valley, Ariz. Overlying and relatively flat lying unit is carbonate-
cemented local sediment.

Figure 4 (left). (Upper 2 photos) Bouse carbonate and siliciclastic 
sediments with basal marl drape burying irregular paleotopography. 
Chemehuevi Valley, Calif. Note gently dipping Bouse sandstone in 
foreground of the middle photo. (Lower) Eastern face of the Palo 
Verde Mtns, Calif.

Figure 5 (left). Steeply 
draped / inclined marl 
wrapping around large 
travertine head. These 
features are at the base 
of the Riverside Mtns., 
Calif. fan delta sequence 
shown in Fig. 16.
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(pea gravel to boulders) on paleo alluvial fan surfaces; 
drapes on irregular bedrock channel floors and slopes; 
drapes on steep, probably wave-worked colluvial deposits; 
and drapes on wave- and current-worked gravels in 
various settings (i.e., colluvial and alluvial deposits). The 
drapes that are common at the base of the carbonate 
(marl) are a conspicuous and consistent characteristic of 
the Bouse that is unequivocal at small scales (e.g., steep, 
closely contouring drapes over individual cobbles and 
boulders). Larger drapes on sloping features (i.e. alluvial 
fans, bedrock slopes, colluvial deposits, and nearshore 

features) tend to provoke compound explanation (e.g., 
combined effects of primary sedimentation, compaction, 
and tectonics). 

Fine-grained carbonate or siliciclastic particles that 
are in suspension and descend to the floor of the water 
body have little potential to roll down whatever slope 
exists there, particularly if the basin floor is already 

Figure 7. (Upper) High, brecciated travertine (near in situ outcrop) 
on the east face of the Dead Mtns and 180 m above the valley floor. 
Mohave Valley, Calif. (Middle) Brecciated travertine outcrop on 
the west face of the Dome Rock Mtns, Ariz. (Lower) Travertine and 
calcareous sandstone encrusting bedrock on and at crest of steep 
paleoslope, Palo Verde Mtns, Calif.

Figure 8. (Upper) Detrital travertine near in situ outcrop on narrow 
bedrock ridge. East side of the Palo Verde Mtns, Calif. (Lower) 
Scabrous crust of travertine on inselberg, eastern piedmont of the 
Northern Newberry Mountains, Nev. This is the northern most 
outcrop of travertine found in the corridor and the second highest 
(~550 m vs. ~552 m at Silver Creek, Ariz.). Surface of Lake Mohave 
(in background) is approximately 195 m. Note also backpack on 
slope at upper left for scale.

Figure 9. Flat-lying travertine ‘punch bowls’ at crest of steep, flanking 
marl drape. Palo Verde Mtns, Calif. This is a common association 
wherein flat lying travertine rinds ‘give way’ downslope to steeply 
dipping calcarenite and marl.
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covered with relatively sticky mud. We therefore 
commonly find mud drapes of fine suspended-load 
sediment over pre-existing topography in the wake of 
floods along desert washes (Fig. 6). Any discussion of 
post-depositional influences on dip angles of the basal 
carbonate must accommodate the fact that some, much, 
or even all of the observed dip was likely inherited 
from the landscape. This is a particularly important 

consideration along 
the margins of the 
Bouse Formation.

Travertine 
encrustations and 
platforms

Distinctive, typically 
weathered and 
scabrous remnants 
of travertine deposits 
(commonly, probably 
incorrectly, called 
tufa; Crossey et al., 
this volume) and 
encrustations are a 
common feature of 
the Bouse Formation 
throughout the 
entire corridor. Most 
deposits are likely 
related to shoreline 
environments and 
processes; only a few 
deposits that reflect 
direct influence of 
spring discharge 
have been identified 
or interpreted to 
date. Travertine is 
commonly found 
as small fragments 
clinging to bedrock 
slopes, massive 
reef-like platforms 
on paleo-landscape 
elements; and 
interbeds in nearshore 
clastic deposits and 
carbonate sequences. 
Very similar types of 

Figure 10. Reworked(?) cobble-size travertine heads under marl. 
Soutwest Palo Verde Mtns, Calif. Reworked travertine is a fairly 
common characteristic of the Bouse nearshore deposits. It is 
the likely result of varying water level and pulsatory sediment 
aggradation on alluvial fans. Field book for scale.

Figure 11. (Left) Significantly deformed bedded siliciclastic sediments (claystone and cross bedded sandstone) 
on the eastern piedmont of the Palo Verde Mtns., Calif. Irregular texture in the center of image is accentuated 
by secondary gypsum veins in fractures and bedding planes. The light-toned beds of cross bedded sand are 
Colorado River derived. Backpack for scale. (Right) Significantly deformed part of the interbedded siliciclastic 
unit of the Bouse Formation. Near the outcrop in preceding figure. Brown mud shows evidence of liquefaction 
and injection. (Lower) Broader view of site in preceding figure. Here a less deformed sequence of cross bedded 
sand is cradled between deformed mud beds.

Figure 12. (Left) Folded Bouse marl related to low angle slide on 
basal bed of limestone, Milpitas Wash area, Calif. Baseball cap for 
scale near center-left. Wash beds floored with undeformed limestone 
in this area reveal drag marks that may (?) relate to these slides. 
(Right) Drag marks on surface of undeformed Bouse basal marl. This 
bed is directly overlain by deformed sediments as seen in preceding 
figure. The deformed sequence is evident in this image as the 
irregular material on the left side of the flat limestone surface.
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deposits are common in the Bonneville (Gilbert, 1890; 
Nelson et al., 2005) and Lahontan Basins (e.g. Russell, 
1885; Benson, 1994; 2004). Larger outcrops of travertine 
are relatively easy to identify in high-resolution imagery 
that is currently available, and ongoing field and photo 
mapping efforts have found hundreds of previously 
unmapped outcrops in the LOCO corridor.

Slipping and sliding: the Bouse is as slick as, 
well, Bouse (c.f. French translation) 

Impressive examples of mild, moderate, and extreme soft-
sediment deformation and liquefaction are common in 
the Bouse Formation. The interbedded unit (interpreted 
as mainly a pro-delta deposit) is most commonly 
involved, but deformation in marl and in siliciclastic 
nearshore deposits has been observed in several locations. 

The interbedded unit is typically the most extensively 
deformed. 

Particularly large slump-like failures with valley-
directed vergent structures are evident in the Bouse 
Formation in Mohave, Chemeheuvi, and Palo Verde 
Valleys.

Intriguing low-angle slide features can be seen in the 
basal marl and mudstone in Palo Verde Valley.

Water + wind = waves! 

Transgressive and regressive(?) nearshore 
structures and sediments

Wave and nearshore-current-worked sediments are 
common along the margins of the Bouse Formation. 
These include cross-bedded, subangular to round sands 
and gravels of local derivation. Sedimentary structures 
include different cross-bedding types, such as foresets, 
backsets, and trough sets. These types of deposits and 
related structures have been recognized in every valley in 
the LOCO corridor. 

A large desert basin filled with water, regardless of 
its origin, will be subject to wind, waves, and related 
nearshore currents (e.g., Gilbert, 1890). The presence of 
water can be the effect of marine incursion or lacustrine 
inundation. The presence of wave and current-worked 
nearshore clastic deposits along the margins of Bouse 
basins was commonly interpreted as establishing a 
marine connection (Metzger et al., 1973; Lucchitta, 
1972; Buising, 1990), even though similar types of 
deposits associated with large lakes throughout the 
Western US are unequivocal products of lacustrine 
shoreline processes (Gilbert, 1890). Large lakes can 
generate many features analogous to estuaries or 
marine embayments (e.g., Ainsworth et al., 2012). That 
sedimentary structures are generated by the wave action 
of lakes is regularly overlooked (particularly in areas not 

Figure 15.  Moderately deformed siliciclastic sequence in the Bouse 
Formation overlain by undeformed bioclastic-rich local sand. 
Milpitas Wash area, Calif. There is an extensive zone of deformation 
in the interbedded unit in this area. Overlying unit is undeformed 
and is overlain by the Bullhead Alluvium in exposures near this site.

Figure 13. Strong deformation in the Bouse interbedded siliciclastic 
unit in western Chemehuevi Valley. Likely result of subaqueous 
slump in delta sediments. Convolute wash, Chemehuevi Valley, Calif. 
Such features are relatively common in the interbedded unit and have 
been observed in each valley except Cottonwood Valley (so far). They 
could be seismogenic, or simply a consequence of sediment loading, 
or both. Exposure is approx. 12 m high.

Figure 14. ‘Thrust and fold’ features in Bouse siliciclastic sediments 
in western Chemehuevi Valley, Calif. (part of same sequence shown 
in fig. 10), valley axis beyond left side of image.
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exceptionally high above 
sea level), likely owing to 
the sheer volume of marine 
sediments on Earth and 
a dominant disciplinary 
emphasis on the geology of 
marine environments and 
records of eustatic change.

That nearshore sediments are not unique to water 
source or chemistry is laid bare by the rich, detailed 
records of nearshore and deepwater deposits associated 
with pluvial lakes in, for example, the Great Basin of 
western North America (e.g., Russell, 1885; Gilbert, 
1890; Adams and Wesnousky, 1998; Ainsworth et al., 
2012; Nutz et al., 2015). Complex arrays of sedimentary 
features, including many forms of beach ridges and 
barrier bars, to tombolos to major spits, are ubiquitous 
along the paleoshorelines of Lakes Lahontan and 
Bonneville, and certainly along the shores of other 
major lakes, past and present. In other words, additional 
lines of definitive evidence are necessary to confidently 
proclaim a marine association, a rich marine fossil 
assemblage, for example. 

Fan deltas

Fan deltas are common phenomena where tributaries 
dump sediment into water bodies. Gilbert-type fan 
deltas are the most prominent and photogenic variant, 
composed of sequences of bottomset, foreset, and 
topset beds. There are hundreds of small tributaries in 

the river corridor that would have been intermittently 
contributing sediment to an aquatic basin. Fan deltas, 
including proximal deposits and distal deposits, are 
present in each major valley in the corridor.

Water has waves

The basal gravel of the Bouse (the ‘golden gravel’) 
contains angular to well-rounded locally derived 

Figure 20. Naïve non-sedimentologist mimicking dip of foreset beds 
in Bouse Formation fan-delta deposit in Cottonwood Valley, Ariz. 
Note flat-lying topset beds above his hat in background.

Figure 16. Large fan-delta 
foreset beds (dipping 32°to E) 
and capping topset beds of local 
gravel along the eastern front of 
the Riverside Mtns, Calif.

Figure 17. Steeply dipping foreset beds overlain by mildly dipping 
topset beds in fan-delta on the north side of the Palo Verde Mtns, 
Calif. Approximately 1-2 m of fan-delta in this image, field book in 
right-center for scale.

Figure 18. Fan delta section exposed on the eastern piedmont of the 
Palo Verde Mtns, Calif.

Figure 19. Fan-delta sediments in Secret Pass Wash, near Bullhead 
City, Ariz. Field notebook for scale.
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gravel. It is commonly oxidized and stained yellow 
to yellowish-orange and is fairly distinctive in high-
resolution imagery. This facies is present in each valley 
that contains Bouse deposits. With rare exception, the 
basal gravel facies are immediately overlain by some form 
of basal carbonate (marl, bioclastic sandstone, calcareous 
sandstone, travertine), indicating these are primarily 
transgressive deposits (but plausibly regressive as well). 
These deposits are especially abundant and well-exposed 
in the southern Bouse basin where they often contain 
both rounded and subrounded clasts of local sediments, 
partly derived from reworked Miocene roundstone-rich 
alluvial fan deposits. Rounded local clasts in the golden 
gravel have been observed in every Bouse basin, however, 
making it a common characteristic of nearshore processes 
in Bouse basins. Gravel clast rounding is also typical of 
pluvial lake shoreline and nearshore deposits in the Great 
Basin. 

Summary
The Bouse Formation is characterized by an interesting 
variety of sedimentary deposits and stratigraphic 
associations. All features are consistent with the 
deposition in a large aquatic basin supplied by carbonate 
and siliciclastic sediment to various degrees. Rounded 
nearshore gravel deposits are common, as are distinctive 

Figure 21. Rounded 
locally derived 
gravels of the 
Bouse Formation 
in Cottonwood 
Valley, Ariz. In this 
area, the gravels are 
interbedded with 
thin-medium, poorly 
exposed beds of 
Bouse sandstone.

Figure 22. Rounded, carbonate-encrusted, locally derived gravels of 
the Bouse Formation in the north Palo Verde Mtn area, Calif.

Figure 23. Rounded, locally derived, wave-worked gravels of the 
Bouse Formation in Cottonwood Valley, Nev. These gravels are near 
the highest travertine deposits in the corridor shown in a previous 
figure.

Figure 24. Rounded, locally derived gravels (including reworked and 
rounded travertine clasts) in the Bouse Formation in the north Palo 
Verde Mtns, Calif.

Figure 25 Wave-worked and rounded local gravels on the southern 
piedmont of the Newberry Mountains, Mohave Valley, Nev.
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types of basal carbonate deposits. Field relations show 
an abrupt transition from subaerial conditions to 
subaqueous conditions, and a slightly less abrupt and 
progressive transition from carbonate sedimentation and 
wave-working of pre-existing deposits, to voluminous 
siliciclastic sedimentation associated with delta, channel, 
and floodplain progradation from local and sub-regional 
sediment sources.

A wide variety of basal Bouse carbonate deposits 
are draped over a pre-existing landscape in the lower 
Colorado River Valley. Basal marl deposits commonly 
form a delicate drape that adheres to individual clasts 
of gravel on underlying alluvial fan surfaces. At a larger 
scale, the draping contact is conformable with gently 

to steeply dipping topography and 
can show strikingly (some may 
say unsettlingly) steep drapes on 
obvious features such as alluvial fan 
surfaces, hillslopes, colluvial piles, 
and bedrock slopes and valleys. To 
attribute the widespread steeply 
dipping basal Bouse contacts along 
basin margins and at topographic 
irregularities entirely to tectonic 
tilting would require the untenable 
(and demonstrably false) assumption 
that the pre-Bouse topographic surface 
was flat. Although tectonic tilting may 
explain some dipping Bouse deposits, 
most Bouse deposits along the basin 
margin were clearly draped on gentle 
to steep paleotopography. 
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Introduction
Chemehuevi Wash is a major drainage that flows 
southward from the northern Turtle Mountains 
between the Chemehuevi Mountains on the north 
and the Whipple Mountains to the south. The wash 
and its tributaries drain into the Chemehuevi Basin, 
now partially filled by present day Lake Havasu. Little 
Chemehuevi Wash is about a mile south of Chemehuevi 
Wash. The term “Chemehuevi Basin” as used herein, is 
south of the Lake Mojave Basin and the Topock barrier, 
and north of the Aubrey Barrier (Pearthree & House, 
2014) located at Black Canyon Gorge and north of the 
Parker sub-basin in the Blythe Basin. In Chemehuevi 
Basin, Bouse Formation sediments reach elevations of 
over 350 m (Pearthree & House, 2014). 

This report presents information about fossils from 
three informally named localities in the lower Bouse 
Formation marl of Little Chemehuevi Wash, each with a 
distinct sedimentary substrate: 

A) Little Chemehuevi Paper Shales—thin bedded, 
varved calcareous shale interbedded with thicker 
carbonate beds; 

B) Little Chemehuevi Gorge—repeated two inch 
thick carbonate beds;

C) Chemehuevi Trail—resistant carbonate beds 
alternating with less resistant calcareous silt layers. 
Chemehuevi Trail beds dip east at 20 degrees. The 
symmetry of compression rings around depressions from 
tracks at this locality indicates that the dip of sediments 
was created after deposition.

Paleogeography and regional history
The Bouse Formation in the lower Colorado River 
Trough was deposited by lake spill-over (House and 
others 2004, 2005, 2007; Pearthree and House, 2014) 
filling a series of post-extension basins (Bennett, this 
volume), each of which were occupied by lakes that 
overfilled and spilled downstream, eventually incising 
the through-flowing Colorado River. Tephra dates 
indicate that the basins filled during late Miocene–early 
Pliocene time (House and others, 2004, 2005, 2007; 
Pearthree and House, 2014). Bouse sediments to the 
north in Cottonwood and Mojave basins contain fresh 
water charophytes. Northern Bouse sediments are 
bracketed by the Tuff of Wolverine Creek (5.59 ±.05Ma) 
and the Lower Nomlaki tephra layer (4.1± 0.05Ma, 
Reynolds and others, 2007), an age range of 1.5 Ma. 
Bouse sediments at Amboy, north of Bristol Lake, and at 
Buzzards Peak in the southern Blythe Basin contain the 
Lawlor Tuff (4.83 Ma; Sarna-Wojcicki and others, 2011; 
Spencer and others, 2008; Reynolds and others, 2008).

Fossil occurrences in Chemehuevi Basin
The Bouse Formation basal marl in Little Chemehuevi 
Wash unconformably overlies a conglomerate of locally 
derived angular volcanic clasts. Bouse marl and claystone 
are overlain by Bullhead Alluvium (Roadlog, this 
volume, Stop 1-3). The previous record of fossils from 
Chemehuevi Valley includes unspecified ostracode 
species and charophytes (Metzger and Loeltz, 1973). 
Green algae “encapsulate” to survive during fluctuations 

abstract—Little Chemehuevi Wash has produced a flora and fauna that support the freshwater 
origin of the Bouse basal marl in Chemehuevi Basin. The presence of fresh water mollusks and the 
lack of brackish or marine invertebrates in the Chemehuevi Basin contrasts with the mix of fresh, 
brackish, and marine invertebrates and vertebrates to the south in the Parker/Blythe Basin. The 
faunal contrast suggests a physical barrier between the Black and Whipple Mountains that would 
have separated the Chemehuevi Basin from southern basins.
Fossil tracks of two taxa of small horses indicate an early Pliocene, earliest Blancan North American 
Land Mammal Age timeframe. Camels and antelope prefer open grassland, so their tracks suggest 
such a habitat was adjacent to the shoreline.
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of available fresh water. Fossil freshwater mollusks (Physa 
sp, Succinea sp. and Anodonta californica; Taylor, 1983; 
Reynolds, 2008) have been reported in Bouse basal marl 
at an elevation of 250 m (820 ft, USGS Loc. 20227). 
Aquatic species described in this paper are found at 207 
m (680 ft).These aquatic mollusks, fish and frogs suggest 
that initial deposition of the Bouse sediments in the 
Chemehuevi Basin was in fresh water. 

Fauna, flora, and habitat

Water plants

Horse tail (Equisetum sp.) (Figure 1). Jointed with sprats 
of fronds at joints; grows in wet, sandy soils. 

Cattail (Typha sp.) has elongate, veined leaves with linear 
striations and grows at the margin of streams and 
ponds (USDA Plant Guide, 2011).

Rush (Juncus sp.). Rushes are ribbed water reeds that live 
in moist or wet habitats along streams and ponds at 
the water’s edge. Juncus is commonly found in humus-
rich areas like marshes, channels, and beaver dams 
(Ball and others 2016). 

Seeds (Figure 2a, b) recovered from Paper Shales 
represent two morphologies. They appear to be 
attached to thin stems intertwined with near-shore 
plants.

Figure 1. Horse tail (Equisetum sp.) spiral fronds from the Paper 
Shales

Figure 2a, b Seed morphologies 
recovered from the Paper Shales. Seed 
A length 7.2 mm. Seed B length 4.5 
mm.

A

B

Figure 3 Locust (Robinia sp.) from the Paper Shales
Figure 4. California bay laurel (Umbellularia?) from the Paper Shales
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Deciduous plant leaves

Locust (Robinia sp.) (Figure 3). Locusts are a colonizing 
pioneer of disturbed areas (Sibley 2009). 

California bay laurel (Umbellularia?) (Figure 4). Bay 
laurels occur in mixed oak woodlands where there is 
sufficient moisture (Sibley 2009).

Ostracodes

Candona sp. Found in variable fresh-water habitats (J. 
Bright p. c. to Reynolds, Feb. 2016).

Cypridopsis sp. Found in fresh-water, vegetated, weedy 
habitat (J. Bright p. c. to Reynolds, Feb. 2016).

Gastropods

Valvata (Valvata sp. cf. V. nevadensis), a ribbed 
planispiral snail found at Little Chemehuevi Gorge, 
is restricted to perennial fresh water (Taylor, 1983; 
Moore and others, 1952; Reynolds, 2008)

Amber snail (Succinea sp.), a conispiral snail, occurs 
along Little Chemehuevi Gorge. These land snails 
come from moist, non-saline habitats such as leaf litter 
(Moore and others, 1952; Reynolds, 2008).

Fish

Chub (Gila sp.) is represented by isolated pharyngeal 
teeth. These fish live in flowing streams, 
streamside eddies, and pools. Chubs feed 
on a variety of aquatic algae, plant debris, 
and terrestrial insects and worms (Roeder, 
2007; Roeder and Smith, 2016). 

Dace (Rhinichthys sp.) are represented by 
isolated pharyngeal teeth. They live on 
the bottom of fast-flowing streams among 
stones. Long nose dace eat algae and 
aquatic insects (Froese, and Pauly, 2011a; 
Roeder and Smith, 2016).

Peamouth cyprinid (Mylocheilus sp.) is 
represented by a molariform pharyngeal 
tooth. These fish live in aquatic vegetation 
in slow moving rivers, and can withstand 
brackish waters for a limited period. Their 
diet is bottom plants and surface insects 
(Froese and Paul, 2011b; Roeder and 
Smith, 2016).

Sunfish (Centrarchidae) are represented 
by fin spines. Sunfish live in natural 
lakes and backwater areas, feeding on a 
broad spectrum of food including small, 

bottom dwelling crustaceans, aquatic insect larvae, 
and smaller fish. (McGinnis 1984; Roeder and Smith, 
2016).

Sunfish (Archoplites) are represented by a lacrimal, 
premaxilla, premaxilla fragment, left dentary, 
articular-angular, and preopercle. Today, Sacramento 
perch (Archoplites interruptus) inhabit sloughs, 
sluggish rivers, and lakes with beds of rooted and 
emergent vegetation. This fish is tolerant of a wide 
range of water turbity, temperature, salinity, and 
alkalinity (Moyle 2002). Archoplites feeds on a broad 
spectrum of food including small, bottom dwelling 
crustaceans, aquatic insect larvae, and smaller fish 
(McGinnis 1984; Moyle, 2002, Roeder and Smith, 
2016).

Amphibians: 

Toad (Bufonidae: Anaxyurus sp., possibly punctatus, 
red-spotted toad) (Figure 5). The cranial morphology 
of this articulated specimen seems to rule out Incilius 
vs. Anaxyurus but further detailed examination 
is necessary for a definitive identification. Toads 
of the speciose genus Anaxyurus, (or Bufo, 
depending on taxonomy used), are found in the 
arid southwestern United States in oak woodland 

Figure 5. Articulated Red-spotted (?) toad (Anaxyurus [Bufo] sp., possibly 
punctatus)from Paper Shales
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and savannah, desert and semiarid areas away from 
water or along permanent or ephemeral water courses 
including streams, springs, mountain canyons with 
sycamores and temporary pools. Toads require 
still water in ephemeral puddles, pools, and semi-
permanent streams to breed and lay their eggs. 
They feed primarily on a variety of invertebrates, 
and occasionally small vertebrates (Stebbins 2003; 
Stebbins and McGinnis, 2012).  

Bird tracks

Aviadactyla vialovi
Alaripeda lofgreni
Alaripeda sp. 

Bird tracks in Bouse marl of Little Chemehuevi Gorge 
area are referable to Aviadactyla vialovi and Alaripeda 
lofgreni (Fig. 7 and Fig. 12 in Sarjeant and Reynolds, 
2001; Reynolds, 2008). A third print morphology 
indicates an undescribed ichnospecies of Alaripeda 
(Reynolds, 2008, Fig. 4B). Tracks were probably made 
by wading birds such as sandpipers foraging along 
pond, lake, or estuary shorelines for small mollusks and 
crustaceans (Valvata and amber snail).

Camel tracks

Camel, medium small (Dizygopodium dorydium; 
Sarjeant and Reynolds, 1999) (Figure 6). Medium to 
small camel tracks (n=7, Table 1) occur at the Paper 
Shale locality. 

Camel, small (Dizygopodium quadracordatum; 
Sarjeant and Reynolds, 1999) (Figure 7a, b). Small 
camel tracks (n=7, Table 1) with a broad interclavular 

gap having no apparent posterior gap have been 
located at the Paper Shale and the Chemehuevi Trail 
localities. 

Camel, small (Dizygopodium elachistum; Sarjeant and 
Reynolds, 1999) (Figure 8). Small camel tracks (n=7, 
Table 1) with a broad interclavular gap with a distinct 
posterior gap are found at the Paper Shale locality. 

Camel, large (Lamaichnum etoromorphum; Sarjeant 
and Reynolds, 1999) (Figure 9). Large camel tracks 
(n=3, Table 1) are located along the Chemehuevi Trail 
locality. 
Tracks of the two smaller camels are impressed into 

the shale are at a uniform shallow depth from front to 
rear, are only a few millimeters deep, and are underlain 
by “ghost” tracks. The uniform depth of foot implant 
suggests that the substrate was firm and that water depth 
was shallow. Tracks of the large camel are of uniform 
depth, front to rear, but are several centimeters deep, 
suggesting heavy weight on a soft substrate. 

Figure 6. Camel, medium small: (Dizygopodium dorydium) from the 
Paper Shales

Figure 7a, b. Camel, small: (Dizygopodium quadracordatum) from 
the Paper Shales
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Anteloper tracks

Antelope tracks, rare in the late Tertiary fossil record, are 
morphologically distinct from camel tracks, the latter 
exhibiting a broad interclavical groove and a rounded 
posterior margin. 
Informal amended diagnosis: Pecoripeda 

(Antilocapridae): 
Description: Artiodactyl tracks that are elongated and 

wedge shape. Manus and pes have two hooves (digit 
III is the medial hoof and IV is the lateral hoof). 
The medial and lateral hooves are mirror images of 
each other. Hooves are separated by a narrow space. 
The apices of the track are convergent. Each print’s 
maximum breadth is slightly greater than 50 percent 
of its length. 

Pecoripeda (Lamaichnum) Vialov, 1965: camel tracks; 
emended by Sarjeant and Langston, 1994.

Figure 8. Camel, small: (Dizygopodium elachistum) from the Paper 
Shales Figure 9. Camel, large: (Lamaichnum sp.) from Chemehuevi Trail

Figure 10. Antelope track, small: Pecoripeda (Antilocapridae) sp. A 
from the Paper Shales

Figure 11. Antelope track, medium: Pecoripeda (Antilocapridae) sp. 
B from Chemehuevi Trail

Figure 12. Antelope track, large: Pecoripeda (Antilocapridae) sp. C 
from Chemehuevi Trail
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Artiodactyl tracks are elongated and wedge shape. 
Manus and pes have two hooves (digit III is the medial 
hoof and IV is the lateral hoof). The medial and 
lateral hooves are mirror images of each other; they 
are broadest at the posterior end and have an angular, 
parabolic shape at the anterior end. Hooves are 
separated by interdigital space. The apices of the track 
can be convergent, parallel or divergent depending on 
the pace. Each hoof print’s maximum breadth is less 
than 35 percent of its length.
Pecoripeda (Antilocapridae) sp. A (small) (Figure 10). 

Small antelope tracks. 
Pecoripeda (Antilocapridae) sp. B (medium) (Figure 11). 

Medium-sized antelope tracks. 
Pecoripeda (Antilocapridae) sp. C (large) (Figure 12). 

Large antelope tracks.
The largest fossil tracks (C) are 15% shorter and 

35% narrower than the extant Antilocapra americana 
(Forrest, 1988). All three sizes of antelope tracks are 
found at the Paper Shale locality, and the largest is 
also at Chemehuevi Trail. All three have very similar 
length to width ratio. With increasing size, the length 
increases relative to the posterior width. Therefore, the 
slight changes in morphology may be changes during 
growth of a single species. Small antelopes at the 
Hemphillian/Blancan transition include Hexameryx sp., 
Hexobelomeryx sp. and the smaller Subantilocapra sp. 
(Janis and Manning, 1998).

Horse tracks

Horse, small, elongate (Hippipeda sp. A, small; Sarjeant 
and Reynolds, 1999; Reynolds, 2008) (Figure 13). The 

small, elongate horse tracks (n=7, Table 1) are present 
at Chemehuevi Trail. 

Horse, small, equant (Hippipeda sp. B, small; Sarjeant 
and Reynolds, 1999; Reynolds, 2008) (Figure 14). The 
small, equant horse tracks (n=7, Table 1) are present at 
the Paper Shales and Chemehuevi Trail localities.

Horse, medium (Hippipeda araiochelata; Sarjeant and 
Reynolds, 1999; Reynolds, 2008). The medium horse 
tracks (n=7, Table 1) are found at the Paper Shale 
locality.
Discussion: Elongate shapes for horse hoof 

impressions are expected. However, the Paper Shale 
locality preserves two small horse morphologies, 
one equant and one slender (Table 1). Starting with 
the Barstovian LMA, lateral digits of horses of the 
American southwest have not left substrate impressions 
(Reynolds, 2003, 2006). A case for the “slender” hoof 
morphology belonging to horses that retained lateral 
phalanges (three-toed morphology) in the latest 
Miocene, Hemphillian LMA was made (Reynolds, 2003, 
2006) when considering Hipparionini tribe horse foot 
morphology vs Equini tribe horse foot morphology.

Since the Bouse Formation contains the Lawlor Tuff 
(4.83 Ma, Sarna-Wojcicki and others, 2011), the Bouse 
Formation in Chemehuevi Basin should be about that 
age, or at least younger than the Tuff of Wolverine 
Creek (5.59 ±.05 Ma) in the upstream Mojave Basin. 
This period of time falls within the early Pliocene 
Hemphillian LMA (Hh) transition to the Blancan 
LMA (Bl). Only two small horses recorded at the 
Hemphillian/Blancan transition (MacFadden, 1998): 
the Hipparionini horse Nannippus and the Equini 

Figure 13. Horse, small, elongate: (Hippipeda sp. A) from 
Chemehuevi Trail

Figure 14. Horse, small, equant: (Hippipeda sp. B) from Chemehuevi 
Trail
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horse Calippus. The small Hipponarine retained lateral 
digits and left slender or elongate prints. The small 
Equini horses lost lateral digits and left equidimensional 
hoof imprints. The length-to-width ratio of hoof 
impressions is similar (Table 1: 1.0:1 vs 1.2:1) but the 
equidimensional hoof covers a larger area, perhaps for 
better support. 

The two different 
morphologies of small 
horse tracks are referred 
to Nannippus sp. (sp. A, 
elongate) and Calippus sp. 
(sp. B, equidimensional). 
Elongate Late Miocene 
horse tracks from Moapa, 
Nevada, of similar size were 
referred to Nannippus sp. 
(Reynolds, 2006). The small, 
equidimensional tracks 
appear to be an undescribed 
horse track morphology. 
If the two small horses 
represented by tracks at the 
Little Chemehuevi Wash 
localities are actually from 
Calippus sp. and Nannippus 
sp., they are appropriate 
for the age of the deposit, 
and help constrain the age 
of deposition, since the 
extinction of Calippus is 
around 4.5 Ma (MacFadden, 
1992, 1998).

Cat tracks

Cat, small: (Felipeda sp.) (Figure 15). 
Cat footprints are rare in the fossil record (Sarjeant 

and others, 2002; Reynolds, 2004; Reynolds and 
Milner, 2012).  Felid tracks are differentiated from 
canid tracks by a circular metapodial pad, either 
bilobed or trilobed, and ovoid digits. Claw marks are 
rare (Sarjeant and others, 2002; Reynolds, 2004). The 
cat from Chemehuevi Trail is 10% smaller in both 
dimensions than a small cat with bilobed metapodial 
pads from Barstow (Reynolds, 2004) or about the size of 
the Hemphillian Felipeda bottjeri (Sarjeant and others, 
2002). Small felids as available track makers at the 
Hh/Bl transition included Lynx sp and Nimravides sp 
(Martin, 1998; Browne and Reynolds, 2015).

Summary
The presence of toads, fresh water fish, plants, and 
invertebrates suggests a freshwater depositional 
environment for the Bouse Formation in the 
Chemehuevi Basin, at least below 250 m. Wading birds 

Figure 14. Felid track: (Felipeda sp.) from Chemehuevi Trail

Table 1 Comparative measurements of tracks.
TAXA Location No. LENGTH 

(avg: cm)

WIDTH 

(avg: cm)

RATIO 

(L/W)

AREA

Camelidae

Dizygopodium quadracordatum PS N=7 4.0 3.0 1.3:1

Dizygopodium elachistum PS N=3 4.5 3.8 1.2: 1

Dizygopodium dorydium PS, M N=7 6.5 4.0 1.6:1

Lamaichnum etoromorphum CT N=3 11.3 7.0 1.6:1

Equidae

Hippipeda sp. A CT 3.5 3.0 1.2:1 10.5

Hippipeda sp. B sm. PS, CT 2.0 2.0 1.0:1 4.0

Hippipeda araiochelata PS 5.0 4.0 1.3:1 20.0

Antilocaprid

Capromorpha A sm. PS N=1 2.7 1.5 1.8:1 

(0.55)

4.05

Capromorpha B med PS N=1 3.8 2.0 1.9:1 

(0.53)

7.6

Capromorpha C lg PS N=1 4.8 2.5 1.92:1 

(0.52)

12.0

Felidae

Felipeda sp. CT N=1 7.0 5.0 cm 1.4: 1 35.0

Locations: CT= Chemehuevi Trail; PS = Paper Shale.
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with short legs and firm imprints of herbivore tracks 
suggest a shallow water depth, just 3 to 18 inches deep. 
Constraints on the age of deposition are suggested by 
tracks of the small horses Calippus sp. and Nannippus sp., 
which co-occurred between 4.5 and 5.0 Ma. 

The fresh water fauna from Chemehuevi Basin 
contrasts with the fauna of the Blythe Basin downstream 
to the south, which contains a mixture of fresh and 
brackish water species along with marine fish (Todd, 
1976; Reynolds, 2008; Reynolds and Berry, 2008; 
Roeder and Smith, this volume). 
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The late Miocene through Pliocene Bouse Formation 
crops out in the lower Colorado River drainage and 
adjacent basins from southern Nevada to Cibola, 
Arizona (Metzger 1968). Well log data indicate the 
Bouse Formation is present in the subsurface near 
and south of Yuma, AZ (Metzger 1968). Earlier 
interpretations based on marine fossils from the Blythe 
basin from Parker and Cibola along the Colorado River 
in California and Arizona suggested that sediments 
constituting the Bouse Formation were deposited in 
subsiding basins that opened 
at their southern end to the 
Gulf of California (Smith 
1970). 

Recent investigations 
indicate the sediments were 
deposited in a chain of 
paleo lakes that occupied 
basins, from north to south 
and oldest to youngest, the 
Lake Cottonwood, and 
Lake Mojave (4.1–5.6 Ma), 
Chemehuevi Basin, and the 
southern Blythe basin (4.8 
Ma ago, Pearthree and House 
2014). The lakes did not exist 
at the same time, but each 
were filled successively and 
were eventually drained by 
the Colorado River, which 
reached the Gulf of California 
after 4.8 Ma ago (Spencer 
2011). 

Recent collections of fossils 
from the Bouse Formation 
basal marl in southeastern 

California and western Arizona yielded new fossil 
records of freshwater bony fishes. One locality, Little 
Chemehuevi Wash paper shales, south of Chemehuevi 
Wash (Havasu Lake), California, yielded remains of 
Rhinichthys (dace), Gila (chub), Mylocheilus (peamouth) 
and cf. Archoplites (sunfish) (Figures 1 and 2). A second 
locality in the southern Blythe Basin near Cibola, 
Arizona, yielded remains of Gila cypha (humpback 
chub). 

Figure 1. Fossil centrarchid (cf. Archoplites) and cyprinid bones from Little Chemehuevi Wash paper 
shales: a, right dentary; b, lacrimal; c, premaxilla; d, left dentary, mesial and external views; e, articular 
angular; f, premaxillary fragment; g, preopercle fragment; h, unidentified cyprinid tooth; i, Gila 
tooth; j, Mylocheilus tooth; k, centrarchid spines.
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The extant peamouth (Mylocheilus sp.) and sunfish 
(cf. Archoplites sp.) are not found in the Colorado River 
system. Mylocheilus is found in the Snake, Willamette, 
and Columbia Rivers of the Pacific Northwest, British 
Columbia, and the Northwest Territories, while 
Archoplites is found in the Sacramento, San Joaquin 
and Salinas Rivers of California, as well as Miocene 
and Pliocene localities in Washington, Oregon, 
Idaho, Nevada, Utah, and California. The presence of 
Mylocheilus and cf. Archoplites confirms earlier research 
of a past hydrologic connection between the Colorado, 
Snake, and Sacramento River drainages (Spencer et al., 
2008). 

A fossil-bearing claystone that has been tentatively 
correlated to the early Pliocene Bullhead Alluvium at 
Sacramento Wash, Topock, Arizona is older than a 3.3 
Ma tephra (House and others 2005), and is estimated to 
be 3.5 to 4.5 Ma in age (Howard and others 2015). This 
locality has yielded remains of Gila (chub) and Xyrauchen 
(razor-back sucker) (Figure 2) taxa similar the modern 
Colorado River native fish fauna (Roeder, 2007). 
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Figure 2. Fossil cyprinid and catostomid bones from  Little Chemehuevi Wash paper shales and 
Sacramento Wash: a, b, teeth of Xyrauchen sp. from Sacramento Wash; c, d, e, teeth of Rhinichthys 
sp. from Little Chemehuevi Wash paper shales; f, g, Gila sp. from Sacramento Wash; h i, j, 
unidentified cyprinid teeth from Sacramento Wash.
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Introduction
Ever since John Wesley Powell’s historic journey through 
the Grand Canyon in 1869, the Colorado River has 
been an iconic symbol of the American Southwest. It 
is the largest river in the southwestern United States, 
flowing over 2,300 km from its headwaters in the Rocky 
Mountains in Colorado to the Gulf of California, and 
draining over 600,000 square kilometers of watershed 
(Blinn and Poff, 2005). The evolution of the modern 
Colorado River is more fascinating than even Powell 
could have imagined. 

Prior to about 15 Ma, watersheds in the southwestern 
U.S. flowed generally to the north or northwest (e.g., 
Cather et al., 2012). Between about 15 Ma and 6 Ma, 
extension and subsidence in the Basin and Range 
Province of the western U.S. and the opening of the 
Gulf of California caused wholescale reorganization of 
southwestern U.S. watersheds (Potochnik and Faulds 
1998; Potochnik, 2001; Cather et al., 2012; Dickinson, 
2015). Shortly after 6 Ma, exotic river gravels carried by 
a developing Colorado River appeared for the first time 
to the west of the modern Grand Canyon (Lucchitta, 

abstract—The late Miocene–early Pliocene southern Bouse Formation contains a controversial 
record of either a marine inundation or a brackish terminal lake along the lower Colorado River 
corridor. The ostracode assemblages and δ18O values in ostracode valve calcite from the lacustrine 
northern Bouse Formation and contested southern Bouse Formation were studied and compared to 
determine depositional environments. The expected fill-and-spill lacustrine origin for the northern 
Bouse Formation in Chemehuevi basin is supported by an abrupt ~8‰ (VPDB) decrease in the 
δ18O values from micrite and associated Candona spp. (fresh-brackish water ostracode) valve calcite, 
as closed-basin conditions were replaced by open-basin conditions. The δ18O values in co-occurring 
Cyprideis sp. (marginal marine ostracode) and Candona spp. valves in the southern Bouse 
Formation are very similar to each other and they are nearly identical to the δ18O values in Candona 
spp. valves from the northern Bouse Formation, indicating the ostracodes in both basins calcified 
in similar freshwater to brackish environments. An identical, abrupt shift from high to much 
lower δ18O values in Cyprideis sp. and Candona spp. valves is also observed in the southern Bouse 
Formation, suggesting a similar fill-and-spill lacustrine environment. The δ18O values in micrite 
and in Cyprideis spp. valves from two southern Bouse Formation outcrops located at the northern 
and southern margins of Blythe basin and separated by nearly 100 km are nearly identical, and are 
incompatible with a marine or an estuarine interpretation. The δ18O values in micrite and ostracode 
valves from the lacustrine northern Bouse Formation and southern Bouse Formation are similar, 
both in discrete values and in stratigraphic context. This similarity suggests that the southern Bouse 
Formation is lacustrine in origin.
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1972; Spencer et al., 2001). After turning to the south 
near Las Vegas, NV (Fig. 1), the developing Colorado 
River had to work its way across a tectonically chaotic 
landscape of internally drained basins (e.g., Faulds et al., 
2008; Kimbrough et al., 2015) before finally reaching 
the early Gulf of California at about 5.3 Ma (Dorsey et 
al., 2007, 2011). The sequence of events and individual 
processes that forged the course of the modern Colorado 
River through the Grand Canyon are passionately 

debated (e.g., Meek and Douglas, 2001; Pederson, 2008; 
Wernicke, 2011; Dickinson, 2013; Karlstrom et al., 
2014), as are the interpretations of the events that led to 
the lower Colorado River finally reaching the Gulf of 
California (e.g., Smith, 1970; Lucchitta, 1979; Spencer 
and Patchett, 1997; House et al., 2008; McDougall and 
Miranda Martinez, 2014; Bright et al., in press).

An enigmatic series of ~ 5 Ma carbonate and 
siliciclastic deposits that are discontinuously exposed 
along nearly 250 km of the lower Colorado River 
corridor between Las Vegas, NV, and Yuma, AZ, (Fig. 
1) preserve a record of the events that happened before 
the lower Colorado River became fully integrated with 
the Gulf of California. This suite of sediments has been 
named the Bouse Formation (Metzger, 1968). Since 
the early 1900s, the origin of the Bouse Formation has 
been the focus of considerable debate. Early workers 
found fossil clams, barnacles, and foraminifers in the 
southernmost exposures of the Bouse Formation, in 
what is now Blythe basin (hereafter “southern Bouse 
Formation”) (Fig. 1). Initial interpretations accounted 
for the marine fossil assemblage by suggesting that the 
southern Bouse Formation was deposited in a northern 
embayment or estuary of the early Gulf of California 
(Ross, 1923; Brown, 1923; Noble, 1931, Wilson, 1931; 
Smith, 1970). Blair and Armstrong (1979) later suggested 
that the unfossiliferous Bouse Formation exposed north 
of Blythe basin (hereafter “northern Bouse Formation”) 
should also be included in the marine transgression 
model in order to accommodate similar limestones that 
are exposed almost as far north as Las Vegas, NV (Fig. 
1). The marine interpretation has been expanded on and 
reinforced by several more recent studies that have since 
confined the proposed marine influence to Blythe basin 
(McDougall, 2008; Miller et al., 2014; McDougall and 
Miranda Martinez, 2014). The recognition of a variety of 
planktic foraminifers, plus nearly 25 additional species 
of benthic foraminifers, as well as a diverse assemblage 
of marine diatoms, in the southern Bouse Formation 
strongly supports a marine interpretation (Smith, 1970; 
McDougall and Miranda Martinez, 2014; Miller et al., 
2014).

Hamilton (1960) was the first to propose an 
alternative interpretation favoring a saline lake origin 
for the southern Bouse Formation. The notion that 
lakes may have played a pivotal role in the evolution 
of the Colorado River corridor has been expanded on 
over the past 50 years (e.g., Blackwelder, 1964; Meek 
and Douglas, 2001; House et al., 2008). A number of 

Figure 1. Regional map showing the relationship between the 
course of the modern lower Colorado River, the contested marine 
or lacustrine Blythe basin (dark grey), the uncontested lacustrine 
basins (light grey), proposed paleodams (black bars with letters), and 
our study locations (white stars). Numbers adjacent to each basin 
outline represents the highest known elevation of Bouse Formation 
in each respective basin. Dashed grey line estimates the area of the 
Salton Trough that would be flooded by seawater if the landscape 
was lowered by 330 m. P – Pyramid; T – Topock; A – Aubrey; C – 
Chocolate. Inset map shows the location of the lower Colorado River 
corridor (grey box) in relation to the southwestern U.S. Main figure 
based on Pearthree and House (2014)
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studies focusing on paleontology, geomorphology, and 
on both stable isotope (δ18O, δ13C) values and strontium 
isotope ratios (87Sr/86Sr) in northern Bouse Formation 
carbonates (Fig. 1) collectively suggest deposition in a 
series of southward cascading, fresh to mildly brackish 
lakes that were fed by the ancestral Colorado River 
(Spencer and Patchett, 1997; Poulson and John, 2003; 
House et al., 2008; McDougall, 2008; Reynolds and 
Berry, 2008; Roskowski et al., 2010; Pearthree and 
House, 2014; Crossey et al., 2015). 

Southern Bouse Formation carbonates have δ18O 
and δ13C values and 87Sr/86Sr ratios that overlap those of 
the northern Bouse Formation (Spencer and Patchett, 
1997; Poulson and John, 2003, Crossey et al., 2015), 
permitting a similar ancestral Colorado River-fed lake 
origin. Geochemical evidence for a marine origin, such 
as marine 87Sr/86Sr ratios, has not been found (Spencer 
and Patchett, 1997; Roskowski et al., 2010; Crossey et 
al,. 2015). However, the strontium provenance dynamics 
of the ~ 5 Ma lower Colorado River corridor, and in 
Blythe basin in particular, are surprisingly complex 
(Crossey et al., 2015). Groundwater with high strontium 
concentrations and continental 87Sr/86Sr ratios were 
present in the area just before the southern Bouse 
Formation was deposited. A small contribution of this 
groundwater could produce the continental 87Sr/86Sr 
ratios of the southern Bouse Formation even if 25–75% 
of the water in Blythe basin was seawater (Crossey et al., 
2015). 

The proximity of Blythe basin to seawater at ~ 5 
Ma is not contested (Fig. 1). Miocene marine rocks 
underlie proposed Bouse Formation sediments in wells 
near Yuma, AZ, (Fig. 1) just 60 km south of Blythe 
basin (Olmstead et al., 1973; McDougall, 2008). The 
geochemical and paleontologic characteristics of the 
southern Bouse Formation appear to be discordant, or 
even incompatible, thus the origin of the southern Bouse 
Formation and its marine fauna is intensely debated (e.g, 
Spencer et al., 2013; McDougall and Miranda Martinez, 
2014). It is still unclear whether or not seawater from the 
early Gulf of California extended into Blythe basin. This 
question is the focus of our investigation.

Significance
Whether the southern Bouse Formation is marine or 
lacustrine has implications for our understanding of 
both the regional post-Miocene tectonic history of the 
lower Colorado River corridor, and the biogeography of a 
diverse marine assemblage in what may be a continental 

lake setting. Outcrops of the southern Bouse Formation 
are found as high as 330 masl (Pearthree and House, 
2014) (Fig. 1). If the southern Bouse Formation was 
originally deposited at sea level as either a marine or 
estuarine deposit, then its current elevation requires 
significant post-Miocene uplift, which has larger 
implications for the tectonic evolution of southwestern 
Arizona and southeastern California (e.g., Dorsey and 
Langenheim, 2015) and for the rate and timing of uplift 
of the neighboring Colorado Plateau (Lucchitta, 1979). 
If the southern Bouse Formation is lacustrine, then 
the elevation of the outcrops simply reflects water level 
within a closed basin and significant post-Miocene uplift 
is not explicitly required to explain the basin’s current 
elevation (Spencer and Patchett, 1997).

The second key topic is the diversity of nominally 
marine fossils in the southern Bouse Formation, which is 
highly unusual for a lake. The marine fossils can be easily 
accounted for by a marine or estuarine interpretation. 
However, marine mollusks, benthic foraminifers, and 
more rarely barnacles, have been documented in lakes 
(Anadón, 1992). A modern lacustrine analog might 
be found in the land-locked Salton Sea (Fig. 1), which 
contains an impressive variety of marine organisms, 
including nearly 20 species of benthic foraminifers 
(Arnal, 1958; Whistler, 1995), an unexpected variety of 
marine diatoms (Lange and Tiffany, 2002), the barnacle 
Balanus amphitrite (Detwiler et al., 2002), as well as 
numerous other typically marine organisms (Detwiler 
et al., 2002). However, to our knowledge, there are 
no examples of a lake fauna that includes uncontested 
occurrences of planktic foraminifers (e.g., McDougall 
and Miranda Martinez, 2014). 

Methods and rationale
One outcrop of northern Bouse Formation from 
Chemehuevi basin and two outcrops of southern Bouse 
Formation from Blythe basin were strategically selected 
along a north-south transect (Fig. 1) and sampled 
for stable oxygen isotope (δ18O) analyses of both fine 
grained (< 45 μm) micrite and the associated ostracode 
valves. Outcrops of southern Bouse Formation were 
sampled near Parker, AZ, and along Hart Mine Wash, 
AZ (Fig. 1). The outcrop at Parker is located near where 
the developing Colorado River presumably would have 
entered Blythe basin (Fig. 1). The outcrop at Hart Mine 
Wash is located near the southern margin of Blythe basin 
(Fig. 1), far from any major river input, and would have 
been near the mouth of the proposed Bouse estuary. 
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This sampling strategy allows for the comparison of δ18O 
values in micrite and ostracode calcite from a lacustrine 
environment in Chemehuevi basin against similar 
material from the contested southern Bouse Formation 
exposed at Parker and at Hart Mine Wash. 

If the southern Bouse Formation is marine, then the 
micrite and ostracode δ18O values from Parker and Hart 
Mine Wash should be similar to each other and should 
have δ18O values characteristic of marine carbonates, 
and southern Bouse Formation δ18O values should be 
distinguishable from δ18O values from the lacustrine 
northern Bouse Formation. Similarly, if the southern 
Bouse Formation is estuarine, then the micrite and 
ostracode δ18O values should show a transition from 
lacustrine conditions in Chemehuevi basin, to dilute 
marine conditions at the head of the Bouse estuary 
near Parker, to nearly normal marine conditions near 
the mouth of the Bouse estuary near Hart Mine 
Wash, located nearly 100 km south of Parker (Fig. 1). 
Specifically, salinity and water δ18O values in estuaries 
are positively correlated as saline marine water with 
high δ18O values mixes with dilute river water with low 
δ18O values (e.g., Ingram, 1996). If the southern Bouse 
Formation is estuarine, then there should be a noticeable 
increase in micrite and ostracode δ18O values from the 
head of the proposed estuary at Parker to the mouth of 
the estuary near Hart Mine Wash. 

Bouse Formation sediments were disaggregated and 
sieved over 45 μm screens. Microfauna in the > 120 μm 
fraction were identified and counted. A portion of the < 
45μm sediment fraction (micrite) was retained, dried at 
40°C, and analyzed for its δ18O values (δ18OMIC). Valves 
from two co-occurring genera of ostracodes (Cyprideis 
– marginal marine but continentally invasive ostracode; 
Candona – fresh to brackish water continental ostracode) 
were also analyzed for their δ18O values (δ18OCYP, 
δ18OCAN, respectively). All δ18O values were generated 
using an automated KIEL-III carbonate preparation 
device attached to a Finnegan MAT 252 gas-ratio mass 
spectrometer and the University of Arizona. The stable 
isotope results are reported in standard delta (δ) notation 
where: d‰ = [(Rsample/Rstd)-1] x 103; and R = ratio 
of 18O:16O. Rstd refers to the standard Vienna Peedee 
belemnite (VPDB). 

Preliminary results

Chemehuevi basin

The northern Bouse Formation in Chemehuevi basin 
(Fig. 1; 34.4477° N, 114.4010° W, 150 masl) consists of 
about 0.1 m of pale green clay that overly coarse sands 
and pebbles (Fig. 2). The initial green clay is overlain by 
about 5 meters of carbonate-rich marly sediments that 
are in turn overlain by about 2 meters of dense green 
claystone (Fig. 2). Roughly 6 meters of sand overlie the 
green claystone (Fig. 2). The sand is finally overlain by 
about 2 meters of brown, shaley claystone (Fig. 2).

The micrite from roughly the lowest 2 meters of marly 
sediments have an expectedly low, non-marine δ18OMIC 
value (-7 ± 1‰; Fig. 3). In contrast, associated valve 
fragments from the freshwater ostracode Candona spp. 
have a surprisingly high δ18OCAN value (-1 ± 1‰; Fig. 3). 
The offset between the δ18OMIC and δ18OCAN values in 
the Chemehuevi section can be accounted for by various 
combinations of a +2‰ vital effect in δ18OCAN values 
(von Grafenstein et al., 1999), a temperature contrast 
between the epilimnion where the micrite formed and 
the benthos where the Candona spp. valves were calcified 
(~ +0.24‰ per 1° C cooling; e.g., Leng and Marshall, 
2004), and perhaps mild seasonal isotopic stratification 
between the epilimnion and benthos. A δ18OCAN value 
close to 0‰ could be interpreted as “marine-like”. 
However, Candona spp. are continental ostracodes and 
are unknown from normal seawater environments, so 
a normal marine origin is highly unlikely. A lacustrine 
origin for the high δ18OCAN value is supported by equally 
high δ18OCAN values from the fully lacustrine Lake 
Bonneville sequence in Utah. (J. Oviatt, pers. comm.), 
and from closed-basin conditions at Lake Villarroya, 
Spain (Anadón et al., 2008)

The upper two thirds of the marly sediments, the 
green clays, and the brown shales contain micrite with 
a much lower δ18OMIC value (-14 ± 1‰; Fig. 3). This 
suggests that open-basin conditions prevailed when those 
sediments were deposited. Associated valve fragments of 
Candona sp. from the upper carbonate-rich sediments 
and green claystone also have much lower δ18OCAN values 
(-9 ± 1‰; Fig. 3). The transition from comparatively 
high δ18OMIC and δ18OCAN values near the base of the 
section to much lower δ18OMIC and δ18OCAN values in 
the upper two thirds of the section likely represents 
the initial closed-basin filling of Chemehuevi basin 
with evaporatively 18O-enriched water sourced from 
the much larger Mohave basin to the north (Fig. 1), 



j. bright, a. s. cohen, and p. a. pearthree | lacustrine origin for the southern bouse formation

1272016 desert symposium

followed by a transition to a through-flowing, open 
basin configuration as Chemehuevi basin filled and 
finally over-spilled. A nearly identical isotopic transition 
has been reported from Lake Villarroya, Spain, when 
it converted from a brackish closed-basin environment 
to an over-spilling lacustrine and paludal environment 
(Anadón et al., 2008). Our interpretation of the 

Chemehuevi basin isotope data is consistent with the 
“fill- and-spill” lacustrine model for northern Bouse 
Formation (e.g., House et al., 2008; Pearthree and 
House, 2014). 

Blythe basin

The southern Bouse Formation sediments at Parker (Fig. 
1; 39.1623° N 114.3021° W, 116 masl) consist of a thin 
bioclastic carbonate horizon of variable thickness (0.3 – 
0.7 m) that is overlain by about 1.5 meters of soft marl, 
and then several meters (unmeasured) of dense green 
claystone (Fig. 2). The bioclastic carbonate was sampled 
three times, the soft marl was sampled at about 10 cm 
intervals, and the lowest 1.5 m of the green claystone was 
sampled four times (Fig. 2). At Hart Mine Wash (Fig. 
1; ~ 33.2926° N, 114.6320° W, 110 to 135 masl), the 
sedimentary package is much thicker (Fig. 2). The basal 
bioclastic carbonate and resistant marl horizon can be as 
much as 5 m thick. The overlying soft marl is about 10 
m thick. The marl is then overlain by about 2 m of green 
claystone (Fig. 2), which in turn, is overlain by about 20 
m of red clays, silts, and fine sands. Only the initial ~ 
1 meter of the red silts and clays are depicted in Figure 
2. At Hart Mine Wash, a distinctive clay layer (DCL) 
occurs about 1 m below the marl-green clay contact 
(Fig. 2). The roughly 1 meter of marl above the DCL 
and the overlying siliciclastic sediments are included in 
the “interbedded unit” of Metzger (1968) and Homan 
(2014). The DCL was not found at Parker. The bioclastic 
limestone at Parker and Hart Mine Wash was likely 
deposited in a near-shore environment whereas the 
soft marl and green claystone were deposited in deeper, 
quieter water (e.g., Homan, 2014). 

The δ18OMIC and δ18O values from valves of the 
marginal marine but continentally invasive ostracode 
Cyprideis sp. (δ18OCYP) recovered from the bioclastic 
carbonate at both Parker and Hart Mine Wash are 
surprisingly similar, and they are much lower than what 
is expected from a marine environment (Fig. 3). The 
δ18OMIC values in the soft marl at Parker and in the soft 
marl below the DCL at Hart Mine Wash are also fairly 
similar, and again both are much lower than would be 
expected if the micrite was formed in seawater (Fig. 3). 
The similarity in δ18OMIC values over 100 km apart is 
also unexpected if the micrite was deposited near the 
head (Parker) and near the mouth (Hart Mine Wash) 
of an estuary. Notably, the δ18OCYP values from the 
soft marl at Parker and both the δ18OCYP and δ18OCAN 
values from the pre-DCL marl at Hart Mine Wash are 

Figure 2. Stratigraphic sections of the northern Bouse Formation 
sediments in Chemehuevi basin and southern Bouse Formation 
sediments at Parker and Hart Mine Wash featured in this study (see 
Fig. 1 for locations). Note the difference in vertical scale for each 
stratigraphic section.
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similar, at about -3‰ (Fig. 3). Such high δ18O values 
might suggest a marine origin, but Candona spp. are 
unknown from normal seawater environments and the 
ostracode δ18O values of about -3‰ are surprisingly 
similar to the δ18OCAN values from the lower lacustrine 
marls at Chemehuevi (Fig. 3). The known ecology of 
Candona spp. and the similarity in δ18OCAN values from 
Chemehuevi and the δ18OCYP and δ18OCAN values from 
Parker and Hart Mine Wash outcrops argues against a 
marine or an estuarine interpretation for the southern 
Bouse Formation.

The δ18OMIC values from the post-DCL marl at Hart 
Mine Wash are similar to the δ18OMIC values from 
the pre-DCL marl there (Fig. 3), but the δ18OCYP and 
δ18OCAN values in the post-DCL marl are about 7‰ to 
10‰ lower than the δ18OCYP and δ18OCAN values from 
the pre-DCL marls (Fig. 3). The details of the abrupt 
decrease in ostracode δ18O values across the DCL are 
discussed in detail in Bright et al. (in press). Briefly, the 
DCL likely marks a significant change in the hydrology 
and isotope systematics of the water mass that inundated 

Blythe basin. We interpret this abrupt change as a 
transition from closed-basin to open-basin lacustrine 
conditions (Bright et al., in press), similar to that seen in 
Chemehuevi basin (this study) and in Lake Villarroya, 
Spain (Anadón et al., 2008).

And finally, the stratigraphic structure of the δ18OMIC 
values and δ18OOST values from the lacustrine northern 
Bouse Formation is largely replicated at both Parker 
and in the sediments at Hart Mine Wash (Fig. 3). Note 
that the lowest sediments exposed at Chemehuevi and 
Parker contain micrite with moderate non-marine 
δ18OMIC values which are then overlain by marls with 
much lower δ18OMIC values (Fig. 3). This up-section 
decrease in δ18OMIC values seems curious if the initial 
sediments, especially in Blythe basin, were deposited in 
normal seawater. Note that the near-shore, bioclastic 
carbonate at Parker and Hart Mine Wash contain 
ostracodes with moderate, non-marine δ18OOST values but 
that the overlying deeper water marls at both locations 
contain ostracodes with much higher δ18OOST values 
(Fig. 3). The up-section increase in δ18OOST values is 

Figure 3. Box-and-whisker plots of d18O values from micrite and ostracode valves from the northern Bouse Formation in Chemehuevi 
basin (CHM) and the southern Bouse Formation at Parker (PKR) and Hart Mine Wash (HMW). L-marl – lower marl; m-cst – upper marl 
and green claystone; b-clst – bioclastic carbonate; marl – soft marl; IBU – Interbedded Unit; Cyp – Cyprideis sp. (marginal marine but 
continentally invasive ostracode); Cand – Candona spp. (continental fresh to brackish water ostracode); colored boxes – upper and lower 
quartiles; thick black horizontal line – median; whiskers – 1.5 x interquartile range. Outliers that exceed 1.5 x interquartile range (n = 10) 
are excluded for clarity. Samples that have four or less results are represented by individual symbols. Squares – Candona spp., circles – micrite 
from bioclastic horizon, diamonds – Cyprideis sp. The range of δ18O values for late Miocene–early Pliocene uncontested marine carbonate 
from the Pacific Ocean is derived from Douglas and Savin (1971, 1975, 1978), Keigwin (1979, 1982), Barrera et al. (1985), Cannariato and 
Ravelo (1997), and Prokoph et al. (2008).



j. bright, a. s. cohen, and p. a. pearthree | lacustrine origin for the southern bouse formation

1292016 desert symposium

largely the opposite of what is observed for the associated 
δ18OMIC values (Fig. 3), and is again curious if the initial 
sediments deposited in Blythe basin were deposited 
in a marine environment. And finally, note that the 
large, nearly 8‰, decrease in the δ18OOST values in the 
lacustrine Chemehuevi section is replicated across the 
DCL at Hart Mine Wash (Fig. 3). It seems implausible 
that such a similar isotopic signal would occur in 
two adjacent basins, where one basin is dominated by 
lacustrine processes and the other basin is dominated 
by estuarine or marine processes. Collectively, the 
similarity in δ18OMIC and δ18OOST values throughout all 
three outcrops, both in magnitude and in stratigraphic 
structure, suggests that the southern Bouse Formation is 
lacustrine in origin.

Conclusions
There is no appreciable difference in the δ18OMIC or 
δ18OOST values from the lacustrine northern Bouse 
Formation sediments exposed in Chemehuevi basin and 
from the contested southern Bouse Formation sediments 
exposed at Parker and Hart Mine Wash. The δ18OMIC 
values from Parker and Hart Mine Wash are too low 
to represent calcification in normal seawater; a marine 
interpretation for the southern Bouse Formation seems 
untenable. There is no appreciable difference in the 
δ18OMIC or δ18OOST values from Parker and Hart Mine 
Wash; an estuarine interpretation seems untenable. The 
δ18OOST values in both basins abruptly decrease by ~8‰, 
suggesting a significant, and similarly abrupt, change in 
hydrology occurred in both basins. The similarity in the 
δ18OMIC and δ18OOST values, coupled with the similarities 
in isotopic stratigraphy, at all three Bouse Formation 
outcrops favor a lacustrine origin for the southern Bouse 
Formation. 
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Location
The Whipple Mountains are located due north of 
Parker, Arizona and about 40 Miles south of Needles. 
The range is oriented roughly east–west, and extend a 
distance of about 30 miles west from the Colorado River 
to US Highway 95. On the east side of the range are two 
reservoirs which are part of the Metropolitan Water 
District water project; Gene Wash and about 2½ miles 
to the west, Copper Basin Reservoirs. Just west of the 
Copper Basin Reservoir is Monument Peak, a prominent 
pinnacle that is visible for miles. On the west side of the 
range, Savahia Peak rises over 1,000 feet from the area 
surrounding it. Elevations range from about 400 feet 
along the Colorado River near Parker, Arizona to 4,130 
at a bench mark named Axtel.

Geology
Davis and Anderson (1994, p. 25) consider the Whipple 
Mountains “the best exposed Tertiary metamorphic 

core complexes in the U. S. Cordillera.” The structure 
of the Whipple Mountains is dominated by a low-angle 
detachment fault of Tertiary age. This fault, the Whipple 
Mountains detachment fault, separates a lower plate 
exposed in the core of the range from an upper plate 
exposed around the flanks. Studies in nearby areas 
suggest that the detachment fault has considerable 
vertical offset, as well as unknown horizontal offset, and 
juxtaposes rocks that were originally at different levels in 
the crust.

In the Whipple Mountains, rocks below the fault 
are comprised largely of Proterozoic metamorphic and 
plutonic rocks. The Proterozoic rocks have a gently 
dipping mylonitic foliation associated with Cretaceous 
and Tertiary granitic sheet intrusions. Petrologic studies 
suggest that the granitic sheets were emplaced at depths 
exceeding 6 miles. Lower plate crystalline rocks above 
the mylonite front are intruded by Tertiary dikes of 
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diabase to dacite composition in the Chambers Well dike 
swarm.

The upper plate is composed of crystalline rocks 
unconformably overlain by fanglomerate and basalt of 
Miocene age, and estuarine clay, silt, sand, and marl 
of Miocene and Pliocene age of the Bouse Formation. 
These virtually undeformed and unmineralized rocks, 
deposited across the deformed terrain, demonstrate that 
most deformation had ended by 13 million years ago.

The geology depicted on Map 1, is a synthesis of work 
by Howard et. al. (1994 p.27), Carr, 1991, and Marsh et. 
al., 1988.

Mineralization
During the 1980s, the mineral resource potential of the 
Whipple Mountains was evaluated by U. S. Geological 
Survey and U. S. Bureau of mines personnel as required 
for lands under Wilderness Review (Marsh, et. al., 
1988).

Fifty-five mines and prospects were identified 
during this evaluation. A total of 693 rock samples, 
57 alluvium samples, and 31 petrographic samples were 
collected from 55 sites. Chip samples were collected 
from mineralized structures when possible, and grab 
samples were collected from mine dumps where 
underground workings were inaccessible; these samples 
were fire assayed for gold and silver. Quantitative 
amounts of visible or anomalous minerals or elements 
were determined by atomic-absorption, colorimetric, 
or X-ray fluorescence methods. At least one sample 
from each location was analyzed for 42 elements by 
semiquantitative spectrometry.

Within the Whipple Mountains, the detachment 
fault often crops out as a ledge of impermeable micro 
breccia. Below the fault is a chlorite breccia zone, up to 
400 feet thick, whose rocks have been altered, faulted, 
and brecciated. Brecciated clasts within this zone have a 
matrix of chlorite, epidote, silica, and sulfide minerals, 
especially pyrite; the alteration and mineralization 
render the chlorite breccia zone hard and relatively 
impermeable. 

The copper silicate, chrysocolla is pervasively 
associated with the Whipple Mountains detachment 
fault. Chrysocolla occurs in rocks from lower plate 
mylonitic and nonmylonitic assemblages to the upper 
plate Tertiary section, and occurs as thin coatings to 
small lensoid bodies up to a few inches thick. Usually 
chrysocolla is associated with earthy hematite, quartz, 
specular hematite, limonite, calcite, barite, chlorite, 

epidote, and sericite. Barite and calcite are more prevalent 
in upper plate rocks. Spotty, low-grade, gold and silver 
values are associated with the chrysocolla–hematite 
assemblage.

A mineralization halo in Proterozoic rocks at Copper 
Basin is related to intrusion of nearby Cretaceous granite 
on the basis of like potassium–argon ages of the granite 
and the altered rocks. The upper-plate Tertiary volcanic 
rocks are andesite, basalt, and tuff, which are typically 
altered and secondarily enriched in potassium. 

On the west and north portions of the range 
mineralization in the lower plate rocks appears to be 
related to near-surface dike swarms localized along late 
normal faults that cut both upper and lower plate rocks.

Mining History
Reportedly soldiers first worked copper prospects in 

Copper Basin on the east end of the Whipple Mountains 
in 1862. Soon rich showings attracted the attention of 
prospectors, and in March 1863 the Chimawavo Mining 
District was established with L. B. Williams elected as 
recorder. The district contained rich copper ore with 
some silver, and one report claimed the ore was “so rich 
in copper that it can be pared off with a pen knife.” In 
November 1863 the “Chimawave Consolidated Mining 
Company” was working on the Union and the Colorado 
lodes, and a bar of metal weighing almost 6 pounds had 
been sent to San Francisco, smelted from 14 pounds of 
ore. 

In 1875, John S. Jennings came to Copper Basin, 
and found one white man, Pete McGuire mining there. 
Four years later McGuire and the Levi Brothers of Signal 
purchased the Black Metal mine from the Chemehuevi 
Indian who had discovered it. Thousands of dollars’ 
worth of high grade ore, grossing $200 to $400 per 
ton was shipped from Black Metal Landing, where it 
was loaded onto a river steamboat, eventually bound 
for Swansea, Wales. One local resident and author, 
Charles Battye, recalled that “During his brief season 
of prosperity, Pete declared his intentions to equip his 
faithful burro with silver shoes, but whether or not he 
did so is not now remembered.” 

In 1881, there was a store and a saloon at Black Metal 
Landing as well as a thriving mining camp. Also, around 
that time the Grand Central Mine was located in the 
Copper Basin and a five-stamp mill was installed, but the 
ore proved too refractory for amalgamation and the mill 
was later moved to the Blossom Mine near Yuma. 
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Around 1886, Pete McGuire, and Needles residents, 
Charley Monaghan, Frank Murphy and Pete Murphy 
owned the Black Metal Mine and did a small amount of 
work on it until 1890. During January, 1889, ore from 
the mine supposedly assayed an unbelievable 2,442 
ounces of silver and 41 percent copper per ton. 39 

About 1887 Colonel I. R. Dunkelberger had a “large 
stamp mill” installed at his Rincon Copper Mine, by Mr. 
J. C. Hoy of Needles. The Rincon was on the river about 
5 miles north of the Black Metal Landing. The ill-fated 
ten-stamp mill only ran a short time.

Early in the 1900s mining activity picked up in 
Copper Basin, and on the southwest end of the range 
near Savahia Peak. Modest underground exploration 

occurred near Savahia Peak the American Eagle and D & 
W Mines. 

No account of mining in the Whipple Mountains 
would be complete without mention of the famous 
lawman, Wyatt Earp. Earp settled in Vidal, just across 
the river from Parker and prospected a mine until his 
death in 1929 at the age of 

During the late 1960s claims were staked in Copper 
Basin and a drilling program was initiated by the CL & E 
Corporation. Seventeen claims were surveyed for patent 
(Mineral Survey 6827). But were never patented. Marsh 
et. al. (1988, p.D35) state “From 7 to 11 million tons of 
1 to 2 percent copper are estimated… and are currently 
(1986) subeconomic.”
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Table 1 is from Marsh et. al. (1988). These mines 
and prospects are mostly inside the original proposed 
Whipple Mountains Wilderness Area, but a few are 
outside. The USGS topo maps show numerous additional 
mines and prospects that were apparently not examined. 
Plate 1, of Wright et. al. (1953) also shows additional 
mines outside of the Wilderness Area. 

Using a georeferenced copy of Plate 1 from Marsh 
et. al (1988) and the data from US Geological Survey’s 
Mineral Resources Data System, I attempted to find all 
of the mines in Table 1, using high resolution imagery. 
However some of these mines were clearly mislocated. 
Some of the mines in this table are not in the original 
reported location. Mine #56, the Black Metal Mine, was 
not included in Marsh et. al. (1988) however I included it 
here because I referred to it earlier in this paper.

Too late to be included in this paper, I contacted 
Phil Moyle, a coauthor of Marsh et. al. (1988) to try and 
discover where the field notes from the U. S. Bureau of 
Mines investigation would have stored following the 
closure of the agency in 1995. Moyle was unsure but 
suggested I start my search with the USGS in Spokane, 
Washington. For future researchers this quest reminds 
me of the final scene in Raiders of the Lost Ark.
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The Midland gypsum deposit, Little Maria 
Mountains, Riverside County, California
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The discovery of gypsum at Midland has become 
clouded with local folklore, and even early accounts 
disagree. However, all of the accounts have one person in 
common—Floyd Brown.

According to a March 12, 1911 Los Angeles Times 
article: 

It is said that Brown discovered his gypsum 
deposits in the most peculiar fashion. On one of 
his stage journeys two years ago, he was forced 
to camp out, owing to the swollen condition of a 
mountain stream. In the night one of his horses 
strayed away and, shortly after daybreak after 
following it several miles, he found the animal 
in a gulch.

The horse had injured its leg and was unable to 
rise. Brown sat down on a stone some distance away 
wondering what he would do, when of a sudden, looking 
toward the top of the opposite gulch wall, he saw the 
gypsum. He marked the place and later, when time was 
more auspicious, located the claims which are bringing 
him a fortune.” 

Camiel Dekens, a close friend and former employee 
of Brown, in another version of the discovery story, 
remembers that a prospector named Henry Hartman, 
“discovered the gypsum deposit at the place now called 
Midway [Midland] on Brown’s grubstake.” The fact 
that Hartman’s signature appears on the January, 1907, 
claim notice with those of Floyd Brown tends to confirm 
Dekens’ story. 

After the initial discovery of gypsum in the Maria 
Mountains by Hartman and Brown, several additional 
claims were located by others. Jack Gray located a claim 
he named “Gray Gypsum” a few miles east of Brown’s 
discovery. L. L. Schellenger, a mining man who had 
located gypsum in the Ironwood Mountains in 1906, 
located the Gypsum Mammoth claim just south of 
Brown’s in January, 1908. These claims, as well as some 
located by P. A. English of the United States Gypsum 
Company in March, 1910, were the object of an extensive 

prospecting effort by the company, in 1910 to determine 
the extent of the deposit. 

After proving the deposit, United States Gypsum 
Company purchased claims from Brown, Gray, and 
Schellenger. In March, 1911, Brown came to Los Angeles 
for final negotiations with the company and for payment. 
The Los Angeles Times reported that the selling price 
“was said to be $100,000.” However, Dekens stated that 
Hartman and Brown split the $7,000 that U.S. Gypsum 
paid, because Hartman found the deposit on Brown’s 
grubstake. Over the next few years until June, 1913, 
the company continued to drill holes and prospect the 
property. 

Although missing from newspaper accounts, in 1915, 
a company headed by Frank A. Garbutt, an inventor, 
industrialist and movie pioneer, Willam Warren Orcutt, 
a pioneer in the California oil industry, as well as 6 other 
prominent individuals, patented two mining claims 
adjacent to claims patented a year later by U. S. Gypsum. 
This deposit became known as the Garbutt and Orcutt 
property.

On April 1, 1915 work began on a railroad to the Palo 
Verde Valley from Blythe Junction (now known as Rice). 
In June, 1916, the railroad passed within 5 miles of the 
gypsum deposit. As soon as the railroad arrived, large 
scale plans were announced for the property. A narrow-
gauge railroad line 2 miles long was to be constructed 
to access the mines with the yet-to-be constructed 
plant. The plant was to employ 200 people. At the same 
time as this announcement, 2 carloads of pipe arrived 
which were to be laid from the United States Gypsum 
Company’s well to the mines. The company’s well, drilled 
in the summer of 1914, was located 3 miles north of the 
deposit. Prior to this, water was hauled by mule team 
from a well near the town of Blythe at enormous cost. 

From late 1916 until the spring of 1917, about 25 men 
were employed at the mine. On May 26, 1917, the Palo 
Verde Valley Review announced, “Bids are now being 
submitted for a three-mile railroad grade from Santa 
Maria station of the California Southern to the mine, 
work to be completed by September 1.” However, in the 
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spring of 1917, with the United States’ entry into World 
War I, these plans were shelved. 

In 1925 the concrete base for a 2,000 horsepower 
engine and the foundation for the crusher were both 
constructed. Also, a narrow-gauge railroad line to the 
Brown Mine, was built. 

The first shipment of crushed gypsum left Midland 
October 2, 1925. During that year, 4,742 tons were 
produced. The capacity of the plant at Midland 
continued to grow as did the population with each new 
addition. In 1928 a calcining plant was added, expanding 
the product list to include plaster. In 1933 the first 
wallboard plant was added and many new employees 
were hired. There was a critical housing shortage at the 
plant, and many people lived in tents until new housing 
could be built. In 1935 Midland finally got a permanent 
Santa Fe Railroad station, replacing the boxcar which 
had been serving that purpose. About this same time 
tennis courts were built. The town also had a softball 
team, with the Blythe team being its arch-rivals. A fourth 
board plant (the last of the significant additions to the 
property) was added in 1937. During the construction of 
the plant, the company built a huge building for housing 
the construction workers, which later was converted to a 
community center. 

In 1936, the Victor Mine opened on the site of the 
claims purchased from Schellenger. This mine was wholly 
underground. For many years, the rock was hauled 
out of the mine by 2 mules. Later, 2 battery-operated 
locomotives did this job. Rock from this mine was hauled 
to the plant in trucks. 

During the Second World War, the need for quick 
construction of armed forces installations boosted the 
employment to an all-time peak of over 400. However, 

the attrition rate was huge; during one year more than 
5,000 men passed through the plant. 

World War II had a direct impact on the people 
of Midland. On more than one occasion, the army 
of General Patton invaded the town. Tanks rumbled 
through the town as snipers hid under the buildings. 
One morning the workers woke up to find the main 
haulage road to the Victor Mine blocked by a raised 
mound of dirt, which tanks were using for crossing. The 
army refused to remove it, so the workers sat on the roof 
of the plant and watched the war games in the valley for 
a few days. 

In 1946 underground work at the Brown Mine shut 
down and an open pit mine was developed. Also, the 
Victor mine shut down (to be converted into a civil 
defense shelter in 1962). A serious slump in building 
during the early 1950s forced the layoff of many 
employees, but things began looking better by the late 
1950s. 

During the period of 1956 to about 1960, many 
improvements were made in the living conditions 
at Midland. Television was cabled down from a 
neighboring hill, natural gas, and electricity was 
brought in from lines running through Blythe, and 
telephones were installed in each house. However, these 
improvements were enjoyed for only a short time, as the 
Midland plant was closed in December, 1966. 

There were several factors influencing the closure of 
the Midland plant: the decreasing quality of the gypsum, 
the high cost of transportation to this remote location, 
the high cost of water (which was hauled in from Blythe), 
and a downturn in construction; but the primary reason 
was that U.S. Gypsum had built a new plant at Plaster 
City which didn’t suffer from most of these problems. 

Figure 1. The Midland wallboard plant, Sept. 1934. From the collection of Clota Bowen.
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Figure 2. 1952 map of Midland showing patented mining claims

Table 1. Midland. Patented mining claims
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A Dallas company was awarded the contract for 
demolition of the plant and Paul Alewine, a resident 
of Parker, planned to move the houses to Blythe and 
sell them. However, the city of Blythe, perhaps fearful 
of a sudden influx of substandard housing, put severe 
restrictions on moving any houses there. Many houses 
were moved to Parker where they sat for years. In 1973 
the remaining 22 houses at Midland were burned 
down in a training exercise for Arizona and California 
firefighters. Today about all that is left is the chimney of 
the school, the pad for the tennis court and some of the 
foundations of the mill. 

The railroad to Blythe was pulled up in 2011. 
The Bureau of Land Management has established 

a Long Term Visitor Area on the site of Midland. But 
unlike a similar site in Imperial County dubbed “Slab 
City” permanent occupancy here is not allowed.
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The marine/nonmarine 
origin of the Bouse 
Formation in Blythe Basin 
is controversial. This basin 
lies south of basins where 
the Bouse Formation 
was clearly the result of 
deposition in lakes that 
developed as the Colorado 
River moved south toward 
the sea and north of basins 
where coeval formations 
were deposited as the 
marine waters transgressed 
northward during the 
opening of the proto-
Gulf of California (fig. 1). 
The presence of marine 
organisms (foraminifers) 
argues in favor of a marine 
origin whereas isotope 
analysis, elevations, and no 
evidence of uplift argues in 
favor of a nonmarine origin. 
Recent studies of the Bouse 
Formation have refined 
many of the informal litho-
stratigraphic units in the 
formation (fig. 2) and new 
microfossil samples strongly 
support marine deposition 
for the bioclastic limestone 
and marl units as well as 

Figure 1. Overview of the lower Colorado River region, showing the maximum extent of the late 
Miocene–early Pliocene “lakes”, Proto-Gulf of California, tuff localities and cross sections referenced in 
text. Modified from House et al. (2008).
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saline lake deposition for the overlying green claystone 
and red mudstone units. 

The age of the Bouse Formation in the Blythe Basin 
is bracketed by a lower age of 9.6 + 0.6 Ma from a basalt 
in Osborne Wash strata of Buising (Fugro, Inc., 1975 
cited in Reynolds et al., 1986; Buising,1988) and a 9.2 
+ 0.3 Ma tuff bed in equivalent strata (Buising and 
Beratan, 1993) underlying the Bouse Formation, and 
an upper age of 4.83 Ma based on the correlation of 
ash beds in the upper Bouse Formation near Buzzards 
Peak, Pinto Basin, and near the town of Amboy with 
the Lawlor Tuff (Reynolds et al., 2008; Sarna-Wojcicki 
et al., 2011). Paleomagnetic data and age-diagnostic 
planktic foraminiferal species restricts the age of the 
formation further. In Hart Mine Wash, the presence 

of Globorotalia lenguaensis (Bolli) 
in the lower part of the marl 2 unit, 
sample Mf11682 (in McDougall and 
Miranda-Martínez, 2014), suggests 
an age no younger than 6.0 Ma, when 
this species became extinct in the 
Equatorial Pacific Ocean (Wade, 
2011). The stratigraphic distribution of 
Streptochilus latus Brönnimann and 
Resig which ranges from 8.1 to 5.3 Ma 
in the Equatorial Pacific Ocean (Resig, 
1989; 1993) together with the presence 
of S. mcdougallae Miranda-Martínez 
and Carreño with the local range of 
6.0 to 5.3 Ma in the Gulf of California 
(Miranda-Martínez et al., in preparation) 
in marl 2 and basal part of green claystone 
units indicate an age of 6.0 to 5.3 Ma. 
In addition a paleomagnetic reversal 
identified by Malmon et al. (2011) which 
occurs in the red mudstone, overlying 
the green claystone in the Mesquite 
Mountains, Arizona, is correlated with 
the Thvera Subchron (Howard, personal 
communication, 2013) suggesting an age 
between 5.24 and 5.0 Ma and further 
supports the age interpretations based 
on foraminifers (fig. 3). Constraining 
the Bouse Formation in the Blythe Basin 
to an age of >6.0 to 4.83 Ma indicates 
that the bioclastic limestone and most of 
the marl unit were deposited before the 
Colorado River water entered the Blythe 
Basin. 

Foraminifers are abundant to common 
in the bioclastic limestone and marl units. Thirty species 
of foraminifers are recognized in this formation. The 
diversity increases gradually from a single species to 
a high of 10 species/sample in marl 2. New species, 
however, do not appear above the middle of the marl 2 
unit, and the upper green claystone and red mudstone 
are monospecific except for an occasional interval where 
specimens from the marl have been reworked.

In Hart Mine Wash and other washes along the 
Arizona side of the Colorado River, Buliminella 
elegantissima is the dominant species in marl 1 and 
bioclastic limestone units suggesting that deposition 
occurred in a nearshore marine environment above 
wave base (Buliminella biofacies; fig. 4). Foraminiferal 

Figure 2. Generalized stratigraphic column and nomenclature for the late Miocene and 
Pliocene units of the Blythe Basin (Metzger, 1968; Buising, 1990, 1993) modified from 
Homan (2014). Additional units recognized and now included in the Bouse Formation 
since the Homan (2014) include the distinctive clay unit (DCL) and the golden sand 
unit below the basal cobble lag and encrusting carbonate and above the Miocene 
Fanglomerate.
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dominances in the marl 2 unit are characterized 
by: Ammonia beccarii and Elphidium clavatum 
in the lower third (Elphidium biofacies); 
Rosalina columbiensis, Neoconorbina terquemi, 
Spirillina vivipara, and Patellina corrugata 
in the middle third (Rosalina biofacies); and 
Streptochilus species (Streptochilus biofacies) 
in the upper third, below the distinctive clay 
layer (DCL). These faunal changes indicate a 
transition from a nearshore marine environment 
below wave base but still within the photic 
zone, to an environment with abundant plant 
material, drifting wood, shells, or pebbles 
(DeLaca and Lipps, 1972; Lankford and 
Phleger, 1973; Dobson and Haynes, 1973; 
Langer, 1993). Low oxygen conditions present 
in the upper marl 2 and lower green claystone 
are indicated by the abundance of Streptochilus, 
which is characteristic of highly productive 
marine water masses (Hemleben et al., 1989; 
Smart and Murray, 1994; Smart and Thomas, 
2006) and an indicator of low oxygen conditions 
(Resig and Kroopnick, 1983; Resig, 1993; Smart 
and Thomas, 2006).  Above the DCL in the 
marl and green claystone units, the number 
of specimens decreases and the assemblages 
are composed primarily of Ammonia and 
Streptochilus. Foraminiferal assemblages present 
in the upper green claystone and red mudstone 
are usually monospecific (containing only 
Ammonia beccarii) and indicate deposition in a 
saline lake. The increase in number of chambers 
per whorl in Ammonia specimens and the decline in the 
number of juvenile specimens suggest that the salinity 
of the water is declining and may be near or below 15 o/

oo, the point at which reproduction in Ammonia ceases 
(Bradshaw, 1957, 1961; Schnitker, 1974; Walton and 
Sloan, 1990). 

FIGURE 4
In the Milpitas Wash, on the California side of the 

Colorado River, only a limited number of samples and 
a smaller stratigraphic interval have been examined to 
date, therefore the biofacies are less well defined (fig. 5). 
In addition preservation of the assemblages is poorer. At 
present the Elphidium biofacies is recognized in the marl 
1 unit and the Rosalina and Streptochilus biofacies are 
recognized in the marl 2 and lower green claystone units. 
These faunas again suggest a transition from a nearshore 
marine environment below wave base to an environment 

with abundant plant material and then to a low oxygen 
marine environment. In these sections the monospecific 
Ammonia biofacies that marks the change to a saline lake 
has not been found and samples from the upper green 
claystone and red mudstone have not been examined yet.

In summary, the age and ecology of the Bouse 
Formation in the Blythe Basin based on foraminifers 
suggests deposition of the marls and bioclastic limestone 
in a marine estuary before water from the Colorado 
River reached this basin. Marine water transgressed 
into the Blythe Basin prior to 6.0 Ma. The foraminiferal 
faunas suggest deposition occurred in a nearshore marine 
environment above wave base which gradually changed 
to a nearshore marine environment below wave base. As 
water depths increased, faunas diversified and flourished. 
The abundance of Streptochilus in the upper marl 2 
indicates low oxygen conditions developed in highly 

Figure 3. Composite section of the Bouse Formation and adjacent formations 
showing age and correlation to Paleomagnetic timescale. Composite section is 
based on work by Homan (2014). Age is based on last occurrence datums and 
ranges of age-diagnostic planktic species (Resig, 1989, 1993; Wade et al., 2011; 
Miranda-Martínez, et al. in prep.). Tuff ages are from (Furgo, Inc., 1975 cited in 
Reynolds et al., 1986; Buising,1988; Buising and Beratan, 1993; Reynolds et al., 
2008; Sarna-Wojcicki et al., 2011) and paleomagnetic data are from Malmon et 
al. (2011).
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productive marine waters. Colorado River water reached 
the Blythe Basin prior to 5.3 Ma and the DCL unit 
occurs at the faunal transition from marine to saline lake 
deposition. The introduction of river water resulted in a 
decline in salinity and foraminiferal faunas were reduced 
to a single species that could tolerate low salinities. The 

DCL may have resulted when the upstream paleodam 
at Parker was breached by Colorado River water (fig. 1). 
This unit is found primarily in the southern part of the 
Blythe Basin where it is overlain by thin marl or by green 
claystone. Additional studies are ongoing to refine these 
interpretations further. 

Figure 5. Foraminiferal biofacies of the Bouse Formation in Milpitas Wash.

Figure 4. Foraminiferal biofacies of the Bouse Formation in Hart Mine Wash.



k. mcdougall and a. y. miranda-martÍnez | bouse formation along the lower colorado river corridor

144 2016 desert symposium

References Cited
Bradshaw, J.S., 1957, Laboratory studies on the rate of growth of the 

foraminifer, “Streblus beccarii (Linne) var. tepida (Cushman): 
Journal of Paleontology, v. 31, no. 6, p. 1138–1147.

Bradshaw, J.S., 1961, Laboratory experiments on the ecology of 
foraminifera: Contributions from the Cushman Foundation for 
Foraminiferal Research, v. 12, p. 87–106.

Buising, A.V., 1988, Depositional and Tectonic Evolution of the 
Northern proto-Gulf of California and Lower Colorado River, 
as documented in the Mio-Pliocene Bouse formation and 
bracketing units, southeastern California and western Arizona: 
Ph.D. dissertation, University of California, Santa Barbara, 196 
pp. 

Buising, A.V., 1990, The Bouse Formation and bracketing units, 
southeastern California and western Arizona: Implications for 
the evolution of the proto–Gulf of California and the lower 
Colorado River: Journal of Geophysical Research, v. 95, no. B12, 
p. 20,111–20,132.

Buising, A.V. 1993, Stratigraphic Overview of the Bouse Formation 
and Gravels of the Colorado River in Sherrod, D.R., and 
Nielson, J.E., eds., Tertiary stratigraphy of highly extended 
areas, California, Arizona, and Nevada: U.S. Geological Survey 
Bulletin 2053, p. 159–163.

Buising, A.V., and Beratan, K.K., 1993, Preliminary stratigraphic 
reevaluation of upper Tertiary units, Osborne Wash area, La 
Paz County, Arizona, in Sherrod, D.R., and Nielson, J.E., eds., 
Tertiary stratigraphy of highly extended areas, California, 
Arizona, and Nevada: U.S. Geological Survey Bulletin 2053, p. 
159–163.

Delaca, T.E., and Lipps, J.H., 1972, The mechanism and adaptive 
significance of attachment and substrate pitting in the 
foraminiferan Rosalina globularis d’Orbigny: Journal of 
Foraminiferal Research, v. 2, no. 2, p. 68–72.

Dobson, M., and Haynes, J., 1973, Association of foraminifera with 
hydroids on the deep shelf: Micropaleontology, v. 19, no. 1, p. 
78–90. 

Fugro, Inc., 1975, Geotechnical investigations, Parker Valley 
alternate site, Sun Desert Nuclear Project: San Diego, California, 
San Diego Gas and Electric Company, section 2.5, p. 53–63. 

Hemleben, C., Spindler, M., and Anderson, O.R., 1989, Modern 
planktonic foraminifera: New York, Springer-Verlag, 363 pp.

Homan, M.B., 2014. Sedimentology and stratigraphy of the southern 
Miocene-Pliocene Bouse Formation: University of Oregon, 
Master of Science thesis, Eugene, 116 pp. 

House, P.K., Pearthree, P.A., and Perkins, M.E., 2008, Stratigraphic 
evidence for the role of lake spillover in the inception of the 
lower Colorado River in southern Nevada and western Arizona 
in Reheis, M.C., Hershler, R., and Miller, D.M., eds., Late 
Cenozoic Drainage History of the Southwestern Great Basin and 
Lower Colorado River Region: Geologic and Biotic Perspectives: 
Geological Society of America Special Paper 439, p. 335–353.

Langer, M.R., 1993, Epiphytic foraminifera: Marine 
Micropaleontology, v. 20, no. 3-4, p. 235–265.

Lankford, R.R., and Phleger, F.B., 1973, Foraminifera from the 
nearshore turbulent zone, western North America: Journal of 
Foraminiferal Research, v. 3, p. 101–132.

Malmon, D.V., Howard, K.A., and Hillhouse, J.W., 2011, 
Observations of the Bouse Formation in Chemehuevi and 
Parker Valleys, California and Arizona in Beard, L.S., et al., eds.,  
CRevolution 2—Origin and Evolution of the Colorado River 
System, Workshop Abstracts: U.S. Geological Survey Open-file 
Report 2011-1210, p. 204–205. 

McDougall, K. and Miranda-Martínez, A.Y., 2014. Evidence for 
a marine incursion along the lower Colorado River corridor: 
Geosphere, 10, 842–869. 

Metzger, D.G., 1968, The Bouse Formation (Pliocene) of the Parker-
Blythe-Cibola area, Arizona and California, in Geological 
Survey Research 1968: U.S. Geological Survey Professional Paper 
600-D, p. D126-136.

Resig, J.M., 1989. Stratigraphic distribution of late Neogene species 
of the planktonic foraminifer Streptochilus in the Indo-Pacific: 
Micropaleontology, v. 35, p. 49–62.

Resig, J.M., 1993. Cenozoic stratigraphy and paleoceanography of 
biserial planktonic foraminifera, Ontong Java Plateau, in Berger, 
W.H., et al., eds.: Proceedings of the Ocean Drilling Program, 
Scientific Results v. 130, p. 231–244.

Resig, J.M. and Kroopnick, P.M., 1983, Isotopic and distributional 
evidence of a planktonic habit for the foraminiferal genus 
Streptochilus Bronnimann and Resig, 1971: Marine 
Micropaleontology, v. 8, p. 235–248.

Reynolds, S.J., Florence, F.P., Welty, J.W., Roddy, M.S., Currier, 
D.A., Anderson, A.V., and Keith, S.B., 1986, Compilation of 
radiometric age determinations in Arizona: Arizona Geological 
Survey Bulletin 197, 258 pp.

Reynolds, R.E., Miller, D.M., and Bright, J., 2008, Possible Bouse 
Formation in the Bristol Lake basin, California in Reynolds, 
R.E., ed., Trough to trough: The Colorado River and the Salton 
Sea: Proceedings of the 2008 Desert Symposium: Fullerton, 
California State University, Desert Studies Consortium and LSA 
Associates, Inc., p. 62–67.

Sarna-Wojcicki, A.M., Deino, A.L., Fleck, R.J., McLaughlin, R.J., 
Wagner, D., Wan, E., Wahl, D., Hillhouse, J.W., and Perkins, M., 
2011, Age, composition, and areal distribution of the Pliocene 
Lawlor Tuff, and three younger Pliocene tuffs, California and 
Nevada: Geosphere, v. 7, p. 599–628.

Schnitker, D., 1974, Ecotypic variation in Ammonia beccarii (Linne): 
Journal of Foraminiferal Research, v. 4, p. 217–223. 

Smart, C.W. and Murray, J.W., 1994, An early Miocene Atlantic-
wide foraminiferal/palaeoceanographic event: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 108, p. 139-148.

Smart, C.W. and Thomas, E., 2006. The enigma of early Miocene 
biserial planktic foraminifera: Geology, 34, 1041–1044.

Wade, B.S., Pearson, P.N., Berggren, W.A. and Pälike, H., 
2011, Review and revision of Cenozoic tropical planktonic 
foraminiferal biostratigraphy and calibration to the geomagnetic 
polarity and astronomical time scale: Earth Science Reviews, 104, 
111-142.

Walton, W.R., and Sloan, B.J., 1990, The genus Ammonia Brunnich, 
1772: its geographic distribution and morphologic variability: 
Journal of Foraminiferal Research, v. 20, no. 2, p.128–156.



1452016 desert symposium

Upper limestone of the southern Bouse 
Formation: evidence for unsteady origins 
of the Colorado River

Rebecca J. Dorsey,1 Brennan O’Connell,1 Mindy Homan,2 and Keith Howard3 
1Dept. of Geological Sciences, University of Oregon, Eugene, Oregon, 97403; 2Devon Energy Corporation, Oklahoma City, OK;  
3U.S. Geological Survey

Introduction
The latest Miocene to early Pliocene Bouse Formation 
contains an enigmatic record of conditions and processes 
that influenced the early evolution of the Colorado River. 
Our understanding of how the Colorado River became 
integrated and linked to the Gulf of California depends 
on interpretation of the Bouse Formation, but presently 
there is vigorous debate concerning Bouse depositional 
processes, environments, and chronology. 

Below we describe the stratigraphy and sedimentology 
of the Bouse Formation south of Blythe, CA, with 
emphasis on an upper limestone unit that was not 
identified in previous studies. We briefly summarize the 

occurrence, lithofacies, and depositional processes of the 
upper limestone, side-stepping for now the question of 
whether the Bouse formed in a marine estuary or a saline 
lake isolated from the ocean. We present evidence that 
the upper limestone formed in a large shallow standing 
body of water that hosted a variety of depositional 
environments, and it overlies cross-bedded Colorado 
River sandstone that appears to have formed in an early 
through-flowing river channel. Thus we propose that the 
upper limestone records inundation of the lower river 
valley by a regional lake or marine estuary after the river 
first ran through it. 

Figure 1A. Map of the lower Colorado River showing major faults, exposures of the Bouse Formation (purple), and Bouse paleo-Lake Blythe 
of Spencer et al. (2008). Abbreviations: A, Amboy; B, Blythe; BP, Buzzards Peak; C, Cibola; ECSZ, eastern CA shear zone; GF, Garlock 
fault; HD, Hoover Dam; N, Needles; P, Parker; SAF, San Andreas fault; SM, Split Mtn Gorge; ST, Salton Trough; Y, Yuma; YPG, Yuma 
Proving Ground. 1B. Simplified geologic map of the of the study area (compiled from Sherrod and Tosdal, 1991; Richard, 1993, Ricketts et 
al., 2011). Abbreviations: BFW, Big Fault Wash; HMW, Hart Mine Wash; MW, Marl Wash; MiW1 and MiW2, Milpitas Wash sections. 
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Figure 2. Correlated stratigraphic sections of the Bouse Formation southeast of Cibola, Arizona, showing basinward thickening and presence 
of Bouse upper limestone resting unconformably on Colorado River sandstone near the basin margin. Compiled and modified from Homan 
(2014). Locations in Figure 1. Photos of green claystone and red mudstone are from other localities of the southern Bouse Formation.
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The new data and interpretations presented below 
are currently debated. We believe the data provide 
evidence for an unsteady, discontinuous style of river 
initiation that is not predicted by existing conceptual 
models. Plausible controls for this unexpected behavior 
may include changes in eustatic sea level, rate of basin 
subsidence, or rate of sediment supply to the basin. 
Discovery of the Bouse upper limestone reveals major 
gaps in our understanding of the early Colorado 
River, highlighting the need for new work to test our 
hypothesis for punctuated sediment flux and repeated 
flooding of the southern Bouse basin during the birth of 
this iconic river system. 

Overview of the southern Bouse Formation
The Bouse Formation is a sequence of carbonate and 
siliciclastic deposits (Fig. 1; Metzger, 1968; Buising, 
1990) that display stratal wedging, basinward 
thickening, and systematic pinch-out of units toward 
basin margins in the Cibola area (Homan, 2014). Bouse 

basal carbonate deposits fine up from coarse-grained 
bioclastic limestone to fine-grained marl, and the marl 
is overlain by green claystone that pinches out on both 
sides of the Colorado River (Fig. 2). Green claystone 
is overlain by red mudstone and siltstone with locally 
developed desiccation cracks and paleosols – the presence 
of interbedded fine-grained Colorado River sand 
indicates that these deposits formed in the prograding 
Colorado River delta plain. In thicker expanded sections 
closer to the basin axis, red mudstone is overlain by thick, 
multi-storey, trough cross-bedded sandstone with minor 
mudstone in vertical exposures up to 17 m thick (Figs. 
2, 3). Sandstone cross-bed sets are 1 to 3 m thick and 
fill erosional channels. Sedimentary structures include 
trough cross-bedding, climbing-ripple cross lamination, 
upper plane-bed stratification, and local convolute 
bedding. Sand is mostly fine-grained, and contains 
abundant well rounded hematite-stained quartz grains 
indicative of a Colorado River source (e.g., Winker, 1987; 
Buising, 1990). 

Figure 3. A. Outcrop photograph of thick, multi-storey trough cross-bedded channel sandstone of the southern Bouse Formation exposed 
in western Hart Mine Wash near the top of the Hart Mine Wash composite section (Fig. 2). B. Lines showing interpretation of channel-fill 
cross-bedding in A
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Figure 4 (above). (A) Sandy calcarenite of the upper limestone with 
abundant wave-ripple lamination. (B) Long-wavelength, convex-up 
hummocky cross stratification in the upper limestone. (C) Bedding-
plane slab of upper limestone with selected fossils: Ba, barnacles; Bi, 
broken abraded bivalve shells; Bi(e), bivalve shells encrusted with 
barnacles and calcareous algae; H, branching green algae Halimeda; 
R, rhodoliths (coralline red algae). Inset shows detail of an intact, 
unabraded small bivalve (likely Polymesoda).

Figure 5 (right). Composite stratigraphic section of Bouse Formation 
in the southeast Palo Verde Mts. Compiled from Homan (2014). See 
location in Figure 1. 
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We interpret the Bouse basal carbonate to record a 
transition from high-energy shallow water environments 
(bioclastic limestone) to deposition of marl by 
suspension settling below wave base in a large lake or 
marine estuary. Green claystone records an abrupt end 
of carbonate deposition. Association with overlying 
interbedded Colorado River sandstone suggests that 
the green claystone records first arrival of the most 
distal fraction of Colorado River-derived sediment. 
Red mudstone and siltstone accumulated in shallow-
water mudflats of the encroaching Colorado River delta 
plain. Distinctive sedimentary structures and facies 
architecture of multi-storey cross-bedded sandstone 
indicate that it accumulated in an upper-delta-plain or 
fully fluvial channel of the early Colorado River (e.g., 
Bridge and Diemer, 1983; Reading, 1986; Miall, 1996; 
Martinsen et al.; 1999; Holbrook, 2001). Because river-
channel sandstone is not incised into units older than 
red mudstone, we conclude that it accumulated during 
a base-level highstand in response to increased sediment 
supply, not base-level lowering. This is defined as “normal 
regression” in sequence stratigraphic terminology (e.g., 
Catuneanu et al., 2009). 

Bouse upper limestone 
The upper limestone of the Bouse Formation is exposed 
on both sides of the river in the Cibola–Milpitas area 
where it overlies Bouse Colorado River sandstone and 
older units (Fig. 1). It typically coarsens up-section 
from (1) fine-grained wave-ripple laminated sandy 
calcarenite with interbedded Colorado River mudstone 
or siltstone near the base (Fig. 4A); to (2) poorly sorted 
pebbly calcarenite with flat-based, convex-up bedforms 
that resemble gravelly hummocky cross stratification 
(Fig. 4B); to (3) horizontally stratified calcarenitic-
matrix conglomerate with clasts derived from nearby 
local catchments. Fossils include distinctive branching 
calcareous green algae (Halimeda) typically preserved 
as subrounded pebble-to cobble-size clasts, coralline red 
algae, rhodoliths, barnacles, and bivalves (Polymesoda 
and Macoma; A. Hendy, written comm., 2015) that are 
heavily encrusted with barnacles and calcareous algae 
(Fig. 4C). 

The presence of water-lain sedimentary structures, 
articulated fragile bivalves, and high carbonate content 
all indicate that the upper limestone accumulated in 
a shallow, carbonate-producing, high-energy standing 
body of water. Some carbonate may be derived from 
reworking of older Bouse bioclastic deposits, but 

reworking alone cannot explain the high concentration 
of carbonate and preservation of delicate mollusk 
fossils. Based on the distinctive water-lain sedimentary 
structures and evidence summarized above, we conclude 
that the Bouse upper limestone accumulated in a large 
shallow standing body of water. Coarsening up from 
wave-rippled sandy calcarenite to stratified poorly-sorted 
gravel records progradation of locally sourced shelf-type 
(shoal-water) fan deltas, which are well documented in 
other shallow-water basins (e.g., Ethridge and Wescott, 
1984; Nemec, 1990). A lateral facies change to thin-
bedded micrite with desiccation cracks in the western 
Milpitas area records deposition in large low-energy 
carbonate mudflats and may support correlation to the 
Buzzards Peak area (Fig. 1).

The Bouse upper limestone overlies Colorado River 
sandstone and mudstone in thicker expanded sections 
of the Bouse Formation that are located closer to the 
basin center (e.g., Fig. 5), and it rests directly on Bouse 
basal carbonate close to the margins of the basin where 
siliciclastic sandstone and claystone are absent due to 
stratal pinch-out (Figs. 2, 6, 7; see Homan, 2014, for 
detailed data and interpretations). Basinward thickening 
and wedging in the Cibola area provide evidence for 
gentle tilting toward the basin center – now located 
beneath the modern Colorado River channel – during 
deposition of Bouse basal carbonate and siliciclastic 
units (Homan, 2014). The upper limestone also thickens 
locally toward a basin-bounding normal fault south 
of Cibola, preserving a record of syn-depositional 
monocline growth due to upward propagation and 
breaching of the fault tip at the Earth’s surface 
(O’Connell et al., 2015). 

In the western Milpitas Wash area, Bouse upper 
limestone rests unconformably on fine-grained marl of 
the Bouse basal carbonate that thins to the west from 
~5.5 m in section C13 to ~30 cm in section C27 (Figs. 
1, 6), likely due to erosional truncation of the basal 
marl. The upper limestone is easily recognized in these 
sections on the basis of its unique stratigraphic position 
and coarse dirty calcarenite with common Halimeda 
fragments. In this area the upper limestone includes 
fine-grained calcarenite and thin-bedded micrite with 
desiccation cracks, representing a muddy low-energy 
variant that is not observed in coarse-grained facies 
elsewhere. The upper limestone at section C27 overlies a 
discontinuous 10- to 15-cm thick gray ash bed that may 
correlate to the Lawlor Tuff near Buzzards peak (Fig. 1). 
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Figure 6. Two measured sections in western Milpitas Wash area where the Bouse Formation is capped by the upper limestone unit (modified 
from Homan, 2014). See Figure 1 for location. 

Figure 7. Two stratigraphic sections near Buzzards Peak. The 4.83-Ma Lawlor tuff is identified at section BP1 (Sarna-Wojcicki et al., 2011) and 
likely correlates to the thick gray ash interbedded with Bouse calcarenite and micrite in section BP2. Carbonate facies at section BP2 resemble 
facies at C27. 
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Efforts are currently under way to analyze and date this 
recently discovered volcanic ash deposit. 

At section BP1 near Buzzards Peak (Fig. 7), carbonate 
of the Bouse Formation overlies the 4.83-Ma Lawlor 
Tuff which has been identified using tephrochronology 
(Sarna-Wojcicki et al., 2011) and U–Pb dating of zircon 
(Harvey, 2014). Here the carbonate consists of fine-
grained thin-bedded calcarenite and micrite that grade 
up-section into massive tufa with thick calcified reed 
mats. At section BP2 to the east, a similar undated meter-
thick gray ash bed that likely correlates to the Lawlor 
Tuff is interbedded with flaggy thin-bedded calcarenite 
and micrite with desiccation cracks and reed mats, 
similar to carbonate facies seen in section BP1 (Fig. 7). 

We suggest that post-Lawlor Tuff carbonate at 
sections BP1 and BP2 may be equivalent to the Bouse 
upper limestone, based on lateral facies changes in the 
upper limestone (i.e. westward change to fine-grained 
micrite) and presence of a thin gray ash directly beneath 
fine-grained calcarenite and micrite of the upper 
limestone in the western Milpitas Wash area. This idea 
is an alternative to existing models which assume that 
limestone at Buzzards Peak correlates to the Bouse basal 
carbonate (e.g., Spencer et al., 2013), and needs to be 
tested in future work.

The proposed stratigraphic reconstruction in Figure 
8 highlights the newly recognized upper limestone of 
the southern Bouse Formation. Upper limestone overlies 

Figure 8. Proposed stratigraphic reconstruction of the southern Bouse Formation. See text for discussion. 

thick cross-bedded sandstone that thickens toward the 
center of a large sag basin in the subsurface below the 
modern Colorado River channel. Around the margins of 
the sag basin, sandstone and mudstone units are missing 
and upper limestone rests directly on basal carbonate 
(Fig. 8). These relationships are clearly displayed in 
multiple locations around the Cibola–Milpitis–Palo 
Verde Mts region (Homan, 2014, this study), and 
are independent of whether or not the carbonate 
resting on Lawlor tuff at Buzzards Peak correlates to 
the Bouse upper limestone. Such a correlation would 
simplify the regional chronology but does not affect our 
interpretation of the upper limestone, which is based 
on fundamental concepts in process sedimentology and 
sequence stratigraphy. 

Discussion
Thick multi-storey trough cross-bedded sandstone with 
stacked cross-bed sets up to 3–4 m thick in the Bouse 
Formation provide evidence for deposition by migrating 
dune bedforms in a large river channel complex, not 
small distributary channels in a distal delta plain 
or subaqueous delta front setting. We arrive at this 
conclusion through comparison of observed sedimentary 
structures and facies architecture to a rich literature of 
studies in fluvial process sedimentology (e.g., Bridge and 
Diemer, 1983; Reading, 1986; Miall, 1996; Martinsen 
et al.; 1999; Holbrook, 2001). Accordingly, we conclude 
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that the thick, nested cross-bedded sandstone facies 
overlying red mudstone with paleosols accumulated in 
either an upper-delta-plain or fully fluvial river channel 
complex. A through-flowing river interpretation is 
supported by recognition of cross-bedded Colorado 
River sands and muds beneath chert- and petrified-
wood-bearing stratified gravel correlated to the Bullhead 
Alluvium at the Yuma Proving Ground Headquarters 
south of the Chocolate Mountains (Dorsey, unpubl. 
data), which implies that the Colorado River flowed 
through to Yuma prior to deposition of the Bullhead 
Alluvium. An early, pre-4.8 Ma through-flowing 
Colorado River would beconsistent with first arrival 
of Colorado River sand in the Salton Trough at ~5.3 
Ma (Dorsey et al., 2007, 2011; Kimbrough et al., 
2015) followed by regional shut-down of sand delivery 
to the marine realm that produced the widespread 
marine Coyote Clay (Dorsey and Bykerk-Kauffman, 
2015). The stratigraphic relationships documented in 
this paper do not depend on correlation to the Salton 
Trough.  Nonetheless, data and observations from both 
regions suggest that the Colorado River turned ON, 
then OFF, then ON again during a short period of time. 
If these independent records do not correlate with each 
other, then the implied sequence of events would be more 
complex but not implausible. 

There are four main reasons why we conclude that the 
Bouse upper limestone was deposited in a standing body 
of water (lake or marine estuary), and was not formed 
solely by reworking and redeposition of older carbonate 
material in alluvial fans around the margins of a 
draining, falling lake: (1) high carbonate content, which 
is >50% or >>50% in the micrite, sandy calcarenite, 
and calcarenitic-matrix conglomerate facies (Fig. 4A, 
4B); (2) first appearance and common occurrence of 
the distinctive branching green algae Halimeda (Fig. 
4C), which we have not found in older deposits of the 
Bouse basal carbonate; (3) abundance of distinctive 
water-lain sedimentary structures including symmetrical 
wave-ripple lamination and long-wave-length convex-up 
flat-based cross bedding that closely resembles 
hummocky cross-stratification (Fig. 4A, 4B) and is a 
common product of strong storm waves on high energy 
coarse-grained shelves (e.g. Clifton, 1986; DeCelles, 
1987); and (4) in finer-grained facies, preservation 
of articulated, thin-shelled mollusks (Fig. 4C) that 
could not be expected to survive erosional reworking 
and abrasion in an alluvial fan environment. For these 
reasons, we conclude that the upper limestone records 

re-flooding of the southern Colorado River valley by a 
large shallow standing body of water after the river first 
ran through it. This suggests to us a history of unsteady, 
punctuated sand transport through the southern river 
corridor during initiation of the Colorado River that is 
not predicted by existing conceptual models. The upper 
limestone, and a likely correlative thin claystone unit in 
the Salton Trough, appear to record shut-down of sand 
through-put by the river for ~200 kyr at about 5 Ma, 
followed by rapid progradation of sediment into the 
Gulf of California during deposition of the Bullhead 
Alluvium (Dorsey et al., 2011; Howard et al., 2015; 
Dorsey and Bykerk-Kauffman, 2015). The short-lived 
hiatus in sediment discharge by the early Colorado River 
is a significant finding of this study, and requires an 
explanation. 

The implied discontinuous, start-and-stop history 
of sand flux during river initiation may have been 
controlled by variations in sediment discharge from the 
upper catchment (Colorado Plateau), or by changing 
production of accommodation space along the lower 
river corridor. Although it is difficult to test for changes 
in early Pliocene paleo-erosion rate, there are several 
mechanisms that could have produced changes in the 
rate of production of accommodation space and trapped 
sand for a short time along the river corridor south of 
Grand Canyon, including: (i) global eustatic sea-level 
rise, if the southern part of the Bouse Formation 
accumulated in a marine estuary; (ii) increased 
subsidence rate south of Lake Mead, including possibly 
in the deep Mohave Valley and Blythe Basin related 
to releasing step-over faults of the Eastern California 
Shear Zone; or (iii) construction of a tectonic dam by 
uplift along the San Andreas fault in the Chocolate 
Mountains, which could have re-flooded paleo-Lake 
Blythe and temporarily trapped sand in the Parker area. 
Future work is needed to further test and refine our 
hypothesis for discontinuous sediment flux, and assess 
the possible controls on this unexpected behavior during 
the birth and the early evolution of the Colorado River 
system. 
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Introduction
An “upper bioclastic limestone” was first recognized 
by Homan (2014), who identified a sequence (1–8m 
thick) of thin-bedded bioclastic-rich beds above 
carbonate (Tbc) or siliciclastic (Tbs) Bouse deposits at 
several stratigraphic sections located in California and 
Arizona. Through recent geologic mapping (Gootee et 
al., 2016) we have discovered many more exposures of 
deposits at the top of Bouse sections that are variably 
rich in bioclastic material but generally consistent with 
outcrops described by Homan (2014). We correlate 
these with Homan’s upper bioclastic limestone, but 
because the siliciclastic content varies substantially both 
laterally and vertically in these deposits, we use the 
term “upper bioclastic unit” (Tbz). At most localities, 
the relationship between Tbz deposits and underlying 
Tbc or Tbs deposits is an erosion and common angular 
unconformity (Figure 1). In some localities, however, 
bioclastic-rich layers are interbedded with fine siliciclastic 

marginal Tbs deposits, implying a complex relationship 
between Tbz deposits and the Bouse Formation.

Description
The upper bioclastic unit has a wide range of 
composition, grain size and clastic texture, and 
exhibits several intermixed lithofacies. The diagnostic 
characteristics of this unit are its fossil hash component, 
ranging from negligible to nearly 100%, a clastic texture, 
and stratigraphic position at the top of the Bouse 
sequence. We recognize three main lithofacies in this 
unit, dominated by calcarenite, quartz arenite or locally 
derived gravel. Red mud beds are a common component 
locally where bioclastic-rich layers are interbedded with 
uppermost Bouse siliciclastic deposits. Well-preserved 
sections of this unit exhibit an overall coarsening-
upwards trend, suggesting lateral lithofacies would 
be present, but lateral facies changes are commonly 
not traceable due to lack of continuous exposure and 
preservation. In areas where there are closely-spaced 

abstract—In the southern Blythe Basin, the stratigraphically highest and youngest unit of the 
Bouse Formation is an enigmatic combination of siliciclastic and bioclastic deposits. This upper 
bioclastic unit ‘Tbz’ has a wide range of composition, grain size and clastic texture, and exhibits 
several intermixed lithofacies generally separated into a calcarenite or bioclastic lithofacies, a quartz 
arenite lithofacies, and gravel-dominated lithofacies. Vertical and lateral distribution of lithofacies 
is complex, but where relatively thick sections of these deposits are preserved they generally coarsen 
upwards. Below ~110 m elevation above sea level (asl) unit Tbz is unconformably overlying 
deformed Bouse siliciclastic unit Tbs. Between ~110 m and 170 m asl unit Tbz is considered 
conformable with the underlying Bouse siliciclastic interbedded sand and mud, and coarsens 
upwards and grades semi-conformably with the overlying siliciclastic post-Bouse fanglomerate. 
Between ~170 m to ~210 m asl this unit is mantled unconformably on Bouse carbonate. We infer 
that the upper bioclastic deposits represent an off-lap sequence of tributary-sourced alluvial margin 
sediments derived from and deposited across a piedmont covered with Bouse carbonate deposits 
that was re-exposed as the paleolake Blythe level declined. 
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Figure 1. Southern Blythe basin, Cibola area. Google KMZ locations showing upper bioclastic unit Tbz locations with elevation in meters 
overlying lower Bouse carbonate (blue flags), conformable with Bouse siliciclastic unit Tbs (red flags), and unconformable with Tbs (green 
flags). 

Figure 2. Piedmont east of the Cibola area and west of Trigo Mountains. Informal geographic names shown above. See explanation for flags 
in Figure 1.
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exposures of Tbz, lithology and sedimentology vary 
considerably both laterally and vertically which suggests 
diverse and complex depositional environments and 
paleotopography. 

The thickest and most complete sections of Tbz 
are found in upper Cibola/Marl and Quarry/Big 
Fault washes, where they are approximately 15–18 
m thick (Figure 2). It is likely that Tbz deposits are 
thickest in this particular area because of down-to-west 
displacement across Big Fault while the unit was being 
deposited, although continued down-to-west fault 
displacement after they were deposited would also have 
tended to favor preservation on the hanging wall vs 
the footwall (see O’Connell et al., this volume). Other 
relatively thick, well-preserved, and fairly well-exposed 
sections are found in Hidden Wash and northeast of 
Hart Mine Road (Figure 2). 

Calcarenite lithofacies

Some parts of this unit contain 50 to 90% moderately 
sorted calcareous shell fragments and calcium carbonate, 
intermixed with mud, sand, and gravel (Figure 3). 
Barnacle fragments are the most recognizable sand-size 
bioclastic component. Reddish brown mud beds range 
from 5 mm to 10 cm thick and at some localities have 
‘floating’ sub-rounded to rounded cobbles, including 
rounded tufa clasts and oxidized clasts from the basal 
nearshore-reworked gravel in the lower Bouse carbonate, 
unit Tbg (Figure 3). These mud beds commonly exhibit 
mudcracks filled with quartz sand and/or calcarenite. 
In the hanging wall of Big Fault, bioclastic beds have 
a fine- to coarse-grained texture and exhibit low-angle 

cross-bedding with undulating bounding 
surfaces capped with either mud or 
calcareous sand. Bioclastic beds are 
locally carbonate-cemented, weathering 
into blocky ledges that reveal structure 
and texture of the deposit. Where 
bioclastic beds are not cemented, 
they have a substantial component 
of quartz-rich sand. At two localities 
in the Palo Verde foothills west of 
the map area (Figure 1), thin beds of 
calcarenite sand and tributary-sourced 
cobbles are interbedded with a thick 
mud-rich facies of Tbs. Where unit 
Tbz unconformably overlies the basal 
Bouse carbonate (bioclastic limestone 
and marl, typically), the calcarenite 
component typically dominates the base 

of the section, although thin mud beds are present in 
some outcrops, and sand and gravel beds are present and 
are more common up-section. Individual specimens of 
clams and charophyte detritus are common in bioclastic 

Figure 3. Bioclastic calcarenite beds interbedded with red-brown mudstone. Mudcrack 
casts are preserved on the underside each calcarenite bed.

Figure 4. Interbedded sand and gravel with minor to trace bioclastic 
component. Sand has characteristics of Colorado River sand. Lower 
1 m of exposure consist of curved mud-cracked mud beds and 
laminae. 
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hash intervals and most appear to have been reworked, 
but some possible in-situ fossil communities have been 
observed (Homan, 2014). Unlike the lower Bouse 
carbonate unit, lime mud or micrite are rare in the upper 
bioclastic unit. 

Sandy lithofacies

Quartz arenite sand is common in the upper bioclastic 
unit, with bioclastic fragments ranging from trace up to 
30% (Figure 4). Where Tbz deposits are conformable 
and interbedded with underlying siliciclastic unit Tbs, 
they consist of predominantly siliciclastic sand, sourced 
from the Colorado River, with <10 to 30% bioclastic 
calcareous sand, and several percent gravel component 
in channels. In other localities, moderately sorted 
quartz sand appears to be entirely locally sourced from 
tributaries, with 10 to 35% bioclastic material. Bioclastic 
quartz-arenite can also contain mixed Colorado River 
and locally derived sand. Pebble and cobble-size gravel 
clasts, including siliciclastic pebbles and cobbles and 

rounded travertine cobbles (including branching forms), 
commonly float in a sand matrix. 

Gravelly lithofacies

A gravel-rich lithofacies is commonly associated with 
the upper bioclastic unit. These gravel-rich deposits 
are unconformable with underlying Bouse units 
(Tbc or Tbs), and are overlain either conformably, or 
paraconformably, by local fanglomerate deposits (unit 
Tfg2; Figure 5). Gravel is commonly clast-supported 
and exhibits massive to crude medium-bedding. In 
the hanging wall of Big Fault, unit Tbz appears to be 
conformable with and gradational into the overlying 
unit Tfg2, grading from mixed sand and gravel content, 
coarsening upwards into coarse conglomerate with 
diminishing sand and bioclastic content. Gravel clasts 
are predominantly locally derived from the adjacent 
mountains and the lithologic mix is broadly similar to 
those observed in overlying Quaternary gravels. Clasts of 
reworked tufa, marl, bioclastic calcarenite and trace clasts 
of branching calcareous algae (Halimeda sp.) are present 
and locally common, but not abundant. Sorting is very 
poor and imbrication is not obvious, which suggests 
rapid deposition. Gravel shape ranges from angular 
to well-rounded, but is predominantly subangular to 
subrounded, with floating rounded to well-rounded 
orange-coated clasts that were likely derived from the 
lower Bouse gravel unit Tbg. Also in the hanging wall of 
Big Fault, gravel beds appear to be reworked by shallow, 
low-energy currents where oscillatory cross-bedding 
is present between gravel beds, which may indicate 
a tributary mouth bar terminated at the margin of a 
shallow body of water. 

Distribution and Character of Upper 
Bioclastic Deposits
The primary similarity between the upper bioclastic 
unit Tbz and bioclastic beds in lower Bouse unit Tbcb 
(Figure 6) is the high fossil hash content in some 
beds, typically at or near the base of Tbz deposits, and 
especially where interbedded with Bouse siliciclastics 
or unconformably overlying the lower Bouse carbonate. 
Sedimentary structure, bed forms, siliciclastic content, 
and especially stratigraphic context to overlying and 
underlying units in Tbz contrast markedly with the 
lower bioclastic unit, however. We infer that Tbz 
deposits contain a mix of material eroded from pre-Bouse 
bedrock, pre-Bouse piedmont fanglomerate deposits 
including clasts that were rounded by near-shore 

Figure 5. Upper bioclastic unit (Tbz), conglomerate-dominated 
facies in unconformable contact with underlying basal carbonate 
unit Tbc, north of Hart Mine Road, Cibola SE quadrangle. 
Arrows point to the unconformity. The moderately steeply inclined 
gravel beds in unit Tbz might be foreset beds, recording tributary 
deposition into a body of water.
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processes as water level rose in the basin, and various 
Bouse units, possibly even earlier deposits of Tbz. 

Tbz deposits unconformably overlie Tbc deposits 
in all exposures of that have found above ~160 m asl 
(Figures 1, 2, and 6). Exposures of Tbz in this elevation 
range are restricted to the dissected landscape north of 
Hart Mine Road in the Cibola SE quadrangle, where 
they range from ~158 m asl in the west to ~198 m at 
the easternmost remnant, and south of Milpitas Wash 
where they range from ~185–207 m asl (Homan, 
2014). In most exposures, the contact between Tbz and 
Tbc deposits is sub-parallel planar to a mildly angular 
disconformity, but locally Tbz deposits fill obvious 
small channels and related erosional forms cut into Tbc 
deposits. 

In most exposures of Tbz deposits we have observed 
between 160–110 m asl in Arizona, calcareous deposits 
are interbedded with fine siliciclastic deposits (Figure 
2). In areas closer to the valley axis between ~110–90 m 
asl, an erosional unconformity separates overlying Tbz 
deposits from fine-grained siliciclastic deposits of unit 
Tbs (Figure 6). There are only limited outcrops exposing 
this relationship in Arizona, and the contact there is a 
mild erosional unconformity. Tbz deposits directly over 

Tbs deposits are much more extensively preserved on the 
Palo Verde piedmont in California, between ~130–100 
m asl. In areas where the underlying Tbs deposits are 
highly deformed by widespread soft-sediment mass 
wasting and possibly faulting, Tbz deposits commonly 
rest on a profound angular unconformity (e.g., Homan, 
2014). In areas where Tbs deposits are not deformed, the 
contact is mildly unconformable or disconformable. 

Discussion
The upper bioclastic “limestone” has been interpreted as 
evidence for re-inundation of the southern Bouse basin 
after development of a through-flowing Colorado River 
(Homan, 2014; R. Dorsey, written communications, 
2015–2016). We offer an alternative interpretation 
of the depositional environment recorded by unit 
Tbz: these deposits represent an off-lap sequence of 
tributary-sourced alluvial margin sediments deposited 
across a piedmont covered with Bouse carbonate 
deposits that was being re-exposed as the water level of 
paleolake Blythe declined. A generalized chrono- and 
sequence-stratigraphic representation of Bouse and 
post-Bouse units in the mapping area is presented in 
Figure 6. Lowering of the lake level would be a predicted 

Figure 6. Generalized chrono- and sequence-stratigraphic columns for the Bouse and Bullhead Formations.
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consequence of overflow over a southern divide (Bright 
et al., in press), as the divide was gradually lowered 
by fluvial erosion (e.g., Pearthree and House, 2014). 
This postulated lowering of the lake level would have 
exposed expanses of Bouse carbonate deposits that had 
previously been deposited across the landscape during 
the transgressive phase as the lake level rose toward 
the spillover elevation. As the lake level lowered either 
catastrophically (Bright et al., in press), gradually, 
or episodically, these Bouse carbonate deposits 
would have been eroded and mixed with material 
derived from the adjacent mountains and reworked 
from underlying fan deposits. Thus, we see a mix of 
carbonate fragments ranging in size from sand to small 
boulders and abundant locally derived siliciclastic 
gravel, including a small fraction of oxidized, well-
rounded locally derived gravel that likely was reworked 
from unit Tbg. These carbonate-rich fan deposits 
prograded across piedmont areas that were exposed 
by the lowering lake level, eroding (degrading) Bouse 
carbonate deposits, tracking the declining lake level and 
locally interacting (aggrading) with the lake (Figure 6). 
Initially, at elevations above ~170 m, Tbz would have 
been mantled on Bouse carbonate and graded to the 
maximum highstand of siliciclastic sand unit Tbs. As 
base level continued to progressively lower inset terraces 
of Tbz resulted in erosion of older Bouse units further 
towards the valley axis, decreasing in bioclastic content 
and increasing in siliciclastic content. Coarse, gravel-
dominated fanglomerate unit Tfg2 would subsequently 
track base-level lowering and prograde-aggrade over unit 
Tbz or underlying units at lower elevations. The thickest 
Tbz sections are those that are interbedded with fine 
Bouse siliciclastic deposits; these deposits may record 
complex spatial interactions between fan deposition and 
lacustrine nearshore processes, with subaerial alluvial 
and nearshore beach environments. The fine-grained 
siliciclastic deposits may have been near the margin of 
an extensive delta supplied by the Colorado River, as 
the lake was filling with sediment and approaching the 
level of the lowering spillover. Depending on the rate 
of lake lowering some areas of standing water may have 
supported in-situ charophyte and clam communities; 
however, we interpret the high conglomerate content 
and poor degree of bioclastic sorting to represent a range 
of low-energy environments restricted to subaerial and 
shallow subaqueous lacustrine. 
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Facies associations and process 
interpretations

(1) Ravinemet Association 

Facies A—Basal Cobble Lag: Well-sorted volcaniclastic 
cobble lag, overlies the Miocene fan conglomerate 
“fanglomerate”, and underlies mixed carbonate and 
siliciclastic facies of the Bouse basal carbonate member. 

Process Interpretation: transgressive ravinement 
surface—currents associated with initial transgression 
winnowed and removed finer sediment, concentrating 
cobble clasts on the surface.  

(2) Nearshore Association

Facies B—Golden Gravel: Golden brown to gray 
green, rounded to sub-rounded, typically well-sorted, 
coarse sandstone to pebble conglomerate. Exhibits 
tabular cross stratification with cross-bed sets 0.5–3 
meters, and primary dips ranging from nearly horizontal 

to steep forests (~20–30º).  Both normally graded and 
ungraded sandstone beds are characteristic features of 
this lithofacies, with upslope and downslope variations 
of grain size in foresets.  Clasts are dominated by 
granitic and intermediate plutonic, volcanic breccia, and 
unwelded tuff lithologies. Matrix is mixed carbonate 
and siliciclastic sand. This facies is often discontinuous 
laterally, exhibiting strongly lenticular geometry. Locally, 
within the dirty calcarenite and calcareous sandstone 
(facies C) of the nearshore association, golden gravel 
granules to pebbles are found as distinct thin beds, 1–3 
granule to small pebble grains thick, extending laterally 
from lenticular crossbedded gravel. 

Process Interpretation: locally sourced, wave worked 
beach gravels, gilbert delta lobes, high-energy bedforms, 
and detached nearshore gravel bars. Pebble beds likely 
were transported by high energy storm currents, and 
some transport may have been affected by tidal currents.

abstract—Detailed sedimentological analysis of the late Miocene to early Pliocene Bouse 
Formation south of Blythe, CA, provides insights into depositional processes and allows 
reconstruction of ancient depositional environments. The southern Bouse Formation is a succession 
of mixed carbonate and siliciclastic sediment overlain by a siliciclastic deltaic sequence of Colorado 
River sediment, capped by a recently discovered widespread upper bioclastic limestone unit 
(Homan, 2014; Dorsey et al., this volume). The basal carbonate member of the southern Bouse 
Formation contains a complex mosaic of mixed carbonate and siliciclastic deposits that reveal lateral 
facies changes and a stacked vertical succession consisting of: nearshore gravels, calcareous sandstone 
and calcarenite, mid-platform lagoonal to tidal flat marl, tidal bars, platform-margin grainstone 
sandy shoals, and offshore micrite (marl). The Bouse Formation records a major transgression in 
the Blythe basin, which has been variably interpreted as a marine estuary or a saline lake isolated 
from the ocean. Sedimentary structures characteristic of tidal processes and environments are 
common in the low-energy lagoonal and tidal-flat marl, and high-energy tidal bar facies associations, 
providing evidence for a strong tidal influence on deposition of the Bouse basal carbonate. As such, 
we favor a marginal-marine interpretation for the Bouse basal member. We believe the alternative 
interpretation—that lake currents produced all of these features—cannot account for either the 
high abundance of tidal sedimentary structures or the systematic lateral and vertical distribution 
of lithofacies that is commonly observed in tidally-influenced transgressive coastal to nearshore 
depositional systems. 
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Facies C—Sandy calcarenite and calcarenitic 
sandstone: White to gray, pale green, and light tan, 
well-rounded to subrounded, moderately to well-sorted, 
fine-to-medium grained, laminated to thick-bedded, 
admixed carbonate and siliciclastic calcareous sandstone 
and sandy calcarenite (Note: in this context, “sand” 
refers to the siliciclastic sand-size grains). Siliciclastic 
component ranges from >10% to 70% of the siliciclastic–
carbonate mixture. Internal sedimentary structures 
are often well preserved, and include asymmetrical 
and symmetrical ripple cross lamination, trough and 
tabular cross-bed sets, and parallel lamination overlain 
by asymmetrical ripples. This unit is interbedded with 
the low-energy, lagoonal and tidal flat association as 
continuous, distinct thin beds of dirty calcarenite with 
sharp bases and asymmetrical rippled tops. Thalassinoides 
burrows in this facies locally are observed to pass laterally 
into continuous bioturbated beds of Facies E of the Low 
Energy Lagoonal and Tidal Flat Association.

Process Interpretation: proximal bottomsets of 
gilbert deltas and gravelly bars of the Golden Gravel 
(facies B) nearshore facies association. Facies C formed 
adjacent to both the golden gravel of the nearshore 
association, and lagoonal and tidal flat marl association. 

(3) Low Energy, Lagoonal and Tidal Flat 
Association:

Facies D –Heterolithic, interbedded silty carbonate 
clay and marl: White, gray, to light pink, includes mm–
cm scale laminations to very thin beds that alternate 
between lime mudstone and mm laminations of either 
white micrite or pale green siliciclastic clay. Weathers 
platey, with pinch and swell along bedding planes. High 
silica content, concoidal weathering pattern.

Facies E—Mudcracked, heterolithic, lime mudstone 
with silt–f.g. bundles of laminations, wavy, flaser, and 
lenticular beds. A few distinct beds with abundant 
Thalassinoides burrows are present in this facies (trace 
fossil I.D. by S. Hasiotis, personal communication). 
Rhythmites of v.f.g sand and carbonate mud contain 
abundant stacked, wavy, lenticular and flaser bedding 
in a well-sorted and segregated silt and clay that 
display mm– to cm–scale alternations with lime mud. 
The stacked flaser, wavy, and lenticular bedding is 
consistently overlain by Platform Margin Association in 
vertical stratigraphic sequence, and passes laterally into 
grainstone bars of the high-energy tidal bar association.

Facies F—Gray green to white and pink, massive, 
interbedded resistant and recessive thin beds, commonly 

friable, with few silty interbeds, 4–12 cm thick, 
bioturbated, mottled, lime mudstone with rare mollusk, 
bivalve, and barnacle shells preserved. 

Facies G—Pink, tan, white, v.f.g. to f.g. sand, with 
small scale, unidirectional, asymmetrical ripples in fine 
grainstone containing abundant small scale reactivation 
surfaces with lime mudstone drapes. Interbedded with 
3–4 cm of continuous parallel laminated fine grainstone 
beds with fossil hash and laminated very thin beds of 
white carbonate clay and silty clay. Ripple crests are rarely 
preserved.

Process Interpretation: Interbedded facies record 
deposition in tidal flat, back barrier tidal flats, and 
sheltered subtidal lagoons. Bundles of alternating thin 
and thick laminae are possibly tidal rhythmites (Figure 
1, b), though detailed statistical analysis is needed to test 
an astronomical tidal process of deposition. Massive, 
mottled, and bioturbated beds are common of subtidal 
lagoonal environments (Laporte, 1971). Thalassinoides 
burrows are commonly formed by burrowing crustaceans 
in intertidal to shallow subtidal marine environments 
(Myrow, 1995).

(4) High-Energy Tidal Bar Association 

Facies H –Tan brown weathered and white to gray 
fresh, massive crossbedded, alternating thin and thick 
crossbed sets of tan–white bioclastic grainstone hash 
with <5% silicliclastic sediment, and tan–gray fine 
grainstone with ~30% siliciclastic sediment. Steep 
forests dip ~30° at top of massive (~3 m tall) crossbed 
sets (Figure 1, d). Bedding dips shallow laterally into 
flat-lying equivalent bottomsets, which grade laterally 
into small scale asymmetrical ripples with lime mud 
drapes (Figure 1, a), and those pass laterally into 
heterolithic sand-to mud rhythmites with flaser, wavy, 
and lenticular bedding of the Lagoonal and Tidal flat 
Marl association (Facies G and Facies E, respectively). 
Grainstone hash is more resistant to weathering, and 
gray fine grainstone is poorly indurated and recessive. 
Massive crossbed sets have abundant more gently dipping 
(~15–25º) erosive reactivation surfaces with common 
reverse ripples (Figure 1, c). Also common to this facies 
are ~10–15 cm thick, and up to 80 cm long tidal bundles 
with alternating thin and thick sigmoidal interbeds of 
grainstone hash and fine grainstone. Thin sigmoidal 
interbeds pass laterally into thick bottomsets, and 
thick sigmoidal interbeds may have thin or truncated, 
unpreserved bottomsets (Figure 2). Massive crossbed sets 
and sigmoidal tidal bundles have consistent paleocurrent 
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directions toward the west on the east side of the basin, 
and to the east on the west side of the basin. Reverse 
ripples show transport directions opposite to the main 
crossbed and tidal bundle sets on both sides of the basin. 

Shoaling-upward sequences—multiple shoaling-
upward sequences are common in this facies association, 
and include vertical stacking of massive lime mudstone, 
heterolithic sand-to-mud rhythmites with flaser, wavy, 
and lenticular bedding, and ripples with reactivation 
surfaces (Facies F E and G, respectively, of the lagoonal 
and tidal flat marl association), that are overlain by 
massive crossbed sets with sigmoidal tidal bundles and 
reactivation surfaces (Facies H). 

Process Interpretation: Sedimentary structures of 
this association display many criteria for recognition 
of tide-dominated deposits. They include: (1) 
lateral bundle/bottomset thickness variation; (2) 
possible bundle thickness variation that tracks cyclic 
astronomical cycles, though future statistical analysis 
will be needed to test a thickness variations ascribed to 
an astronomical tidal origin; (3) common reactivation 
surfaces with reverse ripples; and (4) common opposing  
bidirectional paleocurrents (Nio and Yang, 1991). 

Massive crossbed sets of alternating thin and thick 
grainstone hash and fine grainstone are interpreted to 
record deposition by migrating 
tidal bars, with systematic 
hydraulic sorting of carbonate 
and siliciclastic sediment 
by tidal currents, under the 
influence of cyclic solar cycles. 
Grainstone hash likely records 
the subordinate current, and 
fine grainstone with a higher 
percentage of siliciclastic 
sediment likely records the 
dominant current (Longhitano, 
2011). Reactivation surfaces 
are common in megaripple 
cross-bed sets, and are 
characteristic of alternating, 
but unequally strong tidal 
currents (Boersma, 1969; Klein, 
1970), though these structures 
can also also occur in large 
lakes (Ainsworth et al., 2012). 
Reverse ripples on reactivation 
surfaces are characteristic tidal 
indicators, likely representing 

small opposing ripples that record the subordinate phase 
of deposition (Nio and Yang, 1991). Reverse ripples in 
these deposits are commonly bioclastic grainstone hash, 
further indicating that the subordinate phase is recorded 
by the bioclastic grainstone hash. 

Lateral bottomset thickness variations are commonly 
observed. Thick bottomsets are related to thinner 
bundles, indicating that thick bottomsets are well-
formed during neap tides. Conversely, thin or truncated 
bottomsets are equivalent to thick bundles that we 
interpret formed during spring tides (Figure 2). The 
process interpretation of thickening and thinning 
of bottomsets is as follows: during spring tides, the 
strong dominant current will have erosional power 
in the trough, producing a deep trough in front of 
the migrating ripple that results in poorly developed 
bottomsets. Conversely, during neap tides, weaker 
currents decrease the erosional power of the bottom 
vortex, favoring the formation of well-developed 
bottomsets (Nio and Yang, 1991). 

Grainstone bars that pass laterally into heterolithic 
bedding likely represent deposition in low to middle 
intertidal setting, and from declining current energy and 
decrease in the sand to mud ratio laterally (Demicco and 
Hardie, 1994). These structures are commonly observed 

Figure 1. Arrows indicate flow direction. a) Marl drapes over unidirectional ripples (Low Energy, 
Lagoonal and Tidal Flat Association, Facies G): b) Possible tidal rhythmites of alternating thin and 
thick lamina (Low Energy, Lagoonal and Tidal Flat Association, Facies E). c) Reverse ripples on 
mega-crossbed set (High-Energy Tidal Bar Association, Facies H): and d) 3 meter-tall, mega-crossbed 
set with alternating beds of bioclastic grainstone hash and fine grainstone (High-Energy Tidal Bar 
Association, Facies H). 
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in ancient carbonate tidal deposits (Ghomashi, 2008; 
Lasemi, 1986; Lasemi et al., 2008). Systematic opposing 
bidirectional paleocurrent data of sigmoidal tidal 
bundles and mega-crossbed sets bundles are interpreted 
to record migration of tidal bars and bundles of 2D 
bedforms by tidal currents. The long axis of tidal bars 
forms parallel to tidal currents, and perpendicular to 
strike basin margin. 

(4) Platform Margin Association

Facies I—Bioclastic barnacle and oncoid sandy 
grainstone to grainstone hash: Tan to white, coarse 
to very coarse, rounded to well-rounded, well-sorted 
barnacle and oncoid shell fragments. Sedimentary 
structures are well-exposed and include; (1) ripple 
cross lamination, (2) trough cross-bedding, (3) parallel 
lamination, (4) marl intraclasts, (7) lateral offshooting 
and bedform discordancy; and (8) bundled-upbuilding 
ripple lamination geometries. This facies is typically 
composed of >90% biological carbonate material, 
and the siliciclastic component is generally <20%. 
Grainstone facies pass laterally into packstone to 
wakestone interbedded with the lagoonal and tidal flat 
marl association and offshore micrite facies association. 
Paleocurrents of troughs are consistently oriented at 
180º. This association is similar to the grainstone facies 
of the Tidal Bar Association (Facies H), however, can 
be distinguished by a lack of multiple shoaling upwards 
sequences, and a lack of mega-crossbed sets and sigmoidal 
bundles that shallow into flat-lying bottomsets.  

Facies J—Wakestone and 
packstone barnacle oncoid 
hash. 5–12 cm thick beds 
of white, pale green, poorly 
sorted, unstratified to weakly 
stratified, lateral equivalents 
of bioclastic barnacle and 
oncoid sandy grainstone to 
grainstone hash. Commonly 
is interbedded with the 
lagoonal and tidal flat marl 
association and offshore lime 
mudstone facies association. 

Process Interpretation: 
The high energy conditions 
of the platform margin 
results in development of 
coarse-grained carbonate 
sandy shoals that separate 
and protect the back-barrier 

tidal flat environment from the open basin (Purser and 
Evans, 1973). Wakestone to packstone represent lower 
energy equivalents of the grainstone facies, and are 
commonly interbedded and laterally interfingering with 
marl and micrite facies. Paleocurrents of trough crossbed 
sets are interpreted to record migration of 3D bedforms 
by unidirectional longshore currents.  

(5) Subtidal Offshore Facies Association:

Facies K—Micrite (marl): white carbonate clay with 
interbedded carbonate paper shale thin beds (3–10cm) 
of very thinly laminated (1–3mm) clay, to thick massive 
beds of white marl with no internal structure and 
laminations. This unit is easily eroded and recessive, and 
systematically rests stratigraphically above the platform 
margin association.

Process Interpretation: subtidal offshore micrite—
deposition by suspension settling and slow fallout of 
carbonate from ambient water column. 

Stratigraphic architecture
The nearshore, lagoonal and tidal flat, tidal bar, platform 
margin, and offshore facies associations laterally 
interfinger and are locally interbedded with each 
other, indicating the time-transgressive nature of facies 
transitions. The overall stratigraphic architecture is a 
stacked transgressive assemblage, with the basal cobble 
lag overlain in order by nearshore, lagoonal and tidal 
flat with interbedded tidal bars, platform margin, to 

Figure 2. Possible tidal bundles in the High-Energy Tidal Bar association. Thick sigmoidal beds are 
interpreted the be deposited during spring tides, and thin sigmoidal interbeds are interpreted to 
be deposited during neap tides. Thick sigmoidal beds correspond to thin or truncated bottomsets, 
while thin sigmoidal beds correspond to thick bottomsets. Green lines indicate erosive reactivation 
surfaces interpreted to record erosion by the subordinate tidal current. Arrow indicates flow direction 
(East–West). 
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offshore facies associations. This vertical 
stacking of lateral interfingering facies 
associations clearly records an overall 
transgression in the basal carbonate 
member of the Bouse Formation prior to 
deposition of siliciclastic Colorado River 
delta and river-channel sequence. 

Paleoenvironmetal 
interpretation and depositional 
model
A transgressive setting is recorded in the 
basal carbonate member of the Bouse 
Formation. Deposition occurred on a 
shallow mixed carbonate and siliciclastic 
platform with evidence for a strong 
tidal influence. As such, the Bouse basal 
carbonate likely records deposition 
in a basin with a marine influence. 
Important to this interpretation is the 
recognition of a low-energy shallow 
lagoonal and tidal flat association, and 
a high-energy tidal bar association 
that displays pervasive tidal structures. 
These include asymmetric ripples with 
reactivation surfaces and marl drapes, 
mega-ripples with reactivation surfaces, lateral bundle/
bottomset thickness variation, rhythmic alterations 
of v.f.g sandstone and lime mudstone beds with flaser, 
wavy, and lenticular bedding that pass laterally into 
the high-energy tidal bar association, and systematic 
stacking of alternating thin and thick lamina of silt and 
lime mud. These structures are collectively interpreted to 
record deposition on a mixed tidal flat, and by migrating 
tidal bars. Many of these structures, particularly lateral 
bundle/bottomset thickness variation, and possible 
presence of bundle/rhythmite thickness variation that 
tracks astronomical solar cycles, match diagnostic 
sedimentologic criteria produced by tidal processes. 
While bundle thickness variations can also form in large 
lakes, they do not display cyclic thickness variations 
that record fluctuating current velocities and directions 
caused by daily, bimonthly, and monthly astronomical 
cycles. Instead they display an irregular organization 
that likely reflects flow-velocity and flow direction 
alterations (Ainsworth et al., 2012; Visser, 1980). As 
a test, future statistical analysis will be needed to test 
thickness variations ascribed to an astronomical tidal 
origin (e.g. Mazumder and Arima, 2005).  Other criteria, 

such as mud drapes, reactivation surfaces, and wavy 
flaser and lenticular bedding, are excellent diagnostic 
tidal signatures, though they can form under non-tidal 
conditions (Ainsworth et al., 2012; Davis Jr, 2012). 
However,  the abundance of characteristic tidal features, 
and their systematic vertical stacking in the southern 
Bouse Formation strongly suggest deposition in a tidally 
influenced transgressive depositional system (Davis Jr, 
2012).

Conclusions
Five facies associations in the basal carbonate member 
of the Bouse Formation near Cibola, Arizona, are 
stacked in an overall transgressive vertical succession 
that accumulated before arrival of the siliciclastic 
Colorado River delta sequence. (1) The basal cobble lag 
is interpreted as forming by low to moderate energy 
currents along a transgressive ravinement surface. (2) 
The nearshore association is represented by golden 
gravel, sandy calcarenite and calcareous sandstone, and 
is interpreted as high-energy nearshore gravel bedforms 
and sandy bottomsets. (3) The low-energy lagoonal 
and tidal flat association is represented by mudcracked, 
heterolithic, silty to chalky silty marl with abundant 
wavy, flaser, and lenticular bedding with common 

Figure 3. Mixed carbonate and siliciclastic platform depositional environments of the 
Bouse Formation. Abbreviations: HT high tide, LT low tide. Modified from (Lasemi et 
al., 2012), in Principles of Tidal Sedimentology.
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reactivation surfaces. This association is interpreted to 
have accumulated in low- to moderate-energy subtidal 
lagoon and intertidal tidal flat environments. (4) The 
high-energy tidal bar association likely records hydraulic 
sorting of carbonate and siliciclastic material during 
migration of large tidal bedforms under the influence 
of persistent strong alternating tidal rip currents (5) 
The platform-margin association is represented by 
bioclastic barnacle and oncoid grainstone, wakestone 
and packstone, and interpreted as forming in high-
energy platform-margin sandy shoals that protected 
the back-barrier lagoon and tidal flat association. The 
subtidal offshore association is represented by white, 
recessive micrite (marl) and carbonate paper shale that 
was deposited in quiet water by suspension settling of 
carbonate through an ambient water column. 
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The Bouse Formation provides a sedimentary record 
of the first arrival of the Colorado River, water and 
sediment, as it was integrated from the Colorado Plateau 
to the Gulf of California 5–6 Ma. This unit is generally 
thin (10–100s m) but widespread within basins in the 
lower Colorado River corridor that extend from Lake 
Mead to Yuma (Fig. 1). The basins are interpreted to 
have been previously internally drained areas that were 
integrated basin-to-basin by the Colorado River (e.g., 
Spencer et al., 2008; 2013), 
although marine/estuarine 
inundation has been proposed 
for the southern part of the 
corridor (e.g., Miller et al., 
2014; McDougall and Miranda-
Martinez, 2014). The lower 
parts of the Bouse Formation 
are predominantly carbonates; 
the upper part (the interbedded 
unit) consists mainly of 
siliciclastic deposits, including 
Colorado River muds and sands. 

This paper focuses on the 
carbonate facies of the Bouse 
with a goal of understanding 
the different types and origins 
of Bouse carbonates. Dorsey 
et al. (this volume) describe 
three carbonate facies in the 
southernmost part of the 
corridor: (1) lower bioclastic 
limestone and minor tufa that 
are interpreted to represent high-
energy shallow water (including 
tidal) environments; (2) a marl 
succession that is interpreted to 
record precipitated carbonate 
settling below wave base in a 
large body of water; and (3) 
an upper unit of fossil-rich 
calcarenite and conglomerate 
(Gootee et al., this volume) that 
overlies the other carbonate 

facies, mudstone, and cross-bedded Colorado River 
sandstone. Dorsey et al (this volume) interpret this upper 
unit as evidence of reinundation of an early Colorado 
River valley by a lake or estuary; Gootee et al (this 
volume) suggest that the upper unit is a mix of local 
tributary siliciclastic material and carbonate reworked 
from the lower two carbonate units as the water level in 
the valley receded.

Travertines of the Bouse Formation
L. C. Crossey,1 K. E. Karlstrom,1 R. S. Crow,2 P. K. House,2 and P. Pearthree3

1University of New Mexico; 2US Geological Survey Flagstaff AZ; 3Arizona Geological Survey

Figure 1. Distribution of the Bouse Formation; Red= Bouse travertine; Pink= Bouse Fm. 
undivided.
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Travertines (aka tufas) have now been mapped 
in numerous places by the U.S. Geological Survey 
and Arizona Geological Survey as part of the Bouse 
Formation (Fig. 1); they provide another carbonate facies 
that needs explanation. The term travertine is used here 
as the more inclusive term and refers to “chemically-
precipitated continental limestone that forms as 
groundwater discharge deposits at spring outlets, and 
in lakes and streams, via precipitation of calcite from 
waters that are supersaturated with respect to calcium 

carbonate” (Ford and Pedley, 1996; Pentecost, 2005). 
The term “tufa” is sometimes used interchangeably as 
a mapping term for porous carbonates that occur in 
spring mounds and “tufa towers” around lakes. However, 
we prefer the term “travertine” and use it inclusively 
to include hot, warm, and ambient temperature 
groundwater discharge deposits, i.e. with no implied 
interpretation about temperature of the depositing 
waters, as this is generally unknown for inactive systems. 
The term travertine, in our usage, also encompasses the 

Figure 2. Textures of Bouse travertine: A. coarse travertine drape on basement schist; B. radial crystal fabric perpendicular to growth 
banding; C. botryoidal infillings in cave within mound deposit; D. fine grained calcite (spar) filling vein; E. weathering of large spherical 
botryoids; F. possible stromatolitic dome

A B

C D

E F
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full range of textures such as porous bedded travertine 
(Fig. 2A), carbonate with radial crystallographic fabric 
perpendicular to growth banding (Fig. 2B), botryoidal 
travertines filling open space in mound complexes 
(Fig. 2C), laminated fine grained calcite veins (Fig. 
2D), stromatolites interpreted as algal mats cemented 
by calcite (Fig. 2F), travertine step-pool facies, marsh 
stick-cast facies, and others. Used in this way the term 
travertine can be further embellished with specific 
textural and interpretive descriptions (see below), and 
it serves to distinguish a set of carbonate facies that 

record something different than the bioclastic, marl, and 
calcarenite facies of the Bouse Formation. 

Travertines (fresh-water carbonate deposits) form 
according to the following reactions (Pentecost, 2005; 
Crossey et al., 2006, 2009). For waters to become 
supersaturated with respect to CO2, an “external” 
CO2 source (e.g. soil gas and/or magmatically derived 
volatiles) is needed to make waters aggressive enough 
to dissolve calcite in regional aquifers. The dissolution 
reaction is: extCO2(g) + H2O + CaCO3(limestone) → 
Ca2+(aq) + 2HCO3 -(aq). The precipitation phase of 

Figure 3. Travertine rimming paleotopography in Palo Verde Mountain area suggests deposits are related to basin shorelines. Google 
Earth image shows travertine rimming multiple hills at approximately the same elevation along linear trends.
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travertine involves degassing of CO2 due to pressure drop 
(as artesian waters move upward) and/or turbulence 
(e.g. due to small waterfalls and wave action) via the 
reaction: Ca2+(aq) + 2HCO3 -(aq) → CO2(g)   + H2O 
+ CaCO3(travertine). Biological influences can also 
facilitate travertine precipitation of calcite by changing 
saturation state of waters or by algal trapping of fine 
grained carbonate. Bouse travertines are interpreted 
here as primarily due to degassing, but perhaps locally 
amplified by biologic processes. 

Bouse travertines are found in all sub-basins, but 
are most voluminous in the Blythe basin. They occur 
on both east and west sides of the basins, and may be 
particularly extensive at particular elevations ranges. 
They tend to occur in conjunction with nearshore gravel 
deposits and are found in numerous locations draped 
against bedrock of a variety of lithologies (Fig. 2A). 
In the Mohave and Blythe basins, they transect from 
lowest to highest elevations suggesting time transgressive 
deposition. Outcrop geometries range from drapes on 
underlying paleotopography, large mound complexes 
(Fig. 2E), and deposits that are concentric around 

Figure 4. Evidence that travertine deposits pre-date Bouse marls at multiple localities: A. and B. Palo Verde Mountain area has marls inset as 
apparent shoreline deposits against travertine/ tufa mounds or towers; C. travertine-cemented talus overlain by marl; D. clasts of rounded 
coarse grained travertine/tufa underlie marls in Hart Mine Wash

paleotopography (Fig. 3). Relationships with other Bouse 
facies are observed in several places and indicate that 
travertine accumulations generally existed as topographic 
features against which horizontal marls and bioclastic 
and marl carbonates were inset (Fig. 4 A, B), including 
examples of travertine-cemented talus overlain by marl 
and green claystone (Fig. 4C). In other areas, small 
concentrations of travertine are found within bioclastic 
limestone and nearshore marl deposits. Travertine-
coated cobbles and boulders, and clasts of travertine are 
also found in the lag gravels and fanglomerates below 
the basal Bouse bioclastic carbonate (Fig. 4D). Thus, we 
infer that Bouse travertines are likely time transgressive 
(timescale unknown) but were deposited mainly before 
other Bouse carbonates were deposited on top of them 
at a given locality. Closest analogs seem to be tufa 
mounds and shoreline tufas of Pyramid Lake and Lake 
Lahontan (Benson, 2004), tufa mounds in Mono Lake 
(Dunn, 1953; Scholl and Taft, 1964), stromatolites in 
groundwater springs (Wolaver et al., 2013), and shoreline 
deposits around both marine and lake basins. Using 
these analogs, we suspect that additional mapping may 

→
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reveal a combination of geothermal inputs along faults 
and lake-margin deposition that reflects shoreline wave 
action. 

Although additional mapping is needed to test 
depositional models, the distribution of travertine 
outcrops suggests two likely controls on deposition. 
Fault control seems likely to source excess CO2 and 
locate springs along fault conduits. However, preserved 
travertine deposits are quite extensive in some areas, 
and no direct fault–travertine associations are yet 
documented. Lake shore origin for the travertine is thus 
our preferred interpretation for the occurrences seen 
to date as this might provide turbulence needed for 
degassing, form the concentric geometry of travertine 
outcrops around paleotopography, and explain the 
general association of travertine with basin highstands 
in terms of a basin transgression. If so, the presence of 
similar mound complexes at low elevations and drapes 
across paleotopography might be ascribed to basin 
transgression with travertine older than other carbonate 
facies at any location.

Geochemical tests for origin of the travertine are 
underway and include multi-tracer analysis of travertine 
versus other Bouse carbonate facies. If spring inputs 
were important sources, the travertine may show high 
87Sr/ 86Sr especially when groundwater flowpaths 
were through Precambrian granites. The presence of 
silica and geothermal-associated trace elements like 
B, Br, Li may help establish any geothermal inputs. A 
lakeshore origin may show significant degassing and 
fractionation of stable isotopes. Another important 
aspect of travertine is that they may be datable using 
U–Pb dating to help establish the timeframe for Bouse 
deposition. For example, in the current spill-and-fill 
model for downward integration of the Colorado River 
system (Spencer et al., 2013; Pearthree and House, 
2014), travertine deposits record rising lake levels. With 
progressive filling and spilling of basins, travertine 
deposits in higher basins travertines would generally 
be older than lower basins. Depending on how rapidly 
these postulated lakes filled, it might also be possible to 
distinguish the ages of the lowest and highest travertine 
deposits in each basin. 
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Introduction
The latest Miocene to early Pliocene Bouse Formation 
is a regionally extensive deposit of carbonate and 
siliciclastic sedimentary rocks exposed discontinuously 
along the lower Colorado River corridor (Buising, 
1990; Metzger, 1968). These deposits record arrival 
and integration of the early Colorado River (House 
et al., 2008; Pearthree and House, 2014), though the 
conditions and paleo-environments of deposition are 
controversial and uncertain (Spencer et al., 2013). Recent 
work reveals systematic stratal wedging, basinward 
thickening, and pinch-out of units toward the eastern 
basin margin in the Cibola area (Homan, 2014), 
indicating a need to better understand the style, timing, 
and origin of syn- to post-Bouse deformation in the 
southern Blythe basin region. 

The goal of the research presented here is to determine 
if there is a structural control on the stratigraphic 
architecture of the Bouse Formation southeast of Cibola, 
Arizona. To address this question, we combine field data 
and structural interpretations from measured sections, 
lithofacies descriptions, stratigraphic panels, geologic 
mapping, and fault measurements. While structural 

controls on Bouse Formation depocenters are suggested 
by the regional map pattern (Howard and Miller, 1992; 
Jachens and Howard, 1992), and several faults cut the 
Bouse Formation (e.g. Homan, 2014), little work has 
been done to understand the age and kinematics of syn- 
to post-Bouse Formation faults and folds in this region. 
Below we suggest that excellent exposures of the Bouse 
Formation display stratigraphic architecture that likely 
was produced by two stages of normal fault propagation 
and tilting during deposition of the Bouse Formation.

Stratigraphic architecture
Tracing of key stratal surfaces from east to west in 
the study area reveals: (1) a lower stratigraphic wedge 
consisting of Bouse basal carbonate and overlying 
Colorado River sediment (including green claystone, red 
mudstone, and thick cross bedded channel sandstone), 
which thickens to the west toward the basin center and 
thins to the east toward the basin-bounding normal 
fault; and (2) an upper wedge comprised of the upper 
bioclastic limestone unit that thickens to the east 
toward the normal fault (Figs. 2, 3). The lower wedge 
thins from ca. 100 m in the southern Blythe basin 

Figure 1. A: Simplified geologic map of the of the study area (compiled from (Richard, 1993; Ricketts et al., 2011; Sherrod and Tosdal, 1991) 
B: Geologic Map of study area (Gootee et al., 2016). Panels a-a’ and b-b’ located in Big Fault Wash and Marl Wash, respectively.
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subsurface (Metzger et al., 1973) to <10 m in 
the immediate hanging wall of the normal fault 
in Big Fault Wash. Westward stratal thickening 
and expansion of the section is also seen in 
stratigraphic panels in Big Fault Wash and 
Marl Wash, which show that the lower marl 
unit (marl 1) and the green claystone increase 
from zero thickness to 6 m and 1.5 m thick, 
respectively, in the west, and both pinch out 
completely to the east (Figs. 2, 3). 

In contrast, the upper bioclastic limestone 
unit wedge expands eastward from thin or 
absent in western locations to the thickest (~10 
m) section of upper bioclastic limestone unit 
located in the immediate hanging wall adjacent 
to the normal fault. This geometry is seen 
consistently in Marl Wash and Big Fault Wash, 
along the strike of the normal fault (Figs. 2, 3)

Lithofacies descriptions 
Lithofacies of the upper bioclastic limestone 
unit (map unit Tbz (termed “upper bioclastic 
unit”) from Gootee et al., 2016) conformably 
and unconformably overlie Colorado River sand 
and mud, and grade up-section from (i) UL1: 
fine-grained wave-rippled sandy calcarenite, 
locally interbedded with Colorado River red 
mudstone; to (ii) UL2: poorly sorted coarse 
tributary sourced pebbly calcarenite with 
gravelly, flat-based long-wave-length, convex and 
concave cross bedding; to (iii) UL3: channelized 
pebbly calcarenite in Colorado River mud–very 
fine-grained Colorado River and locally derived 
sand; to (iv) UL4: poorly sorted calcareous-
matrix conglomerate with >90% siliciclastic 
material. In the Marl Wash locality, a subaerial 
conglomerate ‘fanglomerate’ unit, Tfg2, both 
conformably and unconformably overlies upper 
bioclastic limestone (Tbz) deposits (Gootee 
et al., 2016) (Fig. 4). Another lithofacies of 
the upper bioclastic limestone unit, UL5, is 
widespread in western Milpitas, though not 
found in the Cibola area, and consists of lime 
mudstone (micrite) with common mud cracks 
and <5% siliciclastic material. 

We suggest that sediment was derived from 
a combination of local carbonate production, 
reworking of lower Bouse carbonate, and input 
of sediment from local tributaries and the 

Figure 2. Facies panels of Big Fault Wash, a–a’. Map unit indicators in 
parentheses, from Gootee et al., 2016). See location of panel in Figure 1. 
Modified from Homan (2014).

Figure 3. Facies panels of Marl Wash, b–b’. Map unit indicators in parentheses, 
from Gootee et al., 2016). See location of panel in Figure 1. Modified from 
Homan (2014).
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Colorado River. Evidence for carbonate production in a 
shallow standing body of water, not solely by reworking 
and redeposition of older carbonate material includes: 
(1) the first appearance and common occurrence of the 
distinctive branching green algae Halimeda, which is 
either not present or is very rare in older Bouse carbonate 
deposits; (2) presence of mud-cracked lime mudstone 
(micrite) in western Milpitas wash area with distinctive 
Halimeda fossils (UL5); (3) water-lain sedimentary 
structures, including wave-ripples in UL1 and gravelly, 
flat-based long-wave-length, convex and concave cross 
bedding in UL2 that are known to form by strong storm 
currents in high-energy shallow shelf settings (Clifton, 
1986; DeCelles, 1987) ; and (4) presence of fully 
articulated bivalve and mollusk shells (UL1–4), that 
likely could not survive significant erosional reworking 

and abrasion in an alluvial fan without 
disarticulation (Dorsey et al., this 
volume).

Upper bioclastic limestone unit 
lithofacies 1–4 are interpreted to record 
progradation of fan deltas into a shallow-
water, carbonate-producing standing 
body of water. We interpret lithofacies 
1–3 as shallow subaqueous deposits 
based primarily on the high carbonate 
content and presence of distinctive 
water-lain sedimentary structures such 
as wave-ripple cross lamination and 
gravelly, flat-based long-wave-length, 
convex and concave cross bedding that 
resemble hummocky cross stratification. 
We interpret lithofacies UL4 as the 
interface between the subaqueous fan 
delta, and a laterally adjacent subaerial 
alluvial fan, because UL4 is poorly 
sorted with >90% siliciclastic material, 
records no water-lain sedimentary 
structures, and has a carbonate matrix 
with sparse intact clam shells. Poor 
sorting and horizontal stratification 
in facies UL4 suggest deposition by 
sheetfloods in a distal alluvial fan setting 
at and near the margin of the shallow 
standing body of water. We interpret 
lithofacies UL5 in the Milpitas area 
as recording alternating wet and dry 
conditions on a shallow-water carbonate 
mud flat.

Discussion
Stratigraphic data presented above provide evidence 
for the progressive structural evolution of the eastern 
margin of the Blythe Basin southeast of Cibola, AZ. 
Integration of structural and stratigraphic data lead 
to our interpretation of two distinct stages of fault 
development: (1) In the first stage the fault was a 
blind fault at depth, and propagation of the fault tip 
toward the land surface resulted in growth of a broad 
monocline that produced gentle westward tilting and 
related thickening of strata toward the basin center, 
leading to pinch-out of units toward the eastern basin 
margin; and (2) When the migrating fault tip breached 
the surface, it initiated growth of a rollover fold that 
produced eastward tilting and related thickening of 

Figure 4. Measured Section 13, near the east end of panel b–b’. Section shows upper 
bioclastic limestone unit (Map unit Tbz) overlying older Bouse carbonate and siliciclastic 
units. Lithofacies UL 1–4 are defined in the text. CRM, Colorado River mud; OM, 
offshore micrite (marl). 
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the upper limestone toward the normal fault, resulting 
in maximum preserved thickness of upper bioclastic 
limestone unit (map unit Tbz) in the immediate hanging 
wall of the normal fault. This two-stage model for 
normal fault growth and surface breaching is based on 
comparison to similar relationships and interpretations 
of (Gawthorpe et al., 1997). Similarly, we infer that 
during the first stage when the normal fault was a blind 
structure at depth, growth of a broad monocline above 
the propagating fault tip resulted in basinward tilting 
to the west that produced a westward-thickening, 
eastward-thinning stratigraphic wedge. In contrast, 
deposits that formed during the second stage thicken 
toward the fault in the immediate hanging wall of the 
normal fault. The stratal geometries in Figures 2 and 
3 indicate that fault-controlled growth of the upper 
wedge (stage 2) took place during deposition of the upper 
limestone, after deposition of Colorado River sediment 
and before deposition of the upper fanglomerate (Tfg2). 
The fault appears to have undergone additional slip after 
deposition of Bullhead Alluvium. 

We therefore suggest that basin subsidence (sagging) 
near Cibola is likely in part the downward component 
of basin-scale warping related to a propagating blind 
normal fault. We acknowledge that Bouse deposits thin 
toward the basin margins in other localities without map 
evidence for the presence of a normal fault. This suggests 
that basinward thickening observed in the Bouse basal 
carbonate and overlying Colorado River sediment 
are likely controlled by broader subsidence, and not 
exclusively a result of propagating blind normal faults. 
However, it is also possible that regional basin sagging 
may have been related to growth of other buried faults 
that never propagated to the surface. This idea might 
be evaluated with future geologic mapping, though it 
may be difficult to fully test without complementary 
subsurface data. 

To summarize, stratal geometries observed in the 
Bouse Formation southeast of Cibola record a history of 
tilting away from—and then toward—the basin-margin 
normal fault. We interpret this history of reversing tilt 
directions to record monocline growth above a blind 
normal fault (Stage 1) that later breached the surface and 
caused titling back toward the fault (Stage 2). Similar 
stratal geometries are observed in other extensional 
settings and are similarly interpreted to result from 
syn-depositional growth and surface breaching of normal 
faults (Gawthorpe et al., 1997). 

An idealized normal fault segment is predicted to 
have maximum displacement and accommodation space 
at its center where the fault first breaches the surface, 
and total displacement decreases along strike toward the 
fault tips where surface offset is zero (Barnett et al., 1987; 
Chapman et al., 1978; Dawers et al., 1993; Gawthorpe et 
al., 1997; Muraoka and Kamata, 1983; Schlische, 1995; 
Schlische and Anders, 1996; Walsh and Watterson, 
1987; Young et al., 1995). Thickness variations in the 
upper limestone suggest that maximum subsidence and 
accommodation space are located immediately adjacent 
to the breached fault in two localities in Marl Wash and 
Big Fault Wash (Figs. 2, 3). We propose that in areas 
north and south of the fault, fold growth above buried 
fault tips resulted in westward tilting toward the basin 
center and did not create vertical accommodation space 
for the upper limestone, while localities in Big Fault 
Wash and Marl Wash did experience east tilting toward 
the normal fault where the fault tip breached the land 
surface. 

Conclusions 
Two distinct phases in the structural evolution of Blythe 
Basin southeast of Cibola, AZ, can be interpreted by 
analyzing the stratigraphic architecture of the Bouse 
Formation. During the first stage, upward propagation 
of the blind fault tip toward the Earth’s surface resulted 
in gentle westward tilting and thickening of Bouse 
basal carbonate and Colorado River sediment toward 
the basin center. Stage 2 occurred when the normal 
fault breached the surface and initiated growth of a 
small rollover monocline, which caused eastward tilting 
and local subsidence for accumulation of the upper 
bioclastic limestone unit. Thus, the map distribution and 
preservation of the upper limestone appear to be directly 
controlled by the local faulting history in this area.
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Introduction
Deformation related to late Neogene dextral 
shear can explain a shift from an estuarine to 
lacustrine depositional environment in the 
southern Bouse Formation north of Yuma, 
Arizona. We infer that late Neogene deformation 
in the Chocolate Mountain Anticlinorium 
(CMA) created a barrier that blocked an estuary 
inlet, and that pre-existing and possibly active 
structures subsequently controlled the local course 
of the lower Colorado River (LoCR). Structural 
patterns summarized below suggest that the 
CMA absorbed transpressional strain caused 
by left-stepping segments of dextral faults of the 
San Andreas fault system and/or the eastern 
California shear zone and Gulf of California 
shear zone. For this hypothesis to be correct, 
no more than 200 to 300 m of post-6 Ma, pre- 
~5.3 Ma uplift along the CMA crest would be 
required to cut off a marine inlet. 

The 220 km long CMA, cored by the 
early Paleogene Orocopia Schist subduction 
complex, extends from the Orocopia Mountains 
(CA) southeastward through the Chocolate 
Mountains (parallel to the southern San Andreas 
fault). Where Highway 78 crosses the Chocolate 
Mountains (Fig. 1), the CMA turns eastward 
through the Black Mountain–Picacho area 
(CA) and Trigo Mountains (AZ) into southwest 
Arizona. It separates southernmost Bouse 
Formation outcrops of the Blythe basin from subsurface 
Bouse outcrops to the south in the Yuma area. South 
of Blythe basin the CMA is transected by the lower 
Colorado River along a circuitous path. 

Here we focus on the geology of an area between the 
central Chocolate Mountains and the Yuma Proving 
Grounds in Arizona. Specific landmarks include the 
southeast Chocolate Mountains, Midway Mountains, 
Peter Kane Mountain, Black Mountain, Picacho Peak, 

Figure 1. Overview of eastern Chocolate Mountain region showing features 
referenced in text. Purple shading shows exposures of Orocopia Schist, yellow 
are Bouse Formation outcrops, dark red are Black Mountain basalt.
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and Gavilan Hills (Fig. 1). For simplicity, we refer to this 
as the eastern Chocolate Mountains. 

Late Miocene to Pliocene stratigraphy 
The latest Miocene to early Pliocene Bouse Formation 
(>6.1-4.8 Ma) is exposed on the north flank of the 
Chocolate Mountain anticlinorium at the southernmost 
end of the Blythe basin (for distribution of Bouse 
basins see Fig. 1 in McDougall and Miranda-Martinez, 
this volume). Bouse deposition may have begun in a 
restricted marine estuary slightly before 6.1 Ma, as 
suggested by interpretation of foraminifers, mollusks and 
ostracods (McDougall and Miranda-Martinez, 2014). 
Foraminifera species are consistent with water depth at 
the estuary sill that was probably no more than 30 to 50 
m below sea level (bsl), although the basin itself could 
have been significantly deeper. The marine facies of the 
Bouse Formation are found up to about 200 m above sea 
level (asl) at Milpitas Wash and 120 m asl near the Palo 
Verde Mountains and Cibola. Demise of clearly marine 
fauna and the arrival of Colorado River deltaic sands 
occurred at or before 5.3 Ma (McDougall and Martinez, 
this volume). At highest and southernmost exposures of 
the Bouse near Buzzards Peak, the 4.8 Ma Lawlor Tuff 
is intercalated with strata interpreted as lacustrine Bouse 
Formation at about 300 m elevation (Harvey, 2014). 

The late Neogene Bear Canyon conglomerate 
(BCC) is a coarse clastic sequence underlying the Bouse 
Formation and flanking the CMA. The BCC post-dates 
earliest Miocene (23 Ma) volcanism and is at least partly 
synchronous with growth of the CMA. They divide 
the BCC into three informal age sequences that filled 
a north-south structural trough across the CMA; the 
youngest member is interstratified with and overlies the 
Black Mountain basalt (9.45 ± 0.27 Ma; Muela, 2011). 
Overlying the Black Mountain basalt is a distinctive 
conglomerate unit containing clasts of granodiorite 
gneiss and distinctive kyanite- and dumortierite-bearing 
rocks derived from a source much like the present 
Cargo Muchacho Mountains (Dillon, 1975; Haxel, 
1977; Haxel et al., 2002). Conglomerate containing 
similar distinctive crystalline clasts forms a small fault-
bounded sliver within the Golden Dream fault along the 
Lower Colorado River, which suggests that post-9-Ma 
conglomerate near Black Mountain originally extended 
at least locally across the CMA (Haxel et al., 2002, Fig. 
6).

Structural patterns
The complex structural pattern of the eastern Chocolate 
Mountain region represents the superposition of multiple 
Cenozoic events, including formation of early Paleocene 
Orocopia subduction complex, now exposed in the 
core of the Chocolate Mountain anticlinorium; late 
Oligocene (28-24 Ma) exhumation/extension that was an 
early phase of mid-Miocene crustal extension (Jacobson 
et al., 2002); volcanism at 23 and 9 Ma (Needy et al., 
2007; Ricketts et al., 2011); and dextral deformation 
within or along the Miocene-Pliocene Eastern California 
and Gulf of California shear zones and the Pliocene to 
Quaternary San Andreas fault system. 

We focus on late Neogene deformation, and 
interpretation of a pattern of dextral and sinistral fault 
systems, with linked normal and reverse faults, based 
largely upon previously mapped structures (Fig. 2). 
Sorting out ages of individual structures within this 
fault complex is problematic and necessarily provisional, 
owing to limitations of timing data and widespread 
reactivation of faults. Therefore, much of our structural 
interpretation is speculative until more detailed 
kinematic and timing studies are completed.

In the Black Mountain-Picacho area, the CMA is 
defined by several subparallel to en echelon east-west 
antiforms and synforms. Orocopia Schist is exposed in 
tectonic windows below early and middle Cenozoic 
faults. Geologic units defining the CMA are the 
Orocopia Schist (structurally lowest), several packages 
of Mesozoic continental magmatic arc and post-arc rocks; 
earliest Miocene (23 Ma) volcanic rocks; and the Bear 
Canyon conglomerate, interstratified in its upper part 
with the 9 Ma Black Mountain basalt. The first three 
units display similar moderate to steep dips related to 
late Neogene folding along the CMA. Thermal histories 
from the Gavilan Hills indicate two cooling events: early 
Cenozoic (~56–50 Ma) subduction-related exhumation, 
and middle Cenozoic (~28–24 Ma) unroofing related 
to the start of regional extension (Jacobson et al., 
2002, 2007). These events correlate to two distinct 
fault systems, the Chocolate Mountain and Gatuna/
Sortan, both folded by the anticlinorium. Therefore, 
most growth of the anticlinorium postdates the younger 
28–24 Ma unroofing event. Girty et al. (2006) and 
Ricketts et al. (2011) use facies relations of the BCC 
to suggest folding of the CMA began after 25 Ma. 
Younging sequences of the Bear Canyon conglomerate 
are progressively less folded and exhibit upward decreasing 



l. s. beard, g. b. haxel, r. j. dorsey et al. | late neogene deformation of the chocolate mountains anticlinorium

178 2016 desert symposium

 
Figure 2. Regional structural pattern interpreted from previous studies (Dillon, 1975; Haxel, 1977; Girty et al., 2006; Richard, 1993; S.M. 
Richard, unpublished mapping; Ricketts et al., 2011; Sherrod and Tosdal, 1991), satellite imagery, and Google Earth imagery. Base is Landsat 
7 imagery. Purple shading shows outcrops of Orocopia Schist, dark red is Black Mountain basalt, and yellow is Bouse Formation. Known and 
inferred faults colored as follows: red – dextral faults, blue – sinistral faults, black – normal faults, brown – reverse faults. Thick dashed orange 
line is axis of anticlinorium. BEF – Black Eagle Mine fault, BF – Big fault, CBF – Copper Basin fault, DF – ‘Drive-by’ fault, GDF – Golden 
Dream fault, FLF – Ferguson Lake fault, LRF – Lighthouse Rock fault, MWF – Mammoth Wash fault, PBF – Pichacho-Bard fault, PF – 
Patton faults, VWF – Vinagre Wash fault.
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dips. Latest folding post dates the Black Mountain basalt 
at 9.4 Ma (Girty et al., 2006; Ricketts et al., 2011). 

Regional tectonic events

Earlier studies suggested that growth of the 
anticlinorium was coeval with middle Cenozoic 
extension (NE–SW directed) and detachment faulting, 
or younger Neogene dextral faulting and transpression 
of the Miocene–Pliocene East California shear zone 
(ECSZ), or most likely both (e.g., Sherrod and Tosdal, 
1991; Jacobson, 2007; Ricketts et al., 2011). According 
to Sherrod and Tosdal (1991), formation of the CMA 
post-dated eruption of a 26-Ma ignimbrite, and was 
perhaps emergent by 22 Ma. Middle Cenozoic volcanism 
and regional NE-directed normal faulting in the region 
was active about 24 Ma; extension continued past 
magmatism to perhaps 13.4 to 9.6 Ma (Needy et al., 
2007). Sherrod and Tosdal (1991) describe decreasing 
extensional strain from the northern Trigo Mountains 
southward toward the CMA, manifested as homoclinal 
ridges of tilted Miocene and older rocks in the northern 
Trigo Mountains transitioning southward to less-tilted 
or untilted horst and graben structures. By 13 Ma coarse 
clastic sequences such as the BCC filled extension-related 
basins (Dillon, 1975; Ricketts et al., 2011). 

Regional middle Cenozoic extensional structures 
are overprinted and perhaps reactivated by NW- and 
NE-striking dextral faults of the Eastern California 
shear zone. A reconstruction of parts of California and 
Arizona at 10 Ma by Richard (1993) limited estimated 
dextral slip between ~10 and 4.5 Ma to no more than 16 
km in the Mohave Desert east of the Transverse Ranges. 
He placed 9 km of slip on the Cibola and Laguna fault 
systems. The Cibola fault system is a NW-striking array 
of dextral and normal faults that Richard (1993) linked 
across the Trigo and eastern Chocolate Mountains 
to the Laguna fault system. The Laguna system then 
extends SE as a dextral system bounding the Laguna and 
Gila Mountains, where it may offset the course of the 
Gila River as much as 15 km in a dextral sense (Fig. 2). 
Richard (1993), Beard et al. (2016) and Bennett et al. 
(this volume) suggest fault segments of the Laguna fault 
system and other structures controlled segments of the 
LoCR between Cibola and Yuma. 

The Gulf of California shear zone is a ~50–100 km 
wide NNW-trending dextral transtensional belt with 
large vertical axis block rotation (Bennett and Oskin, 
2014) in northwestern Mexico. It initiated ca 9 to 7 
Ma and most likely linked northward to the ECSZ in 

the Chocolate Mountain region along the Arizona–
California border (Bennett et al., this volume). Bennett 
and Oskin (2014) suggested that by 6 Ma there was a 
shift from the broad shear zone of the Gulf of California 
shear zone to the narrow plate boundary of the Gulf of 
California rift and San Andreas fault system. 

Post-10 Ma fault patterns 

A pattern of structures known or inferred to be post-10 
Ma (Fig. 2) in the eastern Chocolate Mountain region is 
interpreted from previous mapping and topical studies 
(Dillon, 1975; Haxel; 1977; Haxel et al., 2002; Olmsted 
et al., 1973; Richard, 1993, unpublished mapping; 
Ricketts et al., 2011). Structures include inferred and 
certain dextral, sinistral, reverse, and normal faults that 
cut the Bouse, the BCC and/or the CMA. Relative 
timing of fault displacement is only locally known; 
future studies are needed to understand the time-
sequence of faulting in this region. 

Importantly, many of these faults terminate laterally 
or structurally downward against the CMA or offset it, 
indicating post-10 Ma movement. Structures younger 
than 6 Ma include those that cut the Bouse Formation or 
Quaternary to Pliocene pediments overlying the Bouse 
Formation (e.g. Homan, 2014). Buising (1990) described 
numerous faults as ‘syn-Bouse’, including at least three 
in the Cibola area in southernmost Blythe Basin. In 
addition, USGS and AZGS geologists have mapped the 
north-striking , east-side-down, ‘Big Fault’ normal fault 
near Cibola (first described by Metzger et al., 1973), and 
the ‘Drive-by’ fault, a NNW-striking vertical fault on 
the east side of the Palo Verde Mountains that cuts lower 
Bouse but is overlapped by an upper limestone unit in the 
Bouse (see Dorsey et al., this volume). A Bouse outcrop 
that laps onto bedrock on both sides of of Buzzard Peak 
(Fig. 2) is also slightly kinked by a NNW-trending fold. 
In addition, the Mammoth Wash and Black Eagle Mine 
sinistral faults that offset the CMA west of Highway 78 
cut the BCC and deform the unconformably overlying 
Plio-Pleistocene pediment gravels that overlie the Bouse 
in Milpitas Wash (Dillon, 1973). 

Broader-scale warping of the Bouse Formation was 
described by Sherrod and Tosdal (1991) in Palo Verde 
Valley (northerly axis; also called Cibola basin in some 
reports), in Milpitas Wash by Metzger et al. (1973; 
east–west axis), and in the Picacho–Bard basin (NW 
axis) by Olmsted et al., 1973) (Fig. 2). Both warping 
in the Milpitas Wash area (which Metzger et al., 1973, 
attributed to uplift of the Chocolate Mountains) and 
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possible gentle northeastward dip of about 0.4 to 0.6 
degrees of the Bouse upper limestone unit (Fig. 3; also 
Dorsey et al., this volume) between the Palo Verde 
Mountains and Buzzard Peak may record post-Bouse 
gentle tilting due to fold growth on the north limb of the 
CMA. 

The emerging pattern is one of dominantly 
NW-trending dextral faults, NE-trending sinistral faults, 
north-striking normal faults, and key east-west faults 
of known or inferred reverse separation, all of which 
terminate at or splay into short segments near the CMA 
(Fig. 2). To the west, the CMA is cut by mostly sinistral 
faults, from the Mammoth and Black Eagle Mine faults 
east to Highway 78 (Dillon, 1975, estimated offset of 
8 and 5 km, respectively). This system of sinistral faults 
ends at the Vinagre Wash fault system of Richard (1993), 
who estimated as much as 3.5 km sinistral offset of the 
axis of the CMA. Ricketts et al. (2011), in a detailed 
study within the CMA in the Indian Pass—Picacho 
area, show a pattern of paired dextral and sinistral faults 
offsetting the anticlinorium axis north of the Copper 
Basin reverse fault; they attribute this pattern to folding 
of the CMA in response to north-south shortening. 
West of there, a series of short en-echelon dextral faults 
ends eastward against the Vinagre Wash faults. Overall, 
this map pattern is very suggestive of the presence of 
two structural domains: a domain consisting of left-
stepping dextral faults and kinematically linked reverse 
faults from the Yuma area to Peter Kane Mountain that 
transitions northwestward to a domain dominated by 
sinistral faults from near Buzzard Peak to the Orocopia 
Mountains (Fig. 2). 

Normal faults in and east of the Trigo Mountains 
likely link the Cibola and Laguna faults through a 
transtensional right step. From the north, normal faults 
linked to the Cibola fault system end southward against 
or cut the CMA. From the south, the Laguna dextral 
fault system on the east side of the Gila Mountains splays 
northward against the south side of the CMA into at 
least two normal–separation faults that lose displacement 
northward. The northern of these is the Ferguson Lake 
fault, an east-side-down normal separation fault that 
parallels the LoCR east of Picacho State Park. The fault 
cuts the CMA, placing Orocopia Schist in the footwall 
to the west against coarse clastic alluvial fan deposits 
that may correlate to the BCC; fault steps and possible 
triangular facets on this fault suggest to us that the 
latest movement on the fault is late Pliocene or younger. 
Richard (1993) inferred less than 2 km dextral offset on 

the Laguna system based on estimating extension across 
associated basins. However, there could be a lot more 
strain unaccounted for if the Gila River is offset by 15 
km. We speculate that some of the strain could have been 
transferred to the NW along other short dextral fault 
segments and some absorbed by transpressional growth 
of the CMA in the overall left-stepping dextral system 
described above. 

Similarly, the Cargo Muchacho Mountains may be 
a transpressional feature in a left-step between dextral 
faults. Henshaw (1942) suggested that the Cargo 
Muchacho Mountains were uplifted between two 
NW-striking strike-slip faults, the buried Picacho–Bard 
fault to the northeast (underlying the Picacho–Bard 
basin of Olmsted et al., 1973), and the Algodones fault 
to the southwest (Fig. 2). Dillon (1975) mapped several 
NW-striking dextral faults cutting through the range 
with a total separation of about 3 km and several thrust 
faults confined between the dextral faults. In addition, 
he described several east-west striking, south-dipping 
faults, collectively called the Patton faults, that offset 
Pliocene Colorado River deposits as much as 120 m on 
the south side of the range; the deposits are locally tilted 
as much as 10 degrees southward adjacent to one of the 
faults. Direction of offset is unknown because the faults 
are only locally exposed, but based on faults with similar 
trends such as the Copper Basin fault, they could be 
reverse faults consistent with transpression. The Picacho–
Bard fault likely links southeastward to faults that bound 
the northeast side of the Fortuna basin west of the Gila 
Mountains (Fig. 3; Olmsted et al., 1973). 

Discussion

Ricketts et al. (2011) concluded that the CMA grew 
episodically during deposition of the Bear Canyon 
conglomerate due to north–south compression. 
Shortening was attributed to deformation in the dextral 
Eastern California Shear zone as part of a larger pattern 
of east–west extension and spatially and temporally 
variable north–south shortening. In addition, Ricketts 
et al. (2011) noted that shortening strain in the CMA is 
not accompanied by large-slip dextral faults. We build 
on their ideas by noting that the shortening strain they 
document is located where dextral fault segments are 
short, discontinuous, and step left (westward) around 
the CMA. This pattern suggests to us that there were 
kinematic linkages between late Miocene to Pliocene 
strike-slip faults and late-stage subtle growth of the 
CMA. 
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We agree with previous workers (e.g. Metzger et al., 
1973; Ricketts et al., 2011; Richard, 1993) that late 
folding of the CMA in the east Chocolate Mountains 
is at least locally due to transpressional strain, which we 
attribute to left-steps in a broader dextral shear regime. 
In contrast, east of the lower Colorado River (and the 
Ferguson Lake and other normal faults), dextral shear is 
transtensional due to right steps linking northward with 
the Cibola fault system (e.g., Richard, 1993; Bennett et 
al., this volume). 

In summary, a broad northwest belt of distributed 
dextral shear, developed during late Miocene time, is 
part of the Gulf of California shear zone (Bennett et 
al., 2014; Bennett et al., this volume), and spans the 
Gila Mountains. As this shear zone approaches the 
Chocolate Mountains, dextral strain is partitioned into 
two components: (1) the eastern part of the shear zone 
(Laguna fault system of Richard, 1993) links northward 
in a transtensional stepover to the transtensional Cibola 
fault system; and (2) the western part of the shear zone 
steps left along the southwest side of the CMA, imposing 
a shortening strain that enhanced the CMA and formed 
the Copper Basin reverse fault (Fig. 2). We propose 
that this complex strain pattern took place during late 
Miocene to Pleistocene time, coincident with diffuse 
young faulting that is well documented in this region. 
The left-stepping zone of transpressional shear may have 
linked to some early version of the Algodones fault, or 
was absorbed via folding and diffuse dextral faulting 
in the Chocolate Mountains. Continued dextral shear 

on the west 
side of the Gila 
Mountains 
then evolved 
to a left step to 
the Algodones 
fault, with that 
transpression 
producing uplift 
in the Cargo 
Muchacho 
Mountains.

The age and 
relative timing 
of this post-9.45 
Ma deformation 
sequence 
is poorly 
constrained. The 
linkage between 
the Gulf of 
California and 
East California 
shear zones 
through SE 
California and 
SW Arizona 
was most likely 
active in late 
Miocene to 

Figure 3. Plots show elevations of the upper 
limestone unit of the Bouse Formation (Dorsey 
et al., this volume) along a SSW transect from 
the Palo Verde Mountains to the Highway 78 
pass; note the symmetric topography is roughly 
coincident with the CMA axis. Purple shade 
shows Orocopia Schist outcrops, yellow is 
Bouse Formation exposures. BP1 and BP2 are 
Bouse exposures at Buzzard Peak, west and east 
of the peak respectively. A. Slope is calculated 
from elevation of the upper limestone unit, 
interpreted by Dorsey et al. (this volume), as 
deposited in a lake or estuary after first arrival 
of the early Colorado River deltaic sediments. 
Blue squares are upper limestone unit (see 
stratigraphic sections in Homan, 2014). Upper 
left plot: slope is calculated from known 
outcrops of the upper limestone unit in the 
Palo Verde Mountains and Milpitas Wash. 
Lower left plot: slope is calculated assuming 
the Buzzard Peak localities BP1 and BP2) are 
correlative to the upper limestone unit (see 
Dorsey et al., this volume for discussion of 
correlation – this correlation is controversial but 
does not change the dip significantly).  Google 
Earth Image on right shows spatial distribution 
of points used for slope calculation. Black line is 
transect line that outcrops are projected into for 
slope calculation. Profiles for B. and C are red 
lines. B. Topographic profile across Highway 
78 pass transects the Buzzard Peak 1 locality 
and highest and lowest upper limestone unit 
outcrops; the profile ends north at the Palo 
Verde Mountains. C. Topographic profile from 
south to north across Highway 78 pass transects 
Buzzard Peak 2 locality and ends east of Big 
fault (black line) south of Cibola. Map base and 
profiles in B and C derived from Google Earth 
software.
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Pliocene (Fig. 3 in Bennett et al., this volume) and, by 
inference, produced the transpressional steps into the 
Chocolate Mountains. That stress was probably relieved 
by the subsequent Cargo Muchacho transpressional step 
to the Algodones fault, which is along strike with the 
San Andreas fault and was likely a major plate boundary 
until the last few million years (Howard et al., 2014). 
Additional post-5 Ma faulting and gentle fold-related 
tilting is suggested by numerous faults that are known to 
cut and post-date the Bouse Formation. 

Did late Neogene deformation of the CMA 
block an estuary inlet?
No direct data indicate where a Bouse estuary inlet or 
inlets could have crossed the Chocolate Mountains south 
of the Blythe basin. Two possibilities are topographic 
lows such as the Highway 78 pass or the Carrizo Wash—
Bear Canyon divide (Fig. 4). Alternatively, the crossing 
could have been roughly coincident with the modern 
course of the LoCR (Figs. 4). The Highway 78 pass seems 
the most likely candidate because the highest 
(~310 m) and southernmost Bouse outcrops at 
Buzzard Peak are within about 4–5 km of the 
pass, which is roughly coincident with the westerly 
axis of the CMA at about 335 m elevation (Figs. 2, 
3). In comparison, marine shoreline facies of the 
lower Bouse and the upper limestone unit are at 
about 100 to 120 m asl in exposures at Cibola and 
the Palo Verde Mountains (Homan, 2014) and rise 
to about 200 m asl about 20 km north of Buzzard 
Peak. We assume in Figure 3a that the Bouse 
deposits were deposited horizontally and the upper 
limestone correlates to the Buzzard Peak outcrops, 
although this second assumption is controversial. 
Slopes fitted to the outcrops (with and without 
the Buzzard Peak correlation) project close to the 
elevation of the Highway 78 pass. This suggests a 
post-depositional tilt about one-half a degree on 
the north flank of the CMA (Fig. 3). 

Combining rock uplift due to tilting on the flank of 
the CMA of about 190 m between Buzzard Peak and 
the Palo Verde Mountains with a broader uplift of 120 m 
(~ elevation of the outcrops at both Cibola and the Palo 
Verde Mountains) suggest that the marine connection 
would have to be below about 310 m asl today. Based on 
foraminiferal data, McDougall and Miranda-Martinez 
(2014) suggested that the estuary sill was no more 
30–50 m below late Miocene sea level, which would 
correspond to below about 280–260 m asl today. This 
is lower than the 335 m elevation of the alleviated pass 
at Hwy 78 but does not rule out a possible inlet there, 
because the magnitude and timing of relative uplift 
is poorly constrained. More importantly, if this is the 
inlet, only a couple hundred m of relative uplift between 
the marine shoreline deposits at Cibola and Palo Verde 
Mountains and the crest of the CMA is needed to block 
the connection.

The lowest point along the Carrizo Wash—Bear 
Canyon divide, at about 255 m asl, is well below the 

Figure 4. Transparent purple shows Orocopia Schist 
exposures. A. West to east topographic profile along the 
topographic crest of the eastern Chocolate Mountains from 
Highway 78 pass to Ferguson Lake fault. Line of profile 
follows drainage divides derived from USGS National 
Hydrography Dataset [http://nhd.usgs.gov/]. B. North 
to south topographic profile across Cargo Muchacho 
Mountains and Carrizo Wash – Bear Canyon divide. Note 
steep rugged topography of Lower Colorado River gorge on 
north side of divide. Vertical red line on map base is profile 
line for A. Map base and profiles derived from Google Earth 
software.
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Highway 78 pass (Fig. 4a). The divide is underlain 
by south-dipping Bear Canyon conglomerate on the 
south flank of the CMA; the CMA axis is about 4 
km km north of the divide (Fig. 4b; Ricketts et al., 
2011). The BCC at the divide includes the kyanite- and 
dumortierite-bearing deposits, found to the north as a 
fault sliver in the Golden Dream fault and that we infer 
once extended as a continuous deposit across the CMA 
and has since been eroded. Drainage patterns and the 
asymmetry of the divide (Fig. 4b) indicate the divide is 
migrating southward and erosionally lowering due to 
incision by the nearby Colorado River. Therefore, the 
divide is likely degraded from its configuration during 
Bouse deposition. Although it could have been an 
estuary inlet during Bouse deposition, its paleo-position 
relative to late Miocene sea level is difficult to evaluate 
because of the erosional lowering and because unlike the 
Highway 78 pass, there are no Bouse outcrops nearby. 

Structures controlling the course of the 
Lower Colorado River
The LoCR has a structurally controlled course from 
Cibola to Yuma. South from Cibola it follows a 
structural depression in Tertiary volcanic rocks between 
a west-dipping fault (herein the Lighthouse Rock fault) 
on the west side of the Trigo Mountains and east-
dipping faults west of the river. Near the south end of the 
Lighthouse Rock fault where fault offset diminishes, the 
river turns SE along a zone of short NE and NW fault 
segments before turning due east where it cuts deeply 
into Orocopia Schist in the footwall of the Ferguson 
Lake fault. There, its easterly course is controlled by 
sheared and hydrothermally altered Orocopia Schist 
along the east-west striking Golden Dream fault zone. 
Upon crossing the Ferguson Lake fault where it exits a 
deep gorge cut into the Orocopia Schist, the river turns 
abruptly southward again in the hanging wall of the 
Ferguson Lake fault to where the fault ends (Fig. 4b). 
From there southward it again follows and crosses short 
discontinuous dextral fault segments before turning 
southwest toward Yuma on the north side of the Laguna 
Mountains. 

The Lightening Rock, Ferguson Lake, and unnamed 
dextral faults likely have experienced late Miocene 
to possibly Pleistocene movement, based on their 
youthful tectonic geomorphology such as well-preserved 
triangular fault facets, but further studies are needed to 
test this hypothesis and determine the age of faulting 
in this region. In addition, the question of whether 

any of these faults offset the course of the river or its 
deposits presently is not known. Metzger et al. (1973) 
suggested that ‘gentle uplift of the ranges’ may have 
helped entrench and erode the LoCR into the Chocolate 
Mountains. Howard et al. (2014) show 100 m of possible 
subsidence of the ca 4.5–3.5 Ma Bullhead Alluvium 
(an early Colorado River aggradational deposit) at the 
top of the Bouse Formation in the Blythe basin, and 
several hundred meters of sediment accumulation in 
the subsided Fortuna Basin. These relations provide 
further support that young, post-5 Ma diffuse regional 
strain that could have gently tilted the CMA and may 
have controlled opening and closing of an estuary 
outlet during deposition of the Bouse Formation. This 
suggestion is speculative and needs to be tested in future 
work.

Conclusion
In summary, a hypothesis for a complex system of 
transtensional and transpressional strain related to 
the transition from broadly distributed late Neogene 
dextral shear to the opening of the Gulf of California 
may explain the complex pattern of faulting, folding and 
uplift in the eastern Chocolate Mountains region. The 
Chocolate Mountains anticlinorium likely imposes a 
major discontinuity in late Miocene to Pliocene dextral 
shear into which shortening, manifested by uplift, 
folding and reverse faulting is concentrated. Many 
faults lose displacement, splay, step over, or terminate 
laterally or structurally downward against the Orocopia 
Schist core of the CMA; only a few faults cut entirely 
across it. This pattern is highly suggestive of a major 
discontinuity in dextral strain accommodation along the 
plate boundary. Low systematic dips (<1o) on the Bouse 
upper limestone unit further suggests to us that very 
gentle, post-5 Ma tilting was associated with regional fold 
growth. 

There is ample evidence of deformation in the 
eastern Chocolate Mountain region that overlaps with 
deposition of the Bouse Formation and inception of 
the lower Colorado River system. Whether folding, 
faulting and uplift along the CMA disrupted an estuary 
inlet and formed a dam for subsequent Bouse lacustrine 
deposition awaits results of: (1) ongoing studies of 
the Bouse Formation depositional systems; and (2) 
detailed mapping and fault studies in the Chocolate 
Mountains (e.g., Ricketts et al., 2011). Finally, the close 
correspondence between the course of the Colorado 
River and structures of this diffuse regional fault system 
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is clear, but it is not clear when those structures and 
folding and uplift were active, and how they affected lake 
spillover and development of the lower Colorado River. 
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Tracks around the Bouse— 
where’s the beef?

Robert E. Reynolds
CSU Desert Symposium, Redlands, CA. 92373, rreynolds220@verizon.net

Introduction
The Bouse Formation in the lower Colorado River 
Trough was deposited by lake spill-over (Pearthree and 
House, 2014).A series of post-extension basins filled 
with lakes (Bennett, this volume; Crow et al., this 
volume) and spilled over, eventually incising the through-
flowing Colorado River. Tephra dates indicate that the 
Cottonwood and Mojave basins filled over a span of 1.5 
million years during late Miocene–early Pliocene time 
(5.6–4.1 Ma; House and others, 2004, 2005, 2007; 
Reynolds and others, 2007; Pearthree and House, 2014). 
Bouse sediments at Amboy and in the southern Blythe 
Basin contain the Lawlor Tuff (4.83 Ma; Sarna-Wojcicki 
and others, 2011) at elevation 308 m (1010 ft) (Spencer 
and others, 2008; Reynolds and others, 2008; Dorsey 
and others, this volume) and suggest an age range of from 
6 Ma to less than 4.8 Ma.

The Chemehuevi Basin is located south of Needles, 
CA, between the Topock barrier, and north of the 
Aubrey Barrier located at Black Canyon Gorge 
(Pearthree & House, 2014). Today, the Chemehuevi 
Basin is partially filled with waters of present day Lake 
Havasu.

South of Chemehuevi Basin, the Blythe Basin 
contains three sub-basins (Pearthree & House, 2014): 
the Bristol–Danby trough that runs west to Amboy, the 
Parker sub-basin, and the main Blythe sub-basin that 
once encompassed the Blythe, Cibola and Milpitas areas. 
In late Miocene/early Pliocene time, the Blythe basin was 
contained between the Aubrey Barrier at Black Canyon 
Gorge north of Parker and the Chocolate Mountain 

barrier (Pearthree & House, 2014; Beard, this volume) to 
the south.

This paper is a brief inventory of the abundant fossil 
tracks and trackways that occur in carbonate and clastic 
sediments of the Bouse Formation. At least twenty two 
ichnogenera (eight small and large wading or water birds; 
eleven mammalian herbivores; three or more mammalian 
carnivores) have been described or informally recorded. 
Descriptions of italicized ichnogenera are from published 
reports (Sarjeant and Reynolds, 1999, 2001; Sarjeant 
and others, 2002). At localities where tracks were noted, 
but no measurements or morphologies are available, a 
common name is used. 

Chemehuevi Basin
Track localities in the Chemehuevi Basin were located 
south of Chemehuevi Wash, and from the southeast 
portion of the basin at Lincoln Ranch, on the south side 
of the Bill Williams River.

The Chemehuevi Wash localities at Lake Havasu 
contain nineteen ichnospecies (five birds, eleven 
mammalian herbivores, three mammalian carnivores), 
the highest number of ichnospecies of all the localities 
considered in this paper (Table 1).

The marl substrate varied from firm to soft, and tracks 
from wading shorebirds and small mammals demonstrate 
shallow water. The Chemehuevi Gorge locality contains 
fresh- water gastropods associated with tracks of wading 
shorebirds, probable snail predators. Because large 
canids (wolves), antelope, large camels, and large horses 
prefer open grassland habitat, their tracks suggest such a 

abstract—Marl around the margins of the Bouse Formation in the Chemehuevi and Blythe 
basins contains the fossil tracks (ichnogenera) of invertebrates, many birds, horses, camels, antelope, 
dogs, and cats. These footprint impressions provide clues about the lacustrine substrate and the 
habitats beyond the lake margins. Riparian vegetation as well as wooded grassland may have 
supported cats and small horses and camels. Tracks of wolves, camels, and antelope suggest open 
grassland further distant from the wooded body of water. Of all the tracks at seventeen localities, 
only fossil tracks of two small horses suggest a timeframe for deposition in the early Pliocene earliest 
Blancan Land Mammal Age. With abundant tracks, the question arises: Where are the skeletal 
remains? 
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habitat was adjacent to the wooded shoreline of a body of 
water. The cat prints suggest riparian habitat or wooded 
grassland habitat, and the latter may have been the 
preferred habitat for small horses and camels.

Chemehuevi Basin—Lincoln Ranch localities 
Localities at Lincoln Ranch on the south side of 
the Bill Williams River, Arizona, were described as 
being in pre-Bouse sediments, with the Bouse being 
recognized as a limestone (Gassaway, 1972). However, 
this thick section of clastic silts and sandstone overlies 

a basal stromatolitic horizon, so it is possible that the 
stromatolites represent the lower Bouse and the clastic 
section is actually the Bouse mudstone, while the 
“limestone” represents the upper marl of the Bouse 
(Table 2).

In contrast to all other described localities in 
Bouse basal marl of the Chemehuevi Basin and Parker 
sub-basins, the Lincoln Ranch ichnites are in a silty 
substrate. Tracks are shallow, and compression rings are 
short, suggesting a firm, slightly moist substrate. The 
Chemehuevi Basin sediments at Lincoln Ranch contain 
about eight ichnospecies (four birds, four? mammals). 
The bird tracks include one in common with the 
northern portion of Chemehuevi Wash at Lake Havasu 
and three ichnotaxa that have not been found elsewhere 
in the Bouse Formation. In contrast to the eleven 
perissodactyls and artiodactyls from the northern 
outcrops, only one large camel has been recognized 
from the Lincoln Ranch sediments. The presence of a 
firm silty substrate and the atypical large water birds 
suggests a different habitat scenario.

Blythe Basin 
The extensive Blythe Basin contains numerous small 
outcrops exhibiting tracks. To assist with geographic 

reference, the Blythe Basin is divided into three 
sub-basins. The outcrops at Amboy, California, in the 
Bristol-Danby sub-basin, are 95 miles west northwest of 
Parker. The Parker sub-basin extends from the town of 
Parker 25 miles east along Osborne Wash and south for 
25 miles to include the Cactus Plain and the community 
of Bouse. Outcrops in the Blythe sub-basin run from 
ten miles north of Blythe, and 25 miles south southwest 
of Blythe to Palo Verde and about 10 miles east of 
the Colorado River along the west flank of the Trigo 

Mountains. The area along the 
western Trigo Mountains includes 
many localities with stromatolites 
and marl along the Ehrenburg–
Cibola Road, Limekiln Wash, and 
the Hart Mine area south of the 
community of Cibola (Table 3). 

The Blythe sub-basins all 
contain tracks in thick Bouse marl. 
Tracks include seven ichnospecies 
(three birds and four mammals). 
The bird tracks, all from Amboy, 
include three in common with 
the Chemehuevi Wash localities 
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at Lake Havasu, and one ichnogenera in common with 
the Lincoln Ranch localities. The medium-size camel is 
a morphology that has not been located at other Bouse 
Basin or Chemehuevi Basin outcrops. The medium and 
large horse tracks have been recorded at Chemehuevi 
Mesa, south of Chemehuevi Wash. The large antelope 
track from Limekiln Wash is a morphology that has also 
described from the Little Chemehuevi Wash localities.

Summary
This inventory includes seventeen localities within the 
Chemehuevi Basin and in the three Bouse sub-basins 
that have produced multiple tracks of nine birds, twelve 
mammalian herbivores, and three or four mammalian 
carnivore ichnotaxa. 

Avian tracks in the Chemehuevi and Blythe basins 
indicate wading shorebirds or large water birds (geese, 
egret, heron). The tracks of wading shorebirds indicate 
small birds foraging in silt for mollusks, crustaceans and 
small fish along a shoreline in shallow water with a depth 
less than five inches. 

Tracks of large water birds are found only near 
Lincoln Ranch. Geese would also have searched for 
plants, mollusks and crustaceans, while herons and egrets 
would spear fish and amphibians in water up to three feet 
deep.

The open grassland habitat of large canids (wolves), 
antelope, large camels, and large horses suggest such a 
habitat was adjacent to the (present at a distance from?) 
the shoreline. The mammalian herbivore and carnivore 
tracks suggest animals arriving at a riparian shoreline 
with shallow water to drink, graze, browse, or hunt.  

As yet, no tracks of small mammals such as rodents or 
shrews, or of deer or proboscideans have been recognized, 

although all are known from contemporaneous 
fossil skeletal remains. 

Two of the mammalian herbivore taxa help 
define the time of deposition. Tracks from the 
Little Chemehuevi Paper Shale locality (Reynolds 
and others, this volume) represent two small 
horses, Calippus and Nannippus, and indicate an 
early Blancan, early Pliocene age.

Given the large number of bird and mammal 
ichnogenera, where are the bones? Remains from 
shoreline carcasses should have been washed into 
lacustrine basins or submerged in prograding basal 
Bouse clastic and carbonate sediments. Bones of 
freshwater and marine bony fish are preserved in 
the Chemehuevi and Bouse basins, respectively. 
An articulated toad skeleton is preserved in the 

Chemehuevi Basin. Thus, the depositional environment 
was conducive to the preservation of bone, and not rich 
in corrosive sulphate minerals. Shoreline features such as 
ripple marks, sand sheets, and gravel layers suggest that 
the carrying capacity of currents and lateral drainages 
was sufficient to transport large and small bone into 
shallow lake waters. Based upon the abundance of tracks 
and trackways in the study area, further exploration is 
certain to find additional trace fossils and may result in 
the discovery of fossil skeletal remains from this lake-
margin community.
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Pliocene fossil woods from the Colorado 
River delta: what do we know?

Tom Spinks
Colorado Desert District Stout Research Center, California State Parks, Borrego Springs, California 92004

Introduction
The purpose of this paper is to bring together the existing 
information regarding the origins of the fossil woods 
found in the Colorado River delta deposits and by doing 
so, to bring into focus the next steps in understanding 
the development of the river and the preserved plant 
taxa found in the delta sediments. Information sources 
such as Google Scholar, USGS publications, and other 
journals were searched to identify studies focusing on 
the taxonomy, mineralization/silicification, and related 
characteristics of the delta area fossil woods. Four 
principal data sources are reviewed below: Remeika et 
al. (1985), Nations et al. (2009), Edwards (2005), and 
Remeika (2006). The author is a volunteer at Anza–
Borrego Desert State (ABDSP) working in fossil plant 
curation at the Stout Research Center.

Remeika, Fischbein, and Fischbein (1988)
Prior studies of the Pliocene fossil woods in the 
Colorado River delta deposits are few and one person, 
Paul Remeika (also Remeika et al. 1983, 1986), was the 
principal investigator in each of the studies. Remeika, 
a ranger at ABDSP at the time, is credited with being 
the first to study the origin and identity of the fossil 
woods found in the Colorado River delta deposits. It 
is appropriate to begin by reviewing the paper: Lower 
Pliocene Petrified Wood from the Palm Spring Formation, 
Anza Borrego Desert State Park.

This paper is the first known systematic study of the 
Colorado River delta deposit fossil woods. Some 354 
petrified wood samples were collected for identification 
from seven locations within the ABDSP. Fossil wood 
features were identified using light microscopy and 
samples were also examined for mineralogy with a 
polarizing lens microscope. Problems were noted during 
microscopic identification including poor preservation 
and distortion in the wood structure. Colors of the 

samples ranged from light tan to gray and dark brown. 
The tan samples proved to be composed of calcium 
carbonate while the gray to dark brown samples consisted 
of quartz. Forty five samples of the original 354 had no 
wood structure preserved. Of the samples identified, the 
taxonomy was reported to be 77% laurel, 14% willow 
types and 8% walnut. The paper also concluded that 
the fossil woods were found only in the Arroyo Diablo 
section of the Palm Spring Formation, now the Arroyo 
Diablo Formation of the Palm Spring Group (Cassiliano 
2002).

Nations, Swift, Croxen, and Betts (2009)
The most comprehensive study of the Colorado River 
delta fossil woods is Stratigraphic, Sedimentologic, and 
Paleobotanica Investigations of Terrace Gravels for the 
U.S. Army at Yuma Proving Ground. This study was 
carried out for the US Army at the Yuma Proving 
Grounds in connection with an assessment of resources 
in an area where construction was being planned on the 
base. The study examined the sediments, stratigraphy, 
mineralization, silicification, and taxonomy of the fossil 
woods found on the proving grounds, representing a 
comprehensive examination the origin, composition and 
identity of the fossil woods from the Colorado River 
delta deposits. After careful analysis of the gravels at the 
proving ground and surrounding areas, Nations et al. 
(2009) found that the fossils woods were locally derived 
and only occurred in Colorado River sediments with 
ages corresponding to the Arroyo Diablo Formation at 
4.1 to 2.8 Ma (Winker and Kidwell 1986).

Silicification appears to have occurred in the Colorado 
River gravels without deep burial and no source of silica 
was found other than Colorado River groundwater. The 
study determined that levels of silica in the groundwater 
currently (32.6 ppm) are sufficient to silicify wood in a 
relatively short period of time.

abstract: This paper examines four studies of the origination, composition and identity of 
Pliocene age fossil woods found in the Colorado River delta. This study identifies areas of further 
study related to plant life in Pliocene delta sediments.
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Nations et al. found that the most likely sequence of 
events resulting in the Yuma fossil wood deposits was: 
1) growth of trees in a riparian habitat; 2) inundation 
of the trees by ephemeral flooding by waters which 
rapidly subsided; 3) silica-rich river waters replacing the 
cell structure of the wood; and 4) river course changes 
leaving the silicified trees to dry out. The condition of 
the fossil wood shows no abrasion indicating that, while 
the wood may have been washed out of its habitat and 
buried, it did not travel any notable distance.

Some 60 samples of petrified wood were collected for 
taxonomic identification. Several experts in fossil wood 
identification, using different methods of identification, 
all noted problems with being able to recognize detailed 
features in the fossils due to the quartz deposits on 
cell walls. The replacement silica was determined to be 
quartz, which was unexpected given the young age of 
the samples. Since identification of tree species requires 
knowledge of the detailed features of pits and ray cells, 
the identification of the samples were limited to family 
and genus with one exception. Of the 60 samples 
collected, 23 were identified as laurels, 14 as simply 
“dicots,” four were walnuts, three were palms, one a 
conifer type, and one Populus cottonwood. ABDSP 
ranger Remeika is credited for providing assistance in 
several areas of the Yuma study, in particular, fossil wood 
identification methods.

Edwards (2005)
The University of California Riverside (UCR) fossil log 
project (Edwards 2005) was performed under contract 
between ABDSP and the Department of Geological 
Sciences at UCR, under the direction of the California 
State Parks Colorado Desert District paleontologist 
G.T. Jefferson. The study included detailed stratigraphic 
section mapping, sediment analyses, fossil shell analyses, 
and identification of the fossil woods. Remeika was 
instrumental in assisting the UCR staff in locating fossil 
logs and wood deposits for the study. 

In the fossil wood part of the study, 77 logs (>1m) 
were identified at locations throughout the Vallecito 
Creek/Fish Creek (VCFC) basin, field data were 
recorded for each log, and 26 samples were brought in 
to the laboratory for further analysis. Some 136 thin-
slides of the samples were prepared. The UCR personnel 
noted that almost all of the original microstructure was 
overprinted by coarse recrystallization, regardless of the 
mineral involved in the preservation. Most samples with 
good preservation of features (>90% of samples) were 

composed of quartz while other samples also contained 
significant amounts of calcite and/or gypsum. Several 
samples were analyzed using x-ray diffraction (XRD). 
Colors in the samples ranged from white to red to 
black with most being medium to dark brown. XRD 
analysis determined that coloration difference was due 
to the presence of trace elements in the quartz and not 
variation in mineral phase. Another XRD test looked 
for systematic variations in mineralogy between well-
preserved vs. poorly preserved specimens and found 
that most were nearly pure quartz but that nearly 40% 
of the poorly preserved samples also contained calcite, 
gypsum, iron-oxides, and calcite/hematite-cemented 
sandstone. About 10% of the samples did not have good 
preservation features at the outset of the study.

Taxonomic identification of the thin slides from field 
samples was undertaken by the author in 2013. A walnut, 
an ash type, and two laurel family types (bay laurel and 
avocado) were identified using a light microscope. All 
of these fossil woods had also been identified in prior 
studies.

Remeika (2006)
The second of Paul Remeika’s studies reviewed here is the 
chapter written for The Fossil Treasures of Anza–Borrego 
Desert (“Ancestral Woodlands of the Colorado River 
Delta Plain”). The chapter presents a comprehensive 
review of almost every aspect of the fossil woods found 
in the delta deposits. The VCFC area was a receiving 
flood basin for the ancestral Colorado River, and was 
part of a large deltaic apron that prograded (progressively 
spread out) across the Salton Trough at the northern 
end of the Gulf of California. Prior research by Remeika 
concluded that as the delta area prograded, a temperate 
woodland community developed in its wake. The 
Carrizo Local Flora (Remeika, 2006) is defined in his 
paper and includes all the fossil woods identified from 
the delta deposits from prior studies plus several new 
taxa including the Pliocene-age ash (Fraxinus caudata), 
California buckeye (Aesculus sp.) and avocado-type trees 
(Persea coalingensis). Table 1 shows all known fossil wood 
taxa from the delta area along with the name of the allied 
living plants.

Remeika also discussed the silicification process and 
the trace minerals responsible for the colors in the fossils. 
The light to dark brown fossil wood, largely replaced 
with quartz, includes iron oxide, calcium carbonate, and 
the trace element manganese.
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Summary and questions— 

Where did the wood originate? 

How did the wood become petrified and with 
what minerals? 

What taxa are represented by the fossil trees?

The fossil woods appear to have been locally derived, 
found only in the Arroyo Diablo Formation. The 
pristine condition of the fossil wood features indicates 
that the trees did not travel far before burial. While this 
information answers the question of the woods’ origin, 
larger questions remain about the origin of the Pliocene 
flora found in the delta and defined as the Carrizo Local 
Flora by Remeika. Were the tree types found in the delta 
growing in the area prior to the initiation of the river? 
Were trees propagated from seeds carried in on currents 
from upriver or spread by animals? Additional insight 
could be gained by studying the fossil woods that grew 
upriver from the delta during the Pliocene epoch.

Regarding petrification of the wood, levels of silica 
from the Colorado River groundwater were found to 
be sufficient for silicification to occur. Silicification 
occurred while the wood was buried in river sands. Trace 
elements and minerals in the groundwater came from 
local sources. No additional sources of silica were found, 
and the levels of silica found in groundwater today are 
more than adequate to silicify the buried wood.

The fossil woods were shown in each study to be 
composed primarily of pure quartz with coloration 
differences due to trace elements rather than mineral 
phase shifting. Most of the fossil woods are brown 
to dark brown. Fossil woods from the delta area also 

contain calcite, gypsum, iron oxides, manganese, and 
calcite/hematite-cemented sandstone. There appears to 
be a relationship between higher concentrations of these 
minerals in samples and poor preservation quality.

One question that arose in the Nations et al. (2009) 
study concerning silicification of the wood was the 
quartz composition. While quartz is by far the most 
common mineral found in fossil woods, there is 
usually a sequence of silica genesis in the wood that 
begins with impregnation of the wood with a silicic 
acid that becomes a polymerized silica, then forms 
Opal- A (amorphous) and then Opal- CT (crystabolite/
trydymite) before finally forming either microcrystalline 
or granular quartz. The silica-to-quartz process is 
reported to take at minimum 3 million years to complete 
and could take 10 million years or more (Daniels and 
Dayvault 2009, p.209). It is surprising then to find that 
the delta fossil woods, that are only 2.8 to 4.1 Ma, have 
already transitioned to quartz. Also, since fossil woods 
composed of microcrystalline quartz do not generally 
obscure the views of anatomical structures in the wood, 
one might suspect that the quartz found in delta fossil 
wood is of the granular variety. The fact that every 
study reported unusual problems with being able to 
clearly view the anatomical wood structures means that 
whatever forces were at work during preservation of the 
wood must have been delta-wide and persisted for an 
extended period of time during the Pliocene epoch.

Studies of the taxonomy of the trees have resulted in 
the identification of 7 families, 9 genera and 6 species (see 
Table 1) despite the problems with coarse crystallization. 
However, several questions arise from this data. The 
trees identified to date are spread out over an almost 1.5 
million year timespan, from 4.1 to 2.6 Ma. Much effort 
has gone into identifying the trees, but it unknown 
when in the Pliocene the different trees first appeared. 
The fossil woods found in the VCFC basin sediments 
are spread out in sequential chronological order over the 
relevant time period and studying their chronological 
arrival in the delta may shed light on how taxa developed 
in the newly established river system and will help in 
understanding the Carrizo Local Flora.

Conclusions
The studies of the fossil woods from the Colorado River 
delta deposits have resulted in an understanding of 
where the wood came from, how it became mineralized/
petrified, and the identity of the majority of the plant 
taxa. The study results have led to the identification of 
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additional areas of research. The first is a study to better 
understand of the cause(s) of the rapid change in the 
normal silica to quartz transition during the silicification 
process. A second research objective is the development 
of additional information on taxa of the Pliocene fossil 
woods in areas outside of the delta region. The third area 
is studying the time sequence of the arrival of the various 
plant taxa during the Pliocene based on the sequential 
fossil wood deposits in VCFC basin.
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Mountain/desert thunderstorms: their 
formation and field-forecasting guidelines*

Jim Bishop

Summer storm examples
High on the spine of the White Mountains in California 
you have hiked and worked all week in brilliant sunshine 
and clear skies, with a few pretty afternoon cumulus 
clouds to accent the summits of the White Mtns. and 
the Sierra Nevada to the west. The late summer morning 
begins clear, the skies above are deep blue, as you hike 
up and set about your work on the high ridges. Hardly 
noticed, a transient shred of cloud appears over a nearby 
peak just before mid-morning. As the morning wears on 
friendly cumulus clouds arise across the range…a glorious 
day in the mountains. By lunch time the sky seems largely 
cloud-covered, with some darker cloud bases…hmmm, 
might need that warm shirt. A couple of hours later, 

intent on your work, you are surprised by the low rumble 
of thunder. You look up to see dark sky overhead, massive 
clouds over the Sierras, and a bright wall of clouds over 
the desert ranges to the east. As you wonder whether 
you’ll get finished in time a few scattered raindrops fall. 
You press ahead to get the last observations done. But 
your decision is forced as the sharp crack of thunder 
follows closely on the heels of a brilliant lightning flash. 
It is time to retreat from the exposed ridge, and you pack 
your gear, put on your jacket and head down in a hurry. 
Within minutes you are drenched by heavy rain then 
pelted by hailstones, as lightning crackles all around. 
Visibility is poor, and the footing is wet and slippery. 
Wow, this is not fun anymore, and you are driven on by 
real concern about being so exposed. Fortunately you 
reach the shelter of your car, soaking wet, but otherwise *2nd edition, revised February 2016

the author…who 
is this guy anyway? 
Basically I am a lifelong 
student of weather, educated 
in physical science. I have 
undergraduate degrees in 
physics and in geology, a 
masters degree in geology, 
and advanced courses in 
atmospheric science. I served 
as a NOAA ship’s officer 
using weather information 
operationally, and have 
taught meteorology as part of 
wildfire-behavior courses for 
firefighters. But most of all, I 
love to watch the sky, to try 
understand what is going on 
there, and I’ve been observing 
and learning about the 
weather since childhood. It is 
my hope that this description 
of thunderstorms will increase your own enjoyment and understanding of what you see in the sky. It 
emphasizes what you can see. You need not absorb all the quantitative detail to get something out of 
it, but it will deepen your understanding to consider it.

Thunderstorm building over White Mountain Peak. Photo by Chris Kopp.
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unharmed. What happened? How was today different, 
and how could you have noticed sooner?

On a July vacation you plan to hike up a lovely canyon, 
cut into beautiful, colorful sandstones of the Colorado 
Plateau. The weather report said something about widely 
scattered showers. Off you go, hiking in perfect weather, 
anticipating a day in a spectacular slot canyon. The only 
feature in a deep blue sky is a handful of small white 
clouds over distant mesas. You enter the canyon, and the 
visible sky is just a ribbon between the high canyon rims. 
By lunch time the sky seems whiter, mostly covered by 
diffuse high cloud. The cloud seems to be drifting in a 
direction from the highlands upstream toward the lower 
end of the canyon. Oh well, no rain in sight, no sound of 
thunder. On you go. An hour later the cloud overhead 
is denser, sunlight diminished, and now covers all of the 
sky you can see. And you glimpse a few lobe-like shapes 
on the underside of the cloud. You hear the low rumble 
of thunder, think that maybe it would be best to turn 
around and head back, but no rain yet so you press on 
for a while. A strong wind gust from up the canyon hits 
and off goes your hat, but it is soon past and you continue 
to explore. Thunder is louder now, more frequent, large 
drops are falling into the canyon. OK, time to go back. 
Then you hear a low rumble that continues longer than 
the thunder, getting louder. It soon sounds like water 
sloshing against the canyon walls. Uh oh. Better get 
up off the canyon floor, so you climb up into a short 
tributary gulch. The muddy torrent appears below you, 
cutting off your way home. After several wet, cold hours, 
the flood recedes and you once again enter the canyon for 
a muddy slog back out. Where did that come from?...how 
could you have seen it in time?

All of those things could have happened in the sky 
during a hike in the high country, or while you are 
camping in the mountains on your summer vacation, 
even at lower elevations. It can happen anywhere in 
the mountains and deserts of the western US. For that 
matter, it could happen when you are visiting other 
parts of the US or the world, such as the mountains or 
deserts of South America, Europe, Africa, or Asia. This 
description of thunderstorms is a relevant introduction to 
similar processes throughout the world.

Application of this paper is relevant to all 
thunderstorms, and to cumulus clouds

Though this paper focuses on mountain and desert 
thunderstorms, the information is very applicable to 
other clouds. Much of it describes cloud processes that 

also occur in thunderstorms that develop with frontal 
systems or over the plains…they differ mainly in the 
lifting mechanisms and the overall storm organization 
(such as large complexes of thunderstorms), especially the 
rotation that characterizes supercell thunderstorms of 
the US Great Plains. The formation of cloud droplets is 
the same in other kinds of cumulus clouds, and even in 
stratiform clouds. Processes that produce precipitation in 
thunderstorms are also important in other continental 
rain clouds.

An overview of thunderstorm development, to be 
more fully elaborated

Air rises buoyantly above the summits, cooling as it 
ascends. When it cools to its ‘dew point temperature’ 
water droplets form and cloud appears. Further ascent 
results in more condensation and the cloud top rises, ever 
colder, deepening the cloud mass to several thousands 
of meters. Some droplets freeze, a critical step. They 
then grow quickly, mostly by stealing water from liquid 
water droplets. The growing ice particles begin to fall 
downward through the updraft, gaining mass rapidly 
by collision with smaller droplets in their path. As the 
falling graupel (ice particles onto which droplets have 
frozen) collides with tiny ice crystals, electrical charges 
separate in the cloud. When the cloud reaches sufficient 
depth and maturity, precipitation and lightning can 
occur at the ground. A downdraft of dense, cold air can 
spread out as a strong gusty wind. The thunderstorm 
process proceeds with observable signs all along the way…
to be described in detail below. Noticing the progression 
of cloud development certainly raises one’s awareness and 
leads to better decisions about avoiding thunderstorm 
hazards. But a nice additional benefit is the pleasure of 
enjoying the beautiful and dramatic spectacle in the light 
of better understanding and fuller appreciation of what is 
going on. It is wonderful fun to watch.

Setting the stage
Two atmospheric conditions are needed for typical 
mountain thunderstorms. First, an air mass that will 
allow deep convection, air rising buoyantly for several 
kilometers (1 kilometer is about 10% more than 3000 
feet). Such a condition is called “unstable”, and it 
basically requires an atmospheric environment that 
is warm enough at the bottom compared to cooler 
temperatures aloft. Second, sufficient moisture to 
produce a cloud that is on the order of 4 km (13,000 ft) 
in depth or more, rising from a base at or below roughly 
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6 km (~20,000 ft) altitude (in mountains of the western 
US). Condensation of cloud droplets also contributes 
to the buoyancy of the rising air. In fact, without the 
extra warming of condensation and freezing, dry air 
currents would be limited in their daily rise to a fraction 
of the depth that a thundercloud reaches. To get things 
started, the air needs to be warmed at the bottom. That 
occurs daily as the sun heats the mountains, which then 
stand as elevated warm areas surrounded by cooler air, 
making them the source of the highest-rising air currents. 
Other processes can also 
impel or encourage upward 
motion, such as airflow 
against the slopes deflecting 
upward, influx of cooler air 
aloft (which makes rising 
columns more buoyant), 
and dynamically driven 
convergence of low-level 
air and/or divergence of 
air aloft. But the main 
impetus for a typical summer 
thunderstorm is the heating 
of the mountains by the 
sun. Warming of the slopes 
and ridges by the sun can be 
assumed for any summer day, 
the initial impetus is there, 
unless reduced by cloud cover. 
Usually, cloud growth slows 
when the sun goes down. But 

if the motions of the atmosphere are producing low-level 
convergence, high-level divergence, or cold air influx aloft 
thunderstorms can continue all night.

The stability and moisture of cloud-free air are 
impossible to judge in the field just by looking, though 
the evidence of that will unfold throughout the day, and 
there are sometimes early signs. Guidance beforehand 
on the potential for thunderstorms is best gleaned 
from the weather forecast. The forecast might hint 
at thunderstorms with comments on such things as 
monsoon moisture, south or southeast flow aloft, or deep 
instability. Explicit predictions of thunderstorms are of 
course meaningful, including “isolated” or “scattered” 
thunderstorms, and there have been some very thundery 
days with a forecasted probability-of-precipitation of no 
more than 20% (see Glossary). The lightning activity 
level (LAL) given in the fire-weather forecast is also 
helpful and embodies the scale shown below in Figure 1. 
Any LAL of 2 or higher should be taken as an indicator 
of thunderstorm potential that can affect a mountaineer.

Sometimes the presence of adequate moisture and 
instability is suggested by altocumulus castellanus 
clouds. These are patches of cloud in the mid-levels 
of the troposphere that have usually drifted in from 
elsewhere, and are not necessarily associated with high 
elevations of the terrain, nor with afternoon heat. The 
tops of the patches sprout small turrets, like miniature 
cumulus clouds growing from a broader base, arising not 

Figure 1. Lightning activity level. LAL is used largely in fire weather 
forecasting, but can be a very useful guide to the potential for 
thunderstorm development

Figure 2. Altocumulus castellanus (Acc) clouds. The clouds are at atmospheric mid-levels, not 
necessarily over elevated terrain, and often already present when the sun rises. The convective turrets 
that sprout from the cloud base (2 shown by arrows) are driven by the release of heat-of-condensation, 
but are not dependent on currents arising from heating of the ground. The presence of Acc clouds 
is evidence of moisture and instability in the middle troposphere, and those conditions favor 
thunderstorms.
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from the ground but at the cloud top itself (Figure 2). 
Their presence signifies that the air at middle-altitudes 
is sufficiently moist and unstable to encourage upward 
motion of buoyant cloud columns. Any cumulus clouds 
that grow that day will benefit from those conditions of 
instability and moisture when they reach that altitude, 
conditions that favor thunderstorms.

Watching the drift of altocumulus, or cirrus, clouds 
can reveal the direction of the mid-level and upper winds. 
That is an important clue to the source of the airmass 
that is approaching, and whether it is bringing significant 
moisture.

Early indications…small cumulus clouds
All night long heat is lost by radiation, very effectively 
in the thin, dry air of the mountains (including desert 
ranges). Dawn comes with the higher terrain surrounded 
by cold air. The sun rapidly heats the ground, making 
the higher terrain effectively warm islands in a sea of 
cold air. Buoyant blobs of air rise invisibly. At first the 
rising columns don’t get very far before mixing with 
the surrounding air and losing their buoyancy. But as 
warming continues they extend ever higher. As air rises it 
cools by expansion (even though it remains warmer than 
the surrounding air…or else it would not be buoyant), at 
a rate of about 1oC per 100 meters (5.4oF per 1000 ft). 
The condition that allows air to rise is that the overall 
environment is enough cooler with height that the rising 
parcels of air, though cooling, are still warmer than the 
surrounding air…a condition described as ‘unstable’. 
Eventually the tops of the columns cool to the dew 

point temperature of the rising air, and cloud droplets 
condense on tiny airborne particles that act as nuclei. 
Small, transient clouds appear, usually first above the 
highest topographic points. They are often just ragged 
shreds that soon vanish. The sooner and lower they 
appear, the moister is the air. It is common to see the 
first small cumulus clouds by midmorning on a day with 
thunderstorm potential, and the sign inherent in clouds 
forming in the morning should not be ignored.

The rising columns of air penetrate further upward 
as the day progresses. Condensation of cloud droplets 
releases heat that helps the rising air maintain its loft. 
The developing cumulus clouds can deepen, become 
more numerous, and spread out into larger cloud patches. 
Just how high the cloud tops rise, at what altitude they 
spread out, depends on where they encounter layers that 
either suppress or favor upward motion—where the air is 
stable (which resists rising columns) or unstable (which 
accelerates rising columns). The flat cloud bases mark 
the altitude where air cools to its dew point temperature, 
and that altitude depends on the difference between 
the surface air temperature and the dew point…larger 
difference means higher cloud bases.

A sign that the clouds are quite limited in their 
vertical growth (by a relatively stable layer) is that they 
are wider than they are tall. Columns that are capped 
by stable air flatten out and aggregate into flat, wide 
clouds, with all of the column-tops being at about the 
same altitude (Figure 4, left). The cloud tops are not 
bright white and crisp, because the edges are mixing 
readily with surrounding clear air, rather than pushing 

strongly into it. The bases are not very dark, 
because the sunlight is not attenuated very 
much in passing through the shallow cloud. 
In contrast, columns that are rising vigorously 
in unstable air are taller than they are wide 
(Figure 4, right), and they aggregate into 
clouds that are vertically extended, at least 
as deep as they are broad, showing bright 
white tops and distinctly darker bases. Fresh 
columns often extend above the columns 
nearby, as we’ll discuss in the next section, 
‘Further cumulus development’.

So what is there in a small cumulus cloud? 
(Figure 5) That lovely white cloud floating 
above the landscape is a mass of tiny water 
droplets condensed from the rising air, with 
updrafts on the order of 1–3 m/sec. The 
droplets number in hundreds per cm3, and are 

Figure 3. The first cumulus cloud of the day forms as air rising above the sun-heated 
ground reaches the altitude at which condensation takes place. It is usually an 
indicator of further cloud development to come, and when it appears early in the 
day it commonly heralds the development of thunderstorms.
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most frequently several 
to about 15 microns 
(µm, micrometers) in 
diameter, roughly the 
size of cells in your body. 
There is only modest 
variation in droplet size. 
Liquid water content is 
no more than 1 g/m3, 
most commonly about 
0.3 g/m3. Droplet fall 
speeds are on the order 
of mm/sec, and they are 
easily suspended by even 
weak currents of rising 
air. On the cloud edges, 
where cloudy air mixes with the drier surrounding air it 
quickly evaporates, giving rise to ragged edges and shreds 
of cloud. Slowly some drops grow larger, to maybe as 
much as 80 µm diameter. At most a very few drizzle or 
small-rain drops will form, but they’d not get far below 
the cloud before evaporating. Not much else happens. 
More water for further condensation is lacking for lack of 
continued upward growth. No precipitation falls. If all 
stays at that stage, the day will be fine. But keep your eyes 
on the clouds for signs of renewed or further growth.

Where’d those cloud droplets come from?
Water vapor is a gas, with widely separated water 
molecules flying around. No sooner do a few of them 
gather together as a tiny drop of liquid than they are 
jostled by other rapidly jiggling air or water molecules 
and they fly apart. To condense into a liquid droplet they 
need a nucleus to gather on, to reduce their tendency 
to evaporate. The most effective droplet nuclei are 
soluble bits that dissolve as the water molecules gather 
on the surface. The dissolved salt reduces the tendency 
of the water molecules to evaporate, and in sufficient 
concentration allows the droplet to grow to the critical 
size to be stable and capable of further growth. That 
incipient-droplet radius is between about 0.1 µm and 1 
µm. Droplets on too-small nuclei cannot grow bigger and 
remain “haze droplets”. Droplets on adequate nuclei can 
grow larger. Further growth in the updraft (growth slows 
down as the droplets get bigger) will produce droplets 
tending toward 15 µm τo 20 µm diameter. Some droplets 
get bigger, but overall not much changes.

Further cumulus development
It is very common for the upward growth of the clouds 
to take place in stages as the day progresses, moderated 
by variations in stability with height, rather than steadily. 
When cumulus growth is not strongly capped by a 
resistant stable layer, the continual heating of the ground 
pushes the rising columns higher, deepening the clouds. 
Fresh columns will surge above the general level of the 
cloud tops, bright white turrets against the sky (Figure 
6). “Turrets” are the tops of convective columns/towers, 
and are typically 1 to 3 km in diameter; “tufts” are the 
smaller, rounded bumps on a turret, and typically 100 to 
200 meters in diameter. 

Often the new turret will slow down as it becomes 
less buoyant, and will mix out into the surrounding air 
(which is drier) and be dissipated. Other turrets rise 
and in their turn fade away, their complete dissipation 
indicating that they are composed of small water 
droplets, not of ice. But as time goes on, the air is being 
moistened by the water being transported upward in 

Figure 4. Left panel shows cumulus clouds (Cumulus humilus) over Mono Domes in broad patches, limited 
in their vertical growth by stable air. The cloud tops are not especially bright white and the bases are not 
especially dark. The right panel, in contrast, shows a vigorously rising column (or thermal), taller than it is 
wide, in unstable air. The cloud behind the thermal also has a column rising at its left end.

Figure 5. A typical cumulus cloud, with characteristic composition 
and motions shown as a “magnified” inset.
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rising turrets, and new turrets have a better chance of 
persisting. The tops of the cumulus clouds come to define 
a new cloud-top, higher than the old one.

Rise of successive turrets deepens the cumulus clouds, 
and commonly much of the sky over the mountains 
gradually becomes full of moderately deep cumulus 
clouds, cumulus mediocris (Figure 7, right). The 
individual clouds tend to be about as deep as they are 
wide, but it is not always obvious what is “a cloud” and 
what is a group of them. We can view such a cloud as 
being a group of several contiguous columns or turrets, 
each individual column being taller than it is wide.

The fresh turrets have clean, sharp, bright edges. The 
numerous small droplets formed in rapidly ascending 
new turrets scatter sunlight very well and make the 
cloud bright white. The cloud bases are darker than 
for the shallower cumulus, simply because the deeper 
clouds under bright turrets more effectively shade their 
own bases. The total mass of liquid water in these taller 
clouds is larger than in the shallow cumulus clouds, 
and the spread in droplet sizes is a little greater. But still 

precipitation does not occur…myriad tiny droplets hang 
suspended in the updrafts.

Onward and upward to cumulonimbus
If turrets rise still further, becoming ever colder as they 
do, they reach temperatures well below freezing. Figure 
8 shows a surge of growth above the previous level, and 
is a continuation of the cloud sequence shown in Figure 
6. Three separate stages, or altitudes reached by the cloud 
over the course of the day, are visible (red arrows). The 
uppermost stage is showing signs of ice formation (blue 
arrow)…a critically important step in the formation 
of precipitation and lightning, as discussed below in 
‘Ice formation’. Within these towering cumulus clouds 
updraft speeds are perhaps reaching 10m/s, and liquid 
water content is on the order of 1 or a bit over 2 g/m3.

Ice formation, an interesting story and an 
important development
Cloud droplets don’t freeze as soon as they are cooled 
below 0oC (32oF)…they become supercooled. It takes 

Figure 6. Rise of a new turret above an earlier cloud-top level. Time progresses from left to right, and is on the order of minutes. Red 
arrows mark the original upper limit of convection and the new upper limit. After it stops rising the new turret mixes with the surrounding 
air and fades away, with only a small cloud remnant remaining in the last panel. The quickly-dissipating remnants are composed of small 
liquid water droplets.

Figure 7. Deeper cumulus cloud (Cumulus mediocris). Compare this figure to Figure 4, left panel. The individual clouds here tend to be 
about as deep as they are wide. “A cloud” (example on left side) can be thought of as a contiguous group of several columns or turrets, each 
individual column being taller than it is wide. And the fresh turrets have clean, sharp, bright edges. The cloud bases are darker than for the 
shallower cumulus that existed previously, because the deeper clouds more effectively shade their own bases. In both panels there are also 
cloud patches that have not yet deepened. Right panel is later in the day in the same area shown in Figure 3.
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sub-freezing temperatures and an appropriate ‘ice 
nucleus’ to trigger droplet freezing or to initiate the 
direct crystallization of ice particles. The concentration 
of potential ice nuclei increases as temperature drops 
further below freezing. An extremely small number of 
nuclei, fewer than 1 in a 
liter, can initiate freezing 
at -4oC (25oF). When 
the temperature drops 
to -15oC (5oF) there are 
perhaps one or a few 
ice nuclei per liter, or 
there can be as many 
as of order a hundred 
ice nuclei in a liter of 
air (while there are 
hundreds of thousands 
of supercooled droplets 
in the same liter of air). 
Ice nuclei are solid, with 
molecular patterns a 
close match for the ice 
crystal lattice, unlike 
droplet nuclei which are 
predominantly soluble.

Until the temperature 
in a continental cumulus 
cloud falls to about -10oC 
(14oF) there are essentially 
no ice particles in it. At 
cloud temperatures in the 
range -10oC to -20oC (14oF 
to -4oF), the rapid increase 
of ice particle numbers can 
take place. Ice formation 
begins in small regions 
at the very tops of the 
highest turrets, where the 
temperatures are the lowest 
in the cloud, and where 
cloud mixes with clear air. 
Most of the water droplets 
there are no more than 
10 or 15 µm in diameter, 
and a small but important 
percentage are 2 or 3 times 
that big. Some of the 
supercooled water droplets 
at least 20 µm in diameter 

are induced to freeze, by ice nuclei that are contained 
within them or that contact them.

By now the concentration of ice particles (frozen 
droplets and ice crystals) might be on the order of one 

Figure 8. Cumulus congestus transitioning to Cumulonimbus calvus. Turrets rise above the second stage, 
with arrows marking 3 stages or levels of cloud development. Even though the tops of fresh turrets are 
bright white and sharp-edged, composed of supercooled water droplets, signs of ice formation are present. 
The blue arrow indicates an area that is ‘glaciating’, becoming composed of ice particles. The clear, high-
contrast outlines of tufts and turrets are here becoming less clear, less bright white, more diffuse, with a 
‘silky’ texture (see ‘Ice formation’ below). 

Figure 9. Towering cumulus (Cumulus congestus). When there is deep instability the upward rise of 
convective columns is vigorous and continuous, resulting in tall, powerful columns. The vertical cumulus 
development in such cases does not “pause” at lower altitudes before continuing.
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to ten, or even several dozen, per liter. It depends on the 
composition of the ice nuclei (solids, commonly clay 
particles, with crystal lattice dimensions close to that of 
ice are best), average size of the nuclei (bigger is better), 
and relative humidity and temperature.

Until very recently it was thought that “ice 
enhancement” amplified ice particle numbers greatly 
by various processes that increased the number of 
ice particles by fragmentation. But it has been found 
recently that much of the apparent increase in ice-particle 
concentrations was due to collisions of the droplets 
and particles with the sampling apparatus on research 
aircraft.

Many questions remain, and ice formation is an active 
area of research in cloud microphysics. Whatever the 
detailed processes of its formation, that small frozen-
particle fraction will lead to great changes—heavy 

precipitation, electrification, and 
accelerated upward growth of the cloud.

Ice cloud textures are distinctive and can 
be discerned in the cloud visually (early, 
though not at the very moment of first ice 
production). Because ice particles evaporate 
only slowly in clear (subsaturated) air they 
can spread out and present a more diffuse, 
less bright, ‘silky’, and less cleanly outlined 
appearance (Figure 10). In contrast, water 
droplets evaporate quickly in subsaturated 
air. The ragged shreds often visible at the 
edges of water cloud look different, and 
will dissipate in a minute or two, while ice 
cloud textures are smoother, and persist for 
long times. Watching a wisp or shred for a 
short time will quickly show its tendency to 
persist (ice) or dissipate (liquid). Tufts and 

turrets lose their clear, ‘cauliflower’ shapes as ice develops. 
Often the highest turrets, just as they are reaching their 
maximum height, exhibit small blunt “spikes” jutting out 
from the rounded form…perhaps these are tufts within 
which ice formation has just begun. Seeing evidence of 
the transition to ice in a cloud should alert you to the 
rapid and significant progress toward both showers and 
electrification within the cloud.

The glaciation of the cloud also provides additional 
buoyancy and commonly induces a significant increase in 
the rate at which the top of the cloud rises. Cloud tops 
might rise roughly only halfway to the tropopause over 
several hours, and then when glaciation begins tops can 
surge the rest of the way to the tropopause in 30 minutes 
or so. At the tropopause the ice particles spread out 
under the base of the very stable stratosphere, forming 

Figure 10. Ice textures. Left panel: on the lower-left is ice cloud and on the upper right is liquid-water cloud. Right panel: much of the 
cloud appears diffuse, lacks clear turrets, and is glaciating, while the two bright white turrets rising at upper right are still supercooled water 
droplets. Ragged droplet edges dissipate rapidly; ice persists.

Figure 11. Anvil top, cumulonimbus. The updraft spreads out under the stable base 
of the stratosphere, and the ice particles carried up in the updraft spread out to form 
the flat-topped anvil-shaped cloud. The ice particles settle slowly downward having 
descended farther nearest the main cloud and least at the outer edges. Being ice, the 
anvil has a soft-edged, diffuse texture.
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the classic ‘anvil cloud’ typical of mature thunderstorms 
(Figure 11). Upper-level winds will spread the anvil 
downwind, which often indicates the direction that the 
storm is moving in. A strong column can temporarily 
surge above the tropopause and into the lower 
stratosphere, often showing as a low dome above the anvil 
top, which soon settles back.

Showers
Cumulonimbus means a raining cumulus cloud, even 
if the showers have not reached the ground. Towering 
cumulus clouds that have begun to show signs of ice are 
properly called cumulonimbus. Cumulonimbus clouds 
are characterized by updrafts on the order of 20 to 30 m/
sec, and liquid water contents of 1½ to over 4 g/m3.

It’s not that easy to turn zillions of tiny cloud droplets 
into precipitation that can fall from a cloud. It takes 
a million or more cloud droplets collected to make a 
decent raindrop. Somehow a relatively few particles have 
to collect the water from a lot of small droplets. The 
distribution of droplet sizes must broaden to include 
larger ones that can fall down through smaller ones, 
colliding and growing as they go. A number of processes 
advance the broadening of the droplet size spectrum, 
including: differences in nucleus sizes, random collisions, 
partial evaporation. Given enough time droplets big 
enough to fall can appear in most clouds. After a few 10s 
of minutes, even in clouds that do not reach the freezing 
level, small drizzle or raindrops can fall. Such rain is 
light, and easily evaporated as it falls. In fact it would 
take hours for them to reach the ground, even if they 
did not evaporate. But in thunderclouds, deep clouds 
(kilometers deep), with strong updrafts (tens of m/sec), 
things are different and ice is a key factor.

Cloud droplets are constantly losing as well as gaining 
molecules from the water vapor in the air—an energetic 
one flies off, and a slower one sticks. When the air is 
saturated they can grow, the balance a little in favor of 
droplets gaining vs. losing molecules. Growth slows as 
the droplet gets bigger, flattening out at a diameter of 
about 80 µm. A small fraction of the droplets contain, 
or collide with, an appropriate ice nucleus. Instantly 
that droplet freezes. Also, some ice crystals have begun 
to form on ice nuclei (commonly clay minerals, but 
even bacteria). The fraction of ice particles is small, 
~1000th, but important. When ice appears things change 
dramatically.

Ice grips water molecules more tightly than does liquid 
water, and can lower the concentration of water vapor 

below that required for maintaining liquid droplets. A 
water molecule that leaves a water droplet is more likely 
to stick to an ice crystal and not return. Therefore the 
gain-vs-loss balance of water molecules shifts in favor of 
ice, and ice particles grow rapidly by deposition at the 
expense of water droplets…few ice particles gain while 
many water droplets lose. The frozen droplets grow large 
enough (~60 µm diam.), and ice crystals become plates 
big enough (~1 mm across), to settle downward at an 
appreciable rate. They begin to fall through the smaller 
cloud droplets, collecting them as they go, becoming 
graupel (ice pellets) …getting larger, falling faster, 
collecting more… The process is called coalescence or 
accretion, and it accelerates the transfer of water to the 
larger particles. You can sometimes see young showers 
as they were developing, when high-rising towers stall, 
mix out, and dissipate, leaving strands of the ice that was 
forming within them visible (Figure 12).

Growing ice particles become precipitation about 1 to 
3 mm in diameter and showers develop in the cloud—on 
time scales of 30 minutes or so after ice first appears. The 
precipitation, falling at meters-per-second, can reach the 
ground within roughly 10 or 20 minutes after showers 
begin to form high in the cloud (Figure 12), often as 
graupel. If the originally-frozen precipitation falls a 
significant distance through air above 0oC (32oF) it melts 
and reaches the ground as rain. If strong updrafts allow 
the graupel to continue to grow by gathering droplets, 
hailstones can form (ice particles greater than 5 mm in 
diameter are called hail), and hailstones can fall a long 
way in air above freezing temperature without melting. 
In general, deeper clouds and stronger updrafts mean 
larger hail or raindrops. Raindrops don’t grow as big as 
hailstones because they break up when they get to be 
about 8 or 10 mm in diameter.

Showers drive strong downdrafts, by mechanical drag 
and by evaporative cooling (the dominant influence) that 
can hit the ground hard and spread laterally as strong, 
gusty winds. Such wind gusts often arrive just before 
the rain or hail begins. They can be very strong, with 
30 or 40 mi/hr winds. They tend to be strongest where 
channeled by the terrain (cold, dense airflows follow 
slopes and drainages), and/or on the side of the storm 
toward which it is moving (usually the side toward which 
the anvil cloud is extended).

The production of showers requires several things: 
enough water condensed in the cloud, the creation of 
some larger particles (in thunderstorms, primarily by ice 
formation) that can fall and accumulate droplets, and a 
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long enough fall distance to grow large. Then the falling 
precipitation must survive all the way to the ground and 
not evaporate on the way down.

All of that is possible in clouds that are deep enough 
from base to top. The minimum depth for shower 
formation in cumulus clouds over land is often observed 
to be about 4 to 4½ km (~13,000 to 15,000 ft). That 
observation is for cumulonimbus clouds that develop 

showers of fairly large drops or ice particles within about 
a half hour, as seen on radar, with cloud-top height 
tracked visually. Over the oceans, and even for shallow 
cumulus clouds over land, the required cloud depth for 
showers can be less. The drops are much smaller and the 
showers are lighter.

As will be discussed in ‘Gauging cloud heights’, you 
can sometimes estimate the cloud depth and whether it 
is sufficient for showers—it is not a hard and fast rule, 
but a helpful indication of the likelihood that showers 
are forming in the growing cloud. Making careful 
observations, estimating cloud depth, and applying a 
guideline will improve your accuracy in judging the 
potential for showers.

Electrification and lightning
Not only are showers forming as the ice phase begins 
within a cumulonimbus cloud, the ice particles are 
also instrumental to its electrification. Electrification 
is seen to begin in a volume of cloud in which graupel, 
supercooled droplets, and ice particles all coexist. The 
rate at which lightning occurs is roughly proportional 
to the cloud radius, to the volume of space containing 
ice, and is strongly dependent on updraft speed (the 6th 

power of updraft speed). It takes a cloud depth of about 
5 km to 8 km (16,000 ft to 26,000 ft) to produce much 
lightning.

Within the mid-levels of the cloud, water droplets, ice 
crystals, and graupel pellets all coexist simultaneously. 

Figure 12. An evaporating cloud tower. Ice showers that were 
forming within this convective tower remain as the water droplets in 
the tower dissipate, appearing as diffuse strands that trail downward.

Figure 13. Showers fall from the base of a thundercloud. Large shaft of precipitation on the right probably contains hail. Newer showers are 
emerging from the cloud base center and left. Cloud- to-ground lightning commonly begins about when showers emerge from the cloud base, 
and often near the fringes of showers—but always assume that lightning could hit the ground anywhere under or near (even a few miles 
away) a thundercloud..
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At the level where 
temperatures are 
about -10oC to 
-20oC (14oF to 
-4oF) collisions 
between graupel 
and ice crystals 
leave a negative 
charge on the 
graupel and a 
positive charge on 
the ice crystals. 
The larger graupel 
(with its slightly 
greater negative 
charge) falls downward while the tiny ice crystals (with 
their slightly positive net charge) are swept upward in the 
updraft, to eventually form the anvil. Lower down, where 
temperatures are warmer, the charge transfer between 
colliding graupel and ice crystals reverses, leaving the 
graupel positively charged, but that contributes only 
a minor pocket of positive charge. The cloud becomes 
electrically stratified, with a negative-charge layer some 
kilometer or so thick centered at the 15oC (5oF) level, a 
positive charge in the upper cloud, and also a (smaller) 
positive charge near the cloud base.Lightning rarely 
occurs before the cloud top has reached the -15oC to 
-20oC level, and strong electrification occurs only after 
graupel or hail can be detected in the cloud with radar.

While not all details are known, cloud electrification 
as described above includes at least two important 
processes. Both involve charge transfer as particles 
collide. The first depends on charge distribution that is 
influenced by the differences in mobility of protons vs. 
larger anions within ice. The second depends on charge 
distribution that is produced by polarization of particles 
falling within the growing electric field of the cloud. 
See Figure 14. Protons (hydrogen nuclei, H+) are very 
nimble within the ice-crystal lattice, and they diffuse 
rapidly through it. Anions dissolved in the droplets (such 
as SO4

-2 or Cl-) are much less mobile and get segregated 
into the last-freezing liquid bits as graupel grows, leaving 
the outer surface of the graupel with net positive charge. 
On ice crystals, H+ ions move away from the surface as 
the crystal grows, and accumulated anions tend to get left 
on the surface. As graupel particles fall and collide with 
ice crystals, briefly in contact, the exchange of surface 
charges leaves the graupel slightly negatively charged and 
the ice crystals slightly positively charged. Positive charge, 

being on the smaller particles, is lofted to the upper 
reaches of the cloud and negative charge, being on the 
larger particles, is carried down.

As an overall electric field grows, positive above and 
negative below, the charges on a falling particle are 
induced to move—leaving negative on top (attracted by 
the positive upper cloud) and positive on the bottom 
(attracted by the negative mid-lower cloud). As a falling 
graupel approaches an ice crystal its slightly positive 
lower side faces the slightly negative upper side of the 
crystal. A collision will transfer a bit of negative charge 
to the falling particle, and positive charge to the rising 
particle. This mechanism grows in importance as the 
cloud becomes more electrified.

When the voltage difference becomes great enough, 
lightning discharges occur between oppositely charged 
portions of the cloud, and between the cloud and the 
ground (mainly between the negative layer and the 
ground). The first lightning is typically intracloud 
(between the main charge centers within the cloud), and 
can occur within minutes of shower formation in the 
cloud. Cloud-to-ground flashes begin soon after the first 
intracloud discharges, often when the shower emerges 
from the cloud base. Lightning can strike the ground 
anywhere beneath the cloud and even several miles from 
the cloud. But the first strikes commonly occur near 
the outer zone of the shower curtain. Lightning can 
obviously be fatal, but there are many more injuries than 
deaths. Take little comfort in knowing not all lightning 
strikes are fatal. Those injuries are often severe and 
permanent. It is a real danger in the high mountains, and 
awareness and caution are called for. Lightning-safety 
guidelines are below…read them. Lightning is a very real 
hazard. Appendix A is excerpted (with minor edits of 
nonessential material) from materials published by the 

Figure 14. Two mechanisms for charge separation dominate the electrification of a thundercloud. The one on the left 
is most important early on, with the one on the right becoming more important as the electric field builds up.



j. bishop | mountain/desert thunderstorms

204 2016 desert symposium

National Oceanic and Atmospheric Administration. For 
more information check http://www.lightningsafety.
noaa.gov/

Gauging cloud heights…advanced field 
observations
This section describes ways of estimating the heights 
of cloud base and top, and cloud depth. It isn’t always 
practical, and it is not necessary to monitoring 
thunderstorm development. It is not possible for clouds 
that are directly overhead, and best done looking at 
clouds in the distance. But when it can be done it 
provides some interesting information, and helps you 
gain a more refined sense of cloud dimensions and the 
potential for thundershowers.

As was mentioned above in ‘Showers’, the minimum 
cloud depth required for showers to develop in tall 
cumulus clouds in continental settings is about 4 to 
4½ km (~13,000 to 15,000 feet). It is also interesting 
to note both the cloud base height (as a measure of the 
water content of the air) and the top height (as it relates 
to temperature and the freezing level). The cloud depth 
is the distance between the cloud base and its top. The 
top/base heights, and cloud depth, can be estimated by 
comparing them to a baseline distance scaled against 
terrain features. The clouds have to be about the same 
distance away as the terrain features, best seen over 
adjacent mountains. With clouds seen growing over 
particular mountains, the distance scale can be derived 

from those mountains. Sometimes points of known 
elevation can provide a vertical scale directly, but often 
more accurate distances can be scaled horizontally 
between known points and then applied to the vertical. 
You can “measure” the apparent angular separation 
between two points with any convenient object held at 
arms’ length, your fingers, hand, pencil, etc.

Figure 15 shows thunderstorms building over the 
White Mountains as seen looking east from Sherwin 
Grade, with White Mtn. Peak on the left and Mt. 
Barcroft in the center. The apparent distance between 
White Mtn. Peak and Mt. Barcroft from this vantage 
point is about 5.6 km—for our estimating let’s call it 
6 km (~20,000 ft). Upending the scale to touch Mt. 
Barcroft (elev. 4 km, 13,000 feet) provides a scale for 
judging the cloud base and cloud top heights, and cloud 
depth. You can shift such a scale up or down to fit the 
feature you are scaling. Cloud base and top are marked in 
blue. The base is about 1/7th of 6 km, some 0.9 km (3000 
ft), above Mt. Barcroft, an altitude of approximately 4.9 
km (16,000 ft). The highest cloud top happens to be at 
the top of the scale, about 6 km above Mt. Barcroft, an 
altitude of approximately 10 km (33,000 ft). The cloud 
depth is roughly 6/7th of 6 km, 5 km or so…deep enough 
for shower formation. On this day the 0oC altitude was 
at about 5 km, and the -15oC altitude at about 7.6 km (as 
derived from weather balloon soundings from Las Vegas 
and Reno).

Figure 15. Thunderstorms over the White Mountains. The distance between White Mtn. Peak on the left and Mt. Barcroft in the center is 
about 5.6 km. Vertical red scale is also 5.6 km.Blue lines mark cloud base and top. Showers are not visible, but are probably forming in the 
deeper cloud masses.
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You can also estimate the height of the cloud base 
from the surface air temperature and dew point. Rising 
(clear) air cools, and approaches the dew point at about 
8oC per km rise (4.4 oF per 1000 ft). Divide the difference 
between surface & dew point temperatures (oC) by 8 for 
cloud-base height (above the surface) estimate in km.

Summary
Recounted here are the stages described above for 
mountain thunderstorm development, and the 
field observations you can make to monitor their 
development.
• favorable conditions: Deep unstable layer to 

permit convection, sufficient moisture for cloud 
development. Note the forecast of thunderstorm 
potential, including LAL, and the presence of 
altocumulus castellanus clouds.

• first cumulus clouds: Small fragments of cloud 
appearing in the morning, above the higher terrain. 
Earlier and lower appearance of such clouds indicates 
more water and/or instability available for cumulus 
development.

• cumulus growth: Potential for further growth 
is indicated by turrets rising above general cloud-top 
level, by individual cloud columns that are taller 
than wide, and by cumulus clouds that are at least as 
high as they are wide.

• towering cumulus: Large clouds showing 
multiple turrets on top and sides surge upward 
rapidly, and in overall shape are taller than they are 
wide. Powerful towers under gray skies are especially 
telling forerunners.

• glaciation: Ice forms in the high, cold cloud 
tops, initiating shower formation, the electrification 
that leads to lightning, and a surge in cloud growth. 
Visual indicators include softening of cloud edges, 
less bright white, silky texture, diffuse veils and 
streaks. You can assume ice formation when the tops 
reach the -10oC level and colder.

• shower formation: When ice forms, showers 
develop in the cloud, in about a half hour. Evidence 
can sometimes be seen in the diffuse streaks that 
remain when a recently-grown tower dissipates. 
Graupel, rain, or hail can reach the ground in the 
next 10 or 20 minutes after initial shower formation 
within the cloud.

• lightning: Electrification arises from the 
precipitation process and updraft, and can reach 
discharge potential in minutes. First lightning 
usually occurs within the cloud, and strikes to the 
ground follow within minutes. Lightning can hit 
the ground even miles outside of the cloud base.

Figure 16 shows cumulonimbus clouds growing over 
the Sierras, and captures several stages in thunderstorm 
development. Wind is from right to left. The younger 

Figure 16. Cumulonimbus growing over the Sierras, showing development stages ranging from vigorous convective towers to glaciated areas.
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clouds, and newer towers within clouds, appear on the 
right with the older ones to the left. The older sections 
are glaciating, and some ice showers are visible. Try 
to pick out some new vigorously rising towers, towers 
reaching their maximum height and just beginning to 
glaciate, well glaciated portions, and the beginnings of 
anvil cloud.

Glossary
Altocumulus cloud Cloud in the midlevels of the 

troposphere, not generated by air currents rising from 
the ground. Motions within altocumulus clouds 
are driven by combinations of radiative warming of 
the bases, cooling of the tops, and heat released by 
condensation. Castellanus refers to altocumulus that 
have small turrets rising from the cloud mass, driven 
by the heat released as condensation takes place.

Anvil top The flat-topped ice cloud formed as ice 
particles are carried aloft in the updraft spread 
outwards at the tropopause, and slowly settle out, 
leaving a cloud that is thickest near the center and 
thinning toward its edges.

Coalescence The capture of smaller droplets by larger 
droplets or ice particles falling down through them, 
and a key mechanism for creating precipitation. It 
becomes very efficient and the dominant precipitation 
process when the larger particles come to be at least 60 
µm in diameter and are falling through droplets about 
20 µm in diameter.

Convection Movement of a fluid (including air) that 
is predominantly vertical. “Free convection”, the 
common use of the term, is driven by differences 
in density. In the atmosphere that takes the form 
of buoyantly rising columns of air that are warmer 
than the surrounding air (sinking air if cooler than 
surroundings). Even though rising air is warmer than 
the surrounding air, clear air is cooled by expansion 
at 9.8oC per km rise (5.4oF per 1000 ft). If the air is 
cloudy the rate of cooling is less.

Cumulonimbus cloud A cumulus cloud that is 
producing showers. Often a tall cumulus that is 
glaciating is also called cumulonimbus on the 
assumption that showers are developing in the 
cloud even if they are not yet seen. Calvus refers to 
cumulonimbus that are just beginning to glaciate.

Cumulus cloud Clouds that form in convection currents 
that rise from the ground, and therefore have their 
bases in the lower troposphere. Humilis refers to 

cumulus that are not deep, much broader than deep, 
and tend to not be especially bright white on top. 
Mediocris refers to cumulus that have deepened to the 
point that they are roughly as deep as they are wide, 
and with some bright white turrets on top. Congestus 
refers to cumulus that are very deep, taller than they 
are wide, with fresh bright turrets, and often capable 
of generating showers.

Dew point temperature For a particular concentration 
of water vapor (a gas) in the air, it is the temperature 
at which that vapor will begin to condense as liquid 
(on a surface). For example (at mountain elevations), 
for a water vapor concentration of about 8 g/kg the 
dew point temperature will be 6oC (43oF). The higher 
the concentration of water vapor the higher is the dew 
point.

Electrification Electrification refers to the separation of 
electric charges (negative and positive) into different 
volumes of the cloud. Updrafts carry smaller particles 
with one charge upward, while heavier particles of 
opposite charge fall downward. While large-scale 
motions and the polarity of falling precipitation may 
have roles, the primary charge-separating process is 
microphysical. The actual charge-transfer mechanism 
is still imperfectly understood, and long-standing 
questions remain to be answered with further 
research.

Graupel Ice particles collect supercooled cloud droplets 
as they collide with them, and the water droplet 
freezes onto the ice particle. The ice particle has 
bubbles and voids, and forms a frozen pellet called 
graupel. Hail refers to ice particles greater than 5 mm 
in diameter.

Probability-of-precipitation (PoP) The probability, 
expressed as a %-age, that measurable precipitation 
(0.01” or more) will fall at a randomly chosen point in 
the forecast area during the forecast period. The terms 
“slight chance” and “isolated” correspond to a PoP of 
10–20%; “chance” and “scattered” to PoP 30-50%; 
“likely” and “numerous” to POP 60–70%; and 
80–100% PoP is just stated as the forecasted weather 
(“rain”, “thunderstorms”, etc.) without qualifiers.

Relative humidity The concentration of water vapor in 
the air as a percentage of the saturation concentration 
(see below) at that temperature. For each 10.5oC 
(19oF) change in air temperature RH changes by a 
factor of about 2.
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Saturation The condition in which the air contains the 
maximum concentration of water vapor that will 
remain a gas, in equilibrium with a flat water surface, 
at that temperature. Any lowering of temperature 
will cause condensation of liquid, if a suitable surface 
or nucleus is available to condense on. Saturation 
corresponds to 100% relative humidity.

Stable air Air in which convection is precluded or 
rapidly damped out. The vertical temperature 
distribution in stable air is warm enough with height 
so that rising air, as it cools, is not warmer than the 
surrounding air and cannot remain buoyant.

Stratosphere The major layer above the troposphere. 
Temperature is nearly constant with height in the 
lower stratosphere and then cools with height in 
the upper stratosphere. It is very stable, resistant to 
convection.

Subsaturation The condition in which the air contains 
less than the maximum concentration of water vapor 
that will remain a gas at that temperature. Liquid 
water will evaporate, such as where cloud mixes 
with clear air. Subsaturation corresponds to relative 
humidities less than 100%.

Supersaturation The condition in which the air contains 
more than the maximum concentration of water vapor 
that will remain a gas at that temperature. Water 
vapor will condense. Supersaturation corresponds to 
relative humidities greater than 100%. The (liquid 
water) supersaturation levels in clouds are typically 
only a fraction of 1% above 100% RH (and for ice can 
be on the order of 10 or 20%).

Tropopause The top of the troposphere, base of the 
stratosphere, below which temperature declines with 
altitude and above which it does not. It is higher in the 
tropics and lower near the poles, averaging about 11 
km altitude in the midlatitudes. It can be visualized as 
the surface coinciding with the top of the anvil cloud 
on a thunderstorm.

Troposphere The lowest major layer of the atmosphere, 
in our latitudes about 11 km deep (though somewhat 
variable), and overall warmer at the surface and cooler 
upward. It is in the troposphere that convective 
mixing, storms, and precipitation…most of what we 
call ‘weather’…occur.

Tuft A smaller, rounded mound on the surface of a 
turret, where much of the mixing of cloud and clear 

air takes place, commonly 100 to 300 meters in 
diameter.

Turret The top of a rising convection column (column, 
tower, thermal, and updraft are all equivalent terms in 
describing cumulus convection), commonly 1 to 3 km 
in diameter.

Unstable air Air in which free convection is possible. 
The vertical temperature distribution in unstable 
air is cool enough with altitude so that rising air 
(though it is cooling as it rises) is always warmer 
than its surroundings and therefore remains 
buoyant. If cloud is condensing in the rising air the 
requirement for instability can be met with a lower 
rate of environmental cooling with altitude, because 
condensation gives the cloudy convection column a 
thermal boost.
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Appendix A

Lightning Safety Guidelines

The lightning safety community reminds you that 
there is NO safe place to be outside in a thunderstorm. If 
you absolutely can’t get to safety, this section is designed 
to help you lessen the threat of being struck by lightning 
while outside. Don’t kid yourself—you are NOT safe 
outside.

The SAFEST location during lightning activity is a large enclosed 
building, not a picnic shelter or shed. The second safest l 
ocation is an enclosed metal vehicle, car, truck, van, etc., 
but NOT a convertible, bike or other topless or soft top 
vehicle.

Being stranded outdoors when lightning is striking 
nearby is a harrowing experience. Your first and only 
truly safe choice is to get to a safe building or vehicle. If 
you are engaged in outdoor activities and cannot get to a 
safe vehicle or shelter, follow these last resort tips. These 
will not prevent you from being hit, just slightly lessen 
the odds.
Do NOT seek shelter under tall isolated trees. The tree 

may help you stay dry but will significantly increase 
your risk of being struck by lightning. Rain will not 
kill you, but the lightning can!

Do NOT seek shelter under partially enclosed buildings
Stay away from tall, isolated objects. Lightning typically 

strikes the tallest object. That may be you in an open 
field or clearing.

Know the weather patterns of the area. For example, in 
mountainous areas, thunderstorms typically develop 
in the early afternoon, so plan to hike early in the day 
and be down the mountain by noon.

Know the weather forecast. If there is a high chance of 
thunderstorms, curtail your outdoor activities.

Do not place your campsite in an open field on the top 
of a hill or on a ridge top. Keep your site away from 
tall isolated trees or other tall objects. If you are in 
a forest, stay near a lower stand of trees. If you are 
camping in an open area, set up camp in a valley, 
ravine, or other low area. A tent offers NO protection 
from lighting.

Wet ropes can make excellent conductors. This is BAD 
news when it comes to lightning activity. If you are 
mountain climbing and see lightning, and can do so 
safely, remove unnecessary ropes extended or attached 
to you. If a rope is extended across a mountain face 
and lightning makes contact with it, the electrical 
current will likely travel along the rope , especially if it 
is wet.

Stay away from metal objects, such as fences, poles and 
backpacks. Metal is an excellent conductor. The 
current from a lightning flash will easily travel for 
long distances.

If lightning is in the immediate area, and there is no safe 
location nearby, stay at least 15 feet apart from other 
members of your group so the lightning won’t travel 
between you if hit. Keep your feet together and sit on 
the ground out in the open. If yo u can possibly run to a 
vehicle or building, DO so. Sitting or crouching on the 
ground is not safe and should be a last resort if a enclosed 
building or vehicle is not available.
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We report new photographic, video, and 
theoretical investigations using multiple-
scattering Monte Carlo simulations of the 
antisolar twilight sky (ATS). The ATS 
is light from the clear sky opposite the 
Sun when the Sun is a few degrees below 
the horizon. Based on the observations 
reported here, the ATS has four visual 
components (three of them named by 
Minnaert).  From high to low they are: 
1) blue upper sky (US), 2) Belt of Venus 
(BV), 3) blue band (BB), and 4) horizon 
band (HB), all of which change with time 
(Figure 1). The horizon band is remarkable 
because it can assume almost any color 
between red and blue depending on 
atmospheric transparency and illumination 
conditions. Some features are blended with 
others, making their explanation complicated. The terms 
blue band and horizon band are new descriptors that we 
are suggesting that are derived purely from observation 
and carry no interpretation like the term earth shadow 
(ES) does. 

The ATS’s most dramatic feature is the pink BV 
which is bounded below by the BB. The BB and HB 
together are usually called called the Earth Shadow. 
Sometimes the dark segment (DS) in 
included in what is being called the ES. 
But as some have noted, the DS cannot be 
the ES because it is visible when the sun is 
just above the horizon. 

Using geometrical optics and ignoring 
atmospheric refraction, we are able to 
explain the colors, brightness and band 
structure of the ATS. Previous reports 
that “….the BV rises much faster (α) 
than the sun sets (ε)….” are confirmed 
photographically and can be easily 
explained based on geometry involving 
the solar elevation and location of 

the observer relative to the terminator (Figure 2). As 
explained by many other before, the BB is primarily the 
earth’s shadow illuminated indirectly by sunlight via 
multiple scattering. It is bounded above by the BV and 
below by the HB.  As such it is a distinct feature of the 
ATS. The HB is a region touching the horizon whose 
brightness is enhanced by the rapid increase in air mass 
approaching the horizon.

Figure 1.

Figure 2.
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To validate our interpretations, we computed color 
and brightness of the ATS using MCScene, a multiple-
scattering Monte Carlo code. MCScene performs a 
physics-based simulation and can include any observer 
elevation, FOV, atmosphere, aerosol load, illumination 
source (s), and angle the user desires. Figure 3 compares 
our observations with MCScene’s simulation for a 
mid-latitude marine atmosphere with no aerosols.

MCScene is able to reproduce the color, brightness 
and structure of the ATS within fairly narrow limits. 
Direct photometric comparisons are possible and we are 
working to minimize the differences between the two. 
The main unknowns are the scattering properties and 
amount of aerosols in the photographic observations. 
The effect of aerosols is to mute the colors produced by a 
pure molecular atmosphere.

Figure 3.
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Long-term population dynamics of the 
Joshua tree (Yucca brevifolia)  
at Saddleback Butte State Park,  
Los Angeles County, California

James W. Cornett
JWC Ecological Consultants, P.O. Box 846, Palm Springs, CA 92263

Introduction
Recent climate warming and increased frequency and 
severity of drought have shown measurable impacts 
on the distribution and survival of many terrestrial 
plant species, particularly near distributional limits 
(Hawkins et al., 2008). Long-term upward shifts in 
plant distributions along an elevational gradient in the 
Santa Rosa Mountains of Southern California have been 
documented (Kelly and Goulden, 2008). In a broader 
view, northward range expansions 
of terrestrial plants with 
subtropical affinities have been 
associated with climate warming 
(Cornett, 2010; Tripp and 
Dexter, 2006). Temperate species 
unable to disperse to higher 
elevations or more northerly 
latitudes face extirpation at their 
distributional limits as a result of 
climate change (Cole et al., 2011; 
Schwartz et al., 2006).

As an iconic and keystone 
species, the Joshua tree (Yucca 
brevifolia) provides a unique 
opportunity to accurately 
evaluate population dynamics 
in light of a changing climate. 
Large size, dagger-like leaves and 

endlessly varying forms make it visually distinctive and 
have contributed to a well-documented distribution 
(Cole et al., 2011; Rowland, 1978; Smith et al., 2008). 
Local populations can be dense and have been referred 
to as woodlands (Munz 1974) or forests (Jaeger 1957). 
The Joshua tree is the only arborescent species occurring 
on Mojave Desert flatlands and often provides critical 
shelter and food for arthropods (Smith et al., 2008), 
reptiles (Zweifel and Lowe, 1966), birds (Jaeger 1961; 
Miller and Stebbins 1964) and mammals (Smith, 

abstract—In 1995, I initiated a long-term study on the population dynamics of the Joshua tree, 
Yucca brevifolia, at Saddleback Butte State Park. Survivorship and vigor of individual Joshua trees 
was monitored on a one-hectare site through 2015. Tree numbers and vigor declined during the 
20-year study period. There were no population recruits. The results support a modeling study that 
forecasted elimination of low elevation and low latitude Joshua tree populations such as those found 
at Saddleback Butte State Park. Global warming and increased frequency and severity of drought 
associated with climate change were likely the ultimate causes of the decline. 

Figure 1. Study site location in Saddleback Butte State Park, Los Angeles County, California, Park 
boundaries are continuous dark line. Shaded areas indicate distribution of Joshua tree within park 
boundaries. (Map adapted from California Department of State Parks, 1978).
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1938). During severe drought Joshua trees are also 
known to provide sources of moisture for rodent and 
lagomorph species (Cornett, 2000; Esque et al., 2003). In 
acknowledgment of its significance, boundaries of three 
units of the national park system—Joshua Tree, Mojave, 
and Death Valley—have been drawn to protect distinct 
Joshua tree populations. 

Saddleback Butte State Park is located within 
Southern California’s Antelope Valley and is home to 
some of the largest and most robust Joshua trees in the 
area (Figure 1). The 1,164-hectare park was established 
in 1960 primarily to “preserve a representative example 
of the native Joshua-tree woodland” (California 
Department of Parks and Recreation, 1978). Many 
exceptionally large trees existed in the region in 1995 
and the largest Joshua tree on record occurred very near 
park boundaries (Milt Stark, personal communication). 
Unlike other well-known locations where Joshua trees 
occur in dense stands of more than 100 trees per hectare 
(such as Cima Dome, Mojave National Preserve), 

individual trees at Saddleback Butte State Park are 
widely scattered across the landscape (Figure 2). In this 
paper I describe the results of 20 years of monitoring 
a Joshua tree population on one square hectare within 
Saddleback Butte State Park. 

Methods and Materials
In 1995, Joshua trees were relatively abundant within the 
study site. Both large, established adult trees and small 
juveniles were present. (The existence of juvenile trees 
indicated recruits were being added to the population.) 
The site was situated on a west-facing alluvial plain 
with a 2% grade at an elevation of 817 m above sea level. 
Site coordinates at the four corners were: northwest 
34°41’4.9”N, 117°49’17.3”W; northeast 34°41’4.9”N, 
117°49’13.4”W; southwest 34°41’1.5”N, 117°49’17.3”W; 
southeast 34°41’1.5”N, 117°49’13.4”W. Low hills and 
mountains occurred 1.5 km north (Blue Rock Hills) 
and 2.0 km east (Saddleback Butte) of the site. Patches 
of aeolian deposits intermixed with stabilized sand 
covered the surface. Perennial plant species within site 
boundaries in 1995, listed in decreasing order of ground 
coverage, were creosote bush (Larrea tridentata), bur-sage 
(Ambrosia dumosa), Joshua tree (Yucca brevifolia) and 
golden cholla (Cylindropuntia echinocarpa). There was no 
visible evidence or records of past wildfires or livestock 
grazing. 

Climate data for the years 1998–2015 was available 
within the park (RAWS, 2016). Long-term regional 
climate data was available at the William J. Fox Airport 
located approximately 36 km west of the study site at an 
elevation of 811 m (Western Regional Climate Center, 
2016). Climate data indicated December was the coldest 
month with a long-term monthly mean minimum 
temperature of -1.5°C. July was the hottest month with 
a mean daily maximum temperature of 38.3°C. Mean 
annual precipitation from 1998 through 2015 was 10.46 
cm and ranged from a low of 3.12 cm in 2009 to a high 
of 27.20 cm in 2010 (RAWS, 2016). 

The study site was permanently marked with metal 
stakes positioned at the four corners. Trees were marked 
with numbered aluminum tags loosely wired around 
trunks. Coordinates of each tree was recorded. Tree 
information was collected in late winter or early spring, 
the blooming period of Y. brevifolia. Data was recorded 
by me, T. Johnson and V. Rohrback. A tree with one or 
more green leaf rosettes was considered living. A tree 
with no green leaf rosettes was considered dead. Trees 
that had never flowered were classified as juveniles; trees 

Figure 2. Joshua trees are widly spaced in Saddleback Butte State 
Park. Tree #987, in foreround, had 9 terminal leaf rosettes in 1995, 
25 in 2011 and 24 in 2015. Photograph taken September, 2015.
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that had flowered were recorded as adults. Tree height 
<3.5 m were measured to nearest centimeter from the 
interface of soil and trunk to the highest living (green) 
leaf tip. Individual tree vigor was determined by counting 
the number of living leaf rosettes and dividing the result 
by total number of both living and dead rosettes. Mean 
for the entire site was calculated using the collected 
quotients. Animal browsing on individual leaf rosettes 
was recorded. Tree location, height, beginning status and 
ending status are presented in Table 1.   

 Results
In 1995, 15 trees were alive within site boundaries. Of 
these 15 trees, 10 were adults (approximately 67% of 
total) and 5 were juveniles (33%). By 2015, Y. brevifolia 
numbers had declined to 12, a 20% decrease (Table 
2). Of the 12 remaining trees, 11 were adults (92% of 
total) and one was a juvenile (8%). This data indicates 

the population both 
declined and shifted to 
an older, more mature 
population. No new 
recruits were added to 
the population in the 
20-year span of the 
study. 

Fourteen trees died 
between 1995 and 2015 
including potential 
recruits that appeared 
after 1995. Mortality 
was greater among 
juvenile trees (93%) 
with only one adult 
Joshua tree expiring 
during the study period 
(Tree #996 shown in 
Figures 3 and 4). Two 
juvenile trees in 1995 
matured into adult 
trees in 2001. Without 
exception, all new 
juvenile trees appeared 
when the previous 12 
months of precipitation 

was above the long-term average. Conversely, all 14 tree 
deaths occurred in years when the previous 12 months of 
precipitation was below average (Table 3). 

Herbivory was the direct cause of death of 12 of the 
14 trees that expired during the study. The one mature 
tree that died (#996) experienced 127 separate browse 
attacks on its leaf rosettes that likely contributed to its 
demise. In general, attacks on adult tree leaf rosettes 
increased dramatically during the second half of the 
study when drought conditions were most severe (Table 
4; Figure 5). 

In addition to a decline in total number of trees and 
shift towards an older population, most of the surviving 
trees were declining in vigor by 2015. Mean vigor for 
all trees was 0.97 in 1995 with only three adult trees 
(30%) that had lost one or more leaf rosettes. By 2015 
mean vigor had declined to 0.80 with 8 adult trees 

(73%) having lost leaf rosettes. A test 
of significance indicated it was highly 
unlikely these changes in tree vigor were 
random (two-tailed t-test, P<0.01).   

Table 1. Joshua trees recorded within Saddleback Butte State Park study site. First year refers to 1995 or year 
of first detection. Last year is when study ended or year tree died. Trees designated as juveniles had not yet 
flowered. Heights of trees >3.5 m were not recorded as of 2015. An * indicates tree transitioned from juvenile 
to adult status during study. NA = not applicable.  

 Table 2. Change in population parameters at Saddleback Butte State Park study site, 
1995 and 2015.  
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Discussion
At the inception of the study, the Y. brevifolia population 
within study site boundaries appeared to represent an 
example of robust Joshua tree woodland growing under 
favorable conditions. There was a high ratio of juvenile 
to adult trees and the calculated tree vigor score was 
nearly at its maximum of 1. However, by 2015 overall 
tree numbers had declined, only a single juvenile tree 
survived, all but one recruit died and a majority of 
remaining trees had declined in vigor. 

Mortality was most severe for juvenile trees. Juveniles 
were inevitably smaller with less extensive root systems 
and less moisture and nutrient reserves than adult trees 
and, presumably, this contributed to higher mortality. 
Smaller, immature Joshua trees have been shown 
to be more vulnerable to all types of environmental 
perturbations such as drought, wildfires and herbivory 
(DeFalco et al., 2010). Herbivory may have been 
unusually severe in this study due to the absence of 
suitable nurse plants. None of the 13 juveniles found 
during the study had grown upwards through shrubs. 

Spiny and/or unpalatable nurse plants can hide, and thus 
protect, seedling Joshua trees during their first and most 
vulnerable years (Cornett, 2015). 

Three species of mammal occurring within the park 
are known to require moist food, such as succulent 
Joshua tree leaves, to maintain water balance: the 
antelope squirrel (Ammospermophilus leucurus), desert 
woodrat (Neotoma lepida) and black-tailed jackrabbit 
(Lepus californicus) (Schmidt-Nielsen, 1964). No 
evidence of woodrat presence, in the form of above-
ground stick nests, was detected on or within 100 
m of the study site. Jackrabbits were observed on 
numerous occasions and droppings and tracks were 
noted immediately adjacent to several gnawed-to-the-
ground and dead juvenile plants as well as low-hanging 
leaf rosettes of mature trees. Antelope squirrels were 
observed several times on the site and one was observed 
in a leaf rosette of a mature tree. Both the jackrabbit 
and antelope squirrel are known to browse on young 
Joshua trees (Esque et al., 2015). All of the juvenile trees 
were devoured in drought years and it seems reasonable 

Figure 3. Photograph of tree #996 taken in July of 1997. View to 
south.

Figure 4. Photograph of tree #996 taken in September 2015. View 
to north. Tree died in 2010 and was the only mature tree to expire 
during study.
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to assume one or more of the previously 
mentioned mammals turned to Joshua trees 
as a source of moisture when other sources 
became unavailable. (By 2015, all golden 
cholla cacti on the study site had died.) In 
such a scenario, herbivory may have been the 
immediate cause of death of juvenile trees 
but drought was the ultimate cause. The loss 
of all but one population recruit to herbivory 
resulted in a shift to more aged population, 
a phenomenon typically associated with 
declining populations (Barbour et al. 1987). 

It could be argued that since there was an 
addition of one mature tree to the population 
during the study period an increase in the 
number of reproducing plants could result 
in an increase in seed production thereby 
enhancing the opportunities for adding 

recruits to the population. Joshua 
trees produce fruits near the 
terminus of leaf rosettes. In spite 
of the addition of one adult tree 
on the site, number of leaf rosettes 
for all trees declined during the 
study period, from 259 in 1995 to 
221 in 2015. This was primarily 
the result of the death of tree #996 
but also the killing of leaf rosettes 
by browsing antelope squirrels and 
jackrabbits.  

In the absence of other 
detectable factors, I conclude 
that regional climatic factors 
were, ultimately and indirectly, 
responsible for results observed 
in this study. Frequent drought 
enveloped the region of Saddleback 
Butte State Park throughout the 
study period (Western Regional 
Climate Center, 2016). Below-
average precipitation was recorded 
in the region 15 times during the 

20-year-study-period and nine of the 
last 10 years. Mean precipitation for the 
previous twenty years, 1974 through 1994, 
was 21.29 cm compared with 18.75 cm for 
the study period. Persistent drought was 
exacerbated by a regional rise in annual 
temperature of approximately one degree 

Table 4. Annual percentage of precipitation (calendar year) above or below long-term 
mean as recorded at William J. Fox Airport located 36 km west of study site at 811 m 
above sea level (Western Regional Climate Center, 2016).

Table 3. The fourteen Joshua trees that died during study showing relationship 
between first detection, death and percentage of precipitation above or below long-
term mean. Tree height is in year of first detection. Percentage precipitation greater 
or lesser than long-term mean (18.49 cm) refers to precipitation in 12 months prior to 
annual site visit, not calendar year. First detections occurred in years of above average 
precipitation. Tree deaths occurred in years of below average precipitation.

Figure 5. Animal attacks on adult tree leaf rosettes increased markedly during 
second half of study when drought conditions were most severe. Bold italic font 
indicates years of below average precipitation.
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C during the study period (Western Regional Climate 
Center, 2016). Long-term climatic predictions indicate 
both drought and increased temperatures are likely to 
continue (Seager et al. 2007; Solomon et al. 2007). 

The one-hectare study site represents a small fraction 
of the Park’s 1,164 hectares, about one-third of which 
supports Joshua trees. Did the decline of Joshua trees on 
the study site represent what is occurring throughout 
the Park? A visual examination of other areas in the 
fall of 2015 revealed a near absence of juvenile trees as 
well as recent deaths and declines of numerous large, 
mature Joshua trees. The decline on the study site and, 
apparently, throughout the park are in agreement with a 
regional modeling study conducted by Kenneth Cole at 
al. (2011). Cole anticipated “future elimination of (the) 
Joshua tree throughout most of the southern portions of 
the tree’s current range” and indicated southern and low 
elevation populations were unsustainable under projected 
climate regimes. Saddleback Butte State Park lies in the 
southern quarter of the Joshua tree’s distribution and is 
one of the lowest elevation sites where Joshua trees are 
known to be common The field data and observations 
presented in this paper support Cole’s predictions.   
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Xeroriparian community patterns at the 
Sonoran and Mojave Desert ecotone

Lara Kobelt
BLM Needles Field Office, 1303 South U. S. Hwy 95, Needles, CA 92363; lkobelt@blm.gov

Introduction
 Dry wash systems occur throughout the Mojave and 
Sonoran deserts of the southwestern United States, 
carrying water from precipitation events down from the 
mountains and the surrounding bajadas and across the 
desert landscape. These systems experience significant 
productivity surges compared to the rest of the desert 
because of the periodic presence of water (Stromberg et 
al., 2009). Biodiversity and biomass in these washes is 
greatly increased compared to the surrounding desert 
(Johnson et al., 1989, Stromberg et al., 2009). This 
increased productivity results in increased cover and 
provides important structure to bird species and large 
mammals that use these comparatively lush regions for 
habitat, and as convenient travel corridors between more 
permanent sources of water or other resources (Johnson 
et al., 1989, Hardy et al., 2004, Jones and George, 2014). 

Xeroriparian woodlands are a diverse vegetation type 
that occurs along these ephemeral drainages. Common 
dominant tree species of these dry wash woodlands 
include Acacia greggii, Parkinsonia florida, Psorothamnus 
spinosus, Chilopsis linearis, and Olneya tesota, which are 

found almost exclusively within wash channels (Johnson 
and Haight, 1985, Johnson et al., 1989). The relative 
ecological function and diversity of these communities 
is comparable to the riparian vegetation in streams and 
rivers in the western U.S. that contain water at or near 
the surface throughout the entire year (Johnson et al., 
1984, Johnson et al., 1989, Stromberg et al., 2009); 
however, desert dry washes lack water at or near the 
surface most of the year, and are subject to periodic 
severe flooding events. 

These systems are extremely important to wildlife 
species. Leafy mistletoe (Phorodendron spp.), a parasitic 
species, grows on many of these trees, providing cover 
and food for many different species of birds, including 
several federally endangered and state sensitive species 
(Johnson and Haight, 1985, Hardy et al., 2004, Jones 
and George, 2014). The height and cover of some of these 
tree species provides unparalleled cover and vegetation 
structure in comparison to the rest of the low desert 
plant communities (Johnson et al., 1989, Jones and 
George, 2014). 

abstract—This study characterizes xeroriparian plant community characteristics among four 
desert wash systems along the Sonoran and Mojave Desert ecotone, an area expected to see the 
most immediate climate change impacts (IPCC, 2014). Total average density, percent cover, and 
average height of tree species of each wash decreased almost uniformly from southeast to west in our 
study area. Tree density and percent cover were four times greater in the most eastern part of the 
study area than in our most western study area. There were more Sonoran Desert trees, specifically 
Parkinsonia florida, in the most eastern and southern wash in our study area. 
We used non-metric multidimensional scaling (NMDS) to assess relationships of precipitation 
and temperature to tree and shrub species and their structure. The height and percent cover, as well 
as the species distribution of xeroriparian tree and shrub species, were correlated with November 
precipitation, May precipitation, December minimum and maximum temperatures, and the height 
and width of wash channels.
This knowledge can be used to understand how xeroriparian woodlands might react to changes in 
the climate, especially at the Sonoran-Mojave Desert ecotone. Rising temperatures and decreasing 
precipitation predicted for this region will likely have negative impacts on these habitats, which will 
in turn negatively impact the numerous wildlife species that depend on them.
Key words: xeroriparian, microphyll woodlands, dry wash, ephemeral wash, desert wash
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For this study, we wanted to understand 
environmental drivers of community patterns at the 
Sonoran and Mojave Desert ecotone. To accomplish this, 
we characterized the xeroriparian plant communities 
within the ecotone between these two deserts in order to 
determine where, or if, they fit into or clarified existing 
classification systems. We studied how vegetation 
structure (specifically height and percent cover) and 
dominant tree species in xeroriparian plant communities 
changed across the landscape with environmental 
variables associated with either the Sonoran or Mojave 
Deserts. 

Our objectives and hypotheses were:
1. Assess different patterns of tree species and plant 

community characteristics in the Sonoran-Mojave 
Desert ecotone. We hypothesized that, in general, 
Sonoran Desert species will be found more 
frequently and with higher percent covers in the 
more southern and eastern washes within the study 
area. Mojave Desert species will be more frequent 
and have higher percent covers in the western and 
northern washes within the study area. There will 
also be higher species diversity to the south and east, 
because the bimodal precipitation pattern promotes 
two different floras. 

2. Classify vegetation into groups based on tree and 
shrub abundance and investigate how these fit into 
existing classifications and how these vegetation 
groups change at the Sonoran-Mojave ecotone. 
We hypothesized that existing plant community 
classifications in the Sonoran-Mojave Desert 
ecotone will not fit clearly into one or the other 
of the existing classification 
systems (Sonoran versus Mojave 
xeroriparian classifications) 
because of the intermediate 
temperature and precipitation in 
this area.

3. Discern which seasonal climatic 
patterns or physical wash features 
were drivers of specific vegetation 
community characteristic 
differences, namely percent cover 
and height, of xeroriparian tree 
species. We hypothesized that the 
relationships between xeroriparian 
community characteristics 
(percent cover and height) would 
be related to summer and winter 

precipitation and winter minimum temperatures. 
We hypothesize that increased summer precipitation 
will be a driver of higher xeroriparian tree and shrub 
percent cover.

Methods

Study area

The study area is located in southeastern California, near 
Needles, CA. This area included parts of the both the 
western Sonoran Desert and eastern Mojave Desert. The 
Sonoran Desert is distinguished from the Mojave Desert 
in part because it experiences a bimodal rainfall pattern, 
benefitting from both late summer rains resulting from 
air movement from the Gulf of Mexico and winter rains 
from the Pacific Ocean. The intermediate position of 
the study area was of interest because it experienced 
a gradient of this bimodal precipitation because of its 
location at the Sonoran and Mojave Desert ecotone, and 
as such had unique xeroriparian plant communities. 

Four dry desert drainages, or washes, were selected 
within the study area, which had contiguous watersheds, 
each with a major central drainage, or wash channel, that 
was greater than 60 km in length. Each wash contained 
xeroriparian vegetation as mapped in a 2007 Bureau of 
Land Management Land Use Plan Amendment mapping 
effort, conducted by the California Native Plant 
Society (Evens and Hartman, 2007). The four washes 
are Chemehuevi Wash, Homer Wash, Piute Wash, and 
Watson Wash. Watson Wash is located the furthest west, 
Chemehuevi Wash and Piute Wash are the furthest east, 
close to the Arizona border, and Homer Wash is the 
intermediate wash.

Figure 1. The study area (designated by the black box within the map) and the washes 
used in this analysis, also showing the generalized boundaries of the Mojave and Sonoran 
Deserts and how the washes are aligned with respect to those boundaries (EPA, 2014).
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Chemehuevi Wash experienced cattle grazing until 
the early 1990s, and also serves as habitat for large 
numbers of feral burros (Equus equinus), which are not 
native to the ecosystem and browse the xeroriparian 
trees significantly, especially in the summer months 
(Woodward and Ohmart, 1974). Between 50-100 
burros were reported in the Chemehuevi herd area 
(which extends from Needles south to Highway 62 in 
California) in the 1950s, while current numbers are 
upwards of 800 (McKnight, 1957, McKnight, 1958, Alex 
Neiburgs, Bureau of Land Management Desert District 
Wild Horse and Burro Specialist, per comm., July 28, 
2015). Burro populations in Chemehuevi Wash could be 
as high as 600 during the hot summer months, although 
much of this use is concentrated where Chemehuevi 
Wash meets the Colorado River (Alex Neiburgs, Bureau 
of Land Management Desert District Wild Horse and 
Burro Specialist, per comm., July 28, 2015). Homer 
Wash still has intermittent cattle use from a nearby cattle 
allotment, but actual use of xeroriparian vegetation by 
cattle is unknown. 

Within-wash sampling design

Vegetation data and channel characteristics were 
collected within the Chemehuevi, Homer, Piute, and 
Watson washes between September and December 2014. 
We randomly selected 12 points within each of the wash 
channels using a web-based spatial sampling tool (R 
Core Team, 2014, USDA Agricultural Research Service 
Jornada Experimental Range, 2015). We also selected 
six oversample points for each wash, in case one of the 
original plots did not meet the selection requirements. 
We used ArcGIS 10.2 to exclude portions of the wash 
from analysis that occurred within 800 m of a road so 

that excess water runoff from roads 
would not skew data collection. 
Points were also located less than 
3.2 km from a road for access 
purposes. 

Twelve plots were sampled 
within each wash. Each plot was 
rectangular, and extended for 25 
m parallel to the channel, and 
then 50 m perpendicular to the 
channel (total area = 1,250 m2). 
If the point was in the middle of 
the wash channel, the origin point 
was moved to the nearest edge of 
xeroriparian vegetation. Plots had 
to encompass at least two of any of 

the xeroriparian tree species (Parkinsonia florida, Acacia 
greggii, Psorothamnus spinosus, Chilopsis linearis) to be 
included in the study, because we were interested in 
xeroriparian woodlands, and assumed a woodland would 
exhibit at least two trees within the specified plot size. 

Species, total height and canopy width (at tallest and 
widest points) of all tree species were collected within 
each 25 by 50 m plot. Any shrubs taller than one meter 
were placed into height and width classes ranging from 
1-2, 2-4, or 4-6 meters. A comprehensive plant species list 
was compiled for each plot, in order to calculate species 
richness. 

The widths of all major active flow channels (devoid 
of vegetation) were measured at the half-way point (25 
m) of the 50 m side of the plot, perpendicular to the 
longest side of the plot. The heights of the edges of the 
wash channels were also measured. Soil texture and color 
were evaluated at the plot origin using the standard soil 
texture key and a Munsell soil color chart. 

We extracted precipitation, temperature minimums 
and maximums, and elevation information from the 
PRISM climate data digital elevation model (DEM), 
which is a dataset of climate normals for average 
monthly and annual conditions (PRISM, 2015), using 
800 m resolutions for the 30-year averages (1981-2010) 
(Table 2). These data are interpolated from multiple 
weather stations in the region, including five regional 
RAWS (Remote Automated Weather Stations) (http://
www.raws.dri.edu). We combined data for meaningful 
ecological seasons, such as total winter precipitation 
and total monsoonal precipitation, as these data were 
expected to have ecological significance (Meinzer, 1927, 
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Beatley, 1974, Halvorson and Patten, 1974, Ackerman, 
1979, Nilsen et al., 1984, Reynolds et al., 2004).

The tree species that occurred in our study plots 
included Parkinsonia florida, Psorothamnus spinosus, 
Acacia greggii, and Chilopsis linearis. The large (> 1m) 
shrub species that occurred in more than three of our 
plots included Lycium andersonii, Ambrosia salsola, 
Larrea tridentata, Ericameria paniculata, and Atriplex 
polycarpa (see Appendix A for full species list).

Statistical analyses

Xeroriparian community structure

We summarized the average tree density, percent cover, 
and average height for each species of tree in each of the 
washes. We summarized presence and absence of every 
species we found in all of the plots across the washes. We 

calculated species richness (total annual and perennial 
plants in each plot). 

Classification of xeroriparian plant communities

To classify species groups within our study area, we used 
a hierarchical cluster analysis paired with an indicator 
species analysis to identify species that occurred together. 
First, matrices for tree and shrub density were created for 
each plot. We grouped trees and large shrubs and plots 
based on vegetation community characteristics using 
two-way hierarchical agglomerative cluster analyses in 
PC-ORD 5.10 (McCune and Mefford, 2010). Two-way 
cluster analysis independently groups sample units and 
species, and then combines them into a single diagram to 
allow observation of associations among groups of sample 
units and species. We removed any tree or shrub that 
occurred in < 3 plots in order to reduce stress (McCune 
and Grace, 2002). The data were relativized by species 

maximums to diminish, but not 
eliminate, the influence of species 
totals on species clustering. We 
used flexible beta (β = -0.25) as 
the linkage method on Sørensen 
distances. 

We used four groups to 
prune the dendrogram, because 
subsequent NMDS analyses 
showed strong groupings of 
vegetation characteristics 
between the four different 
washes (McCune and Grace, 
2002, McCune and Mefford, 
2010). Indicator species analysis 
helps to describe how well each 
species in the analysis separates 
among groups. It uses the density 
and frequency of species in a 
group relative to those values in 
all other groups as multiplied 
proportions (McCune and Grace, 
2002). 

Two of the species included 
in the analysis, Chilopsis linearis 
and Atriplex polycarpa, were not 
significant from a Monte Carlo 
test, i.e., their presence could 
have been due to chance alone 
(McCune and Grace, 2002). 
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Therefore, these two species were not included in the 
four species groups. 

Xeroriparian community characteristics and 
environmental patterns

We wanted to determine what environmental factors 
influenced the distribution of different tree species 
within the Sonoran and Mojave Deserts. In order to 
select important environmental variables from a very 
large dataset, we ordinated the total percent cover of each 
tree species and overlaid the environmental variables as 
vectors. 

We used a non-metric multidimensional scaling 
(NMDS) ordination to visualize different aspects of 
the plant community data in PC-ORD (McCune 
and Mefford, 2010). We used NMDS (Bray-Curtis 
distance) for all ordinations to visualize non-parametric 
relationships between tree percent cover, tree and shrub 
height, and a host of environmental variables. We also 
calculated importance values for xeroriparian trees, and 
xeroriparian trees and shrubs, adding relative cover and 
relative density to obtain a number representing the 
relative importance of each species in each plot. The 
maximum value, indicating a high importance of the 

species, was two. We graphed these importance values 
by elevation to determine if some species were more 
important at certain elevations.

Results

Xeroriparian tree and shrub structure and 
presence

We summarized wash-specific characteristics related 
to our hypotheses. These are in Table 1 and Figures 2 
and 3. Watson Wash had the greatest elevation change 
throughout the wash and Homer Wash had the lowest 
elevation change (Table 1). Homer Wash had the greatest 
watershed area; Chemehuevi Wash’s watershed was the 
second-largest and it was less than half of the watershed 
area of Homer Wash (Table 1). Average maximum and 
minimum temperatures in each month for each wash are 
shown in Figure 2. The average monthly precipitation by 
wash is shown in Figure 3.

Plant community characteristics varied among 
washes. Chemehuevi Wash had the greatest density of 
trees (142 trees ha-1), while Watson Wash had the lowest 
tree density (35 trees ha-1) (Table 3). Chemehuevi Wash 
also had the greatest total tree percent cover (32%) and 

Figure 2.  The average minimum and maximum temperatures of the 
plots in each wash, by month (in degrees Celsius). There are not many 
drastic differences in these average values, but there are observable 
differences among the washes. 

Figure 3. The average precipitation of the plots in each wash (in mm), 
by month. The average values for each wash are largely similar from 
month to month, but there are several major shifts in precipitation, 
some of which are reflected in our ordination for the percent cover of 
different xeroriparian tree species (i.e., November precipitation). 



l. kobelt | xeroriparian community patterns

2232016 desert symposium

Watson Wash again had the lowest tree 
percent cover (4%) (Table 4). Average 
tree height was the tallest in Chemehuevi 
Wash and the shortest in Piute Wash 
(Table 5). Some tree species were prolific 
across all plots and washes, while others 
were specific to a specific wash. Acacia 
greggii was in 100% of the plots in 
Chemehuevi, Piute, and Watson Washes 
(Table 6). Psorothamnus spinosus was 
present in 100% of the plots in Watson 
and Piute washes (Table 6). Parkinsonia 
florida was present in 100% of the plots in 
Chemehuevi Wash, but was only present 
there and in one plot in Homer Wash. 
Chilopsis linearis was present in 42% of the 
plots in Piute Wash and 8% of the plots 
in Homer Wash (Table 6 and Figure 4). 
Species richness was highest, on average, in 
Watson Wash (average of 20 total species/
plot); Chemehuevi Wash had an average of 
18 total species/plot, Homer Wash had an 
average of 14 total species/plot, and Piute 
Wash had an average of 11 total species/
plot. Watson Wash, however, also had the 
highest occurrences of invasive species 
per plot; 83% of plots contained Brassica 
tournefortii (Appendix A). 

Classification of 
xeroriparian plant 
communities

Hierarchical cluster analysis, 
paired with an indicator 
species analysis, resulted in 4 
groups with varying numbers 
of species in each group (Table 
7, Figure 6). Group 1 included 

Figure 4. Study plot locations 
within each wash in the study 
area, represented by the different 
combinations of xeroriparian 
trees in each plot. Sonoran Desert 
species, such as Parkinsonia florida, 
are present in the southeastern 
wash, but are only represented 
by one occurrence in any of the 
more western or northern washes. 
Xeroriparian tree diversity also 
decreases from east to west across the 
study area. 
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Acacia greggii and Larrea tridentata. 
Group 2 included Parkinsonia florida, 
Acacia greggii, Lycium andersonii, 
Larrea tridentata, Ambrosia salsola, and 
Ericameria paniculata. Group 3 included 
Psorothamnus spinosus and Larrea 
tridentata. Finally, Group 4 included 
Acacia greggii. Subsequent NMDS, 
using the group identity of each plot as 
a grouping factor, showed clustering of 
certain groups (Figure 7). Groups 3 and 
4 were both clustered separately from 
Groups 1 and 2, but there was some 
overlap between Groups 1 and 2 (Figure 
7). This may be because, although Group 
2 has greater species diversity, there are 
similar relative frequencies of the shared 
species, namely Acacia greggii and Larrea 
tridentata.

Xeroriparian community characteristics and 
environmental patterns 

We used NMDS to overlay important environmental 
variables (Table 2) to determine which environmental 
factors influenced the distribution of different tree 
species within the Sonoran and Mojave Deserts. The 
ideal number of axes was 3, so the ordination was 
visualized in 3D, and then each of the three axis pairs 
were viewed separately in 2D. The cumulative r2 value 
for all of the axis pairs was 0.907. Axis pair 1 vs. 2 had 
the highest r2 (0.251) (Figure 8). The r2 values represent 
the total variance explained by each 
configuration. The ordination was 
rotated by the strongest identified 
environmental factor, which was 
November precipitation. The 
other significant relationships 
were May and June precipitation, 
December minimum and maximum 
temperatures, and elevation (Figure 8). 
Only the predictor variables parallel to 
the graph axes are represented in the 
figure (Figure 8). 

We used importance values (IV) 
to visualize which species were more 
important at certain elevations, and 
the relative importance of different 
species (Figure 9). Parkinsonia florida 
was present, and had high IV, only at 

elevations between about 250-400 m (Figure 9). Acacia 
greggii had high IV at all elevations, despite not being 
a dry wash system obligate (Figure 9). Psorothamnus 
spinosus never had high IV, but still had moderate IV at 
a wide range of elevations (Figure 9). Chilopsis linearis 
had higher IV at elevations under 250 m, and was not 
present at elevations above 450 m in our study area 
(Figure 9). When we looked at the IV of trees and shrubs 
together, it was most notable that Acacia greggii and 
Larrea tridentata had the highest IV at all elevations 
(Figure 10). There also appears to be more tree and shrub 
diversity representing a variety of importance values, at 
lower elevations (Figure 10).

Figure 5. The xeroriparian tree percent cover in each of the twelve plots in each wash, 
averaged among species, overlaid on a shaded map showing total monsoon precipitation 
(30 year averages) at the Sonoran-Mojave Desert ecotone. 
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Figure 6. Two-way cluster analysis of xeroriparian tree and shrub 
species density relativized by species maximum density. Plots in 
each wash are labeled with wash name and plot number (CHEM 
= Chemehuevi, HOME = Homer, PIUT = Piute, WATS = 
Watson). Abbreviations for the vegetation used in the two-way 
cluster analysis are identified at the bottom of the top dendrogram. 
Black boxes in the matrix indicate presence of a species in a plot. 
PAFL = Parkinsonia florida, LYAN = Lycium andersonii, PSSP 
= Psorothamnus spinosus, ERPA = Ericameria paniculata, ACGR 
= Acacia greggii, AMSA = Ambrosia salsola, LATR = Larrea 
tridentata, CHLI = Chilopsis linearis, ATPO = Atriplex polycarpa. 

Figure 7. NMDS (non-metric multidimensional scaling) graph of 
xeroriparian tree and shrub abundance using identified indicator 
species groups identified in Table 3.7 as the grouping factor. Group 
1 is Acacia greggii and Larrea tridentata, Group 2 is Parkinsonia 
florida, Acacia greggii, Lycium andersonii, Larrea tridentata, 
Ambrosia salsola, Erimaceria paniculata. Group 3 is Psorothamnus 
spinosus and Larrea tridentata, and Group 4 is Acacia greggii. Each 
symbol represents a different group, and the axes represent gradients 
of community similarity. Thus, symbols closer to one another are 
more similar. 

Figure 8. NMDS (non-metric multidimensional scaling) graph of 
xeroriparian tree percent cover with the correlated environmental 
variables parallel to graph axes; Axes pair: 1 vs. 2.  Each point 
represents a plot, and each symbol represents a different wash. 
The axes represent gradients of community similarity.  Thus, plots 
closer to one another are more similar. The arrows show trends of 
correlation between the environmental variable and community 
characteristics. Arrow direction indicates the direction of most 
rapid change in the environmental gradient.  Other correlated 
environmental variables included May and June precipitation, 
December minimum and maximum temperatures, and elevation.
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We were also interested in the environmental factors 
that were related to the height of trees and shrubs 
across the two deserts. Again, to select important 
environmental variables from a very large dataset, we 
ordinated the average tree height and average shrub 
height of each tree and shrub species using NMDS 
and overlaid the environmental variables (Table 2) in a 
biplot as vectors (r2 > 0.20). The cumulative r2 value of 
this ordination was 0.903, and all of the axis pairs had 
an r2 greater than 0.200. Axis pair 1 vs. 3 was the best 
representation of the relationships between the tree and 
shrub height matrix and environmental vectors (Figure 
11). This ordination showed correlations between the 
average heights of tree and shrub species and November 
and May precipitation, the average height of wash 
channels, and the number of wash channels (Figure 
11). The ordination was rotated so that each of these 
predictors was parallel to one of the graph axes (Figure 
11). We graphed the average height of tree species in 
each plot with the average heights of wash channels, 
and there does appear to be a positive trend in that 

relationship (Figure 12). We observed similar trends in 
the relationships among tree average height and both 
the number and the widest width of wash channels (not 
shown). 

Discussion
Our study was designed to discover how xeroriparian 
plant communities change across desert dry washes 
in the Sonoran and Mojave Desert ecotone, and to 
determine which precipitation and temperature factors 
were important seasonal drivers of these changes. Our 
results show that November rainfall, elevation, and the 
average warmest and coolest temperatures in December, 
are correlated with the distribution and percent cover of 
xeroriparian trees. Tree density and percent cover were 
four times greater in the most southeastern part of the 
study area compared to our most western study area, 
and there were more Sonoran Desert trees, specifically 
Parkinsonia florida, in the most southeastern wash in our 
study area. We also found four species groups, which also 

Figure 9. Importance values (relative cover + relative density) of 
xeroriparian tree species in each plot, graphed by the elevation 
in each plot. Most notably, at least with the available sample, 
Parkinsonia florida and Chilopsis linearis do not occur at elevations 
higher than about 425 m. PAFL = Parkinsonia florida, PSSP = 
Psorothamnus spinosus, CHLI = Chilopsis linearis.

Figure 10. Importance values (relative cover + relative density) of 
xeroriparian tree and shrub species in each plot, graphed by the 
elevation in each plot. Larrea tridentata, a shrub ubiquitous to 
desert uplands, is nevertheless an important xeroriparian habitat 
component at all elevations. Acacia greggii is similarly important at 
all elevations. PAFL = Parkinsonia florida, PSSP = Psorothamnus 
spinosus, ACGR = Acacia greggii, CHLI = Chilopsis linearis, 
LYAN = Lycium andersonii, LATR = Larrea tridentata, AMSA = 
Ambrosia salsola, ERPA = Ericameria paniculata, ATPO = Atriplex 
polycarpa.
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changed in proportion of Sonoran Desert species from 
east to west.

The total average density, percent cover, and average 
height of tree species of each wash decreased almost 
uniformly from southeast to both the west and north 
(Chemehuevi Wash to Homer Wash to Piute Wash 
to Watson Wash). The most comparable xeroriparian 
vegetation inventory that we could find was located 
approximately 200 km south of Chemehuevi Wash 
(Esque et al., 2013). We found 23% average cover 
of P. florida in Chemehuevi Wash, while the more 
southern study measured 7% cover of P. florida and P. 
microphyllum combined (Esque et al., 2013). We found 
a mean of 32% combined cover of xeroriparian trees in 
Chemehuevi Wash, while the other study found a mean 
of 14% combined xeroriparian tree cover (Esque et al., 
2013). Chemehuevi Wash, although further north, had a 
higher percent cover of xeroriparian tree species than the 
comparable study further south (Esque et al., 2013). We 
also found Psorothamnus spinosus in Chemehuevi Wash, 
while the other study area had no P. spinosus, but did 
contain Olneya tesota (Esque et al., 2013). Homer Wash 
had almost identical tree percent cover (14%), but the 
composition was very different. Piute Wash and Watson 

Wash had much lower tree percent cover (9% and 4%, 
respectively). 

The heights of the xeroriparian trees throughout 
our study area were, on average, on the lower end of the 
reported heights of each of the xeroriparian tree species. 
The average height of P. florida in our study area was 
5.1 m. Its height has been reported between six and ten 
meters, so the heights of our trees are much shorter than 
this range (Turner, 1963, Pavek, 1994, McClintock, 
2002b, Schoenherr and Burk, 2007). The average heights 
of P. spinosus in our study area varied from a high of 
3.5 m in the most eastern wash to a low of 1.2 m in the 
most northern wash, with means of 2.6 and 2.5 m in the 
western washes. These size ranges are higher than what 
was reported in southern Nevada, but much lower than 
the maximum heights reported for the species (Munz, 
1959, Bradley, 1966, Isely, 2002b). C. linearis (average 
heights between 2.3-3.7 m) and A. greggii (average 
heights between 2.0-2.4 m) were both also at the lower 
end of their height ranges within our study area (Munz, 
1959, Uchytil, 1990, Isely, 2002b).

Species richness for all of our washes was much 
higher than that reported in another study, although it is 
unclear in which season they collected their species data 
(Esque et al., 2013). Average species richness was 18 per 
plot in Chemehuevi Wash, 14 per plot in Homer Wash, 
11 per plot in Piute Wash, and 20 per plot in Watson 

Figure 11. NMDS (non-metric multidimensional scaling) graph 
of tree and shrub height with important environmental variables 
parallel to graph axes, Axis pair: 1 vs. 3. Each point represents a 
plot, and each symbol represents a different wash. The axes represent 
gradients of community similarity. Thus, plots closer to one another 
are more similar. The arrows show trends of correlation between 
the environmental variable and community characteristics. Arrow 
direction indicates the direction of most rapid change in the 
environmental gradient. 

Figure 12. Relationships of the different xeroriparian tree species’ 
heights in each plot by the average height of the wash channels in 
each plot. There appears to be a general trend of increasing tree 
height with increasing height of wash channels. This trend is almost 
identical for both average width and widest width of wash channels 
(not shown). PAFL = Parkinsonia florida, PSSP = Psorothamnus 
spinosus, ACGR = Acacia greggii, CHLI = Chilopsis linearis.
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Wash. Although species richness was the highest in 
Watson Wash, it also contained the largest frequencies of 
invasive species, particularly Brassica tournefortii. 

Distribution of P. florida in our study area was 
consistent with our hypothesis that we would find it in 
our more eastern washes, while some of the other species’ 
distributions were unexpected. Finding fewer P. florida 
trees in the western washes is in general agreement 
with observations of its geographic extent by other 
authors. However, we found a single occurrence of P. 
florida in Homer Wash, which is further west than the 
species has been identified at this more northern extent 
of the Sonoran and Mojave Desert ecotone (Evens, 
2000, Keeler-Wolf, 2007, Evens and Hartman, 2007, 
Schoenherr and Burk, 2007). Although it is outside 
the scope of this study, it is possible that densities 
for P. florida, in particular, would be even higher in 
Chemehuevi Wash if there was not such a prolific 
population of burros occupying the area (Woodward et 
al., 1974, Marshal et al., 2004, Marshal et al., 2012). In 
a study across the river, however, researchers excluded 
burros from plots in xeroriparian habitat and only found 
significant impacts to small shrubs (Ambrosia dumosa) 
(Hanley and Brady, 1977).

Although Psorothamnus spinosus is often considered 
a Sonoran Desert species, it was a component of the 
xeroriparian woodlands in all of the washes, and became 
a dominant overstory species in the more western 
washes in our study area. We hypothesized that we 
would find fewer Sonoran Desert tree species in our 
more western washes, but did not expect that they 
would be P. spinosus-dominated woodlands. Although 
described further north than our study area, there is not 
good documentation of their persistence at the western 
boundary of their range (Munz, 1959, Isely, 2002b). 
Because P. spinosus tolerates cooler winter temperatures, 
and is more drought-tolerant, it can persist in the drier 
and cooler winter temperatures of the Mojave Desert 
(Schoenherr and Burk, 2007). 

The xeroriparian woodlands in our study area, while 
having components of xeroriparian species assemblages 
in either desert, have more diverse tree and shrub 
species in the more eastern and southern washes. We 
obtained four species groups from our hierarchical 
cluster analysis, which represent different groupings of 
both Sonoran- and Mojave- associated species. These 
groups, (1) Acacia greggii and Larrea tridentata; (2) 
Parkinsonia florida, Acacia greggii, Lycium andersonii, 
Larrea tridentata, Ambrosia salsola, and Ericameria 

paniculata; (3) Psorothamnus spinosus and Larrea 
tridentata; and (4) Acacia greggii, fit into the existing 
vegetation classification systems, but are more detailed 
groupings of those broader species classifications that 
impart better information about the xeroriparian tree 
and shrub associations in our study area (Evens, 2000, 
Schoenherr and Burk, 2007, Evens and Hartman, 2007). 
For example, the most diverse species assemblage in 
our study area occurs primarily in Chemehuevi Wash, 
which is the most southern and most eastern wash we 
inventoried. This group also includes species that are 
Sonoran indicator species, such as Parkinsonia florida 
and the shrubs Ambrosia salsola and Lycium andersonii 
(Schoenherr and Burk, 2007). Many of the plots in 
Piute Wash, which is north of Chemehuevi Wash but 
still eastern in our study area, had either Acacia greggii 
or Acacia greggii and Larrea tridentata indicator 
species. Although it is just north of Chemehuevi 
Wash, and our data showed it received high amounts 
of monsoon precipitation, cooler air resulting from the 
close proximity of Piute Wash to a nearby mountain 
range may be contributing to the drastic change in 
vegetation type from Chemehuevi Wash (Turnage and 
Hinckley, 1938). In the most western wash in our study 
area, Watson Wash, Psorothamnus spinosus and Larrea 
tridentata are the indicator species. In Homer Wash, 
which is centrally located in our study area, the plots 
fall into three of the different vegetation classifications, 
which seems to indicate, as we hypothesized, that Homer 
Wash is in an area where the shift in vegetation types at 
the Sonoran-Mojave Desert ecotone is occurring. These 
findings are consistent with our second hypothesis.

Mojave Desert washes in other studies have been 
characterized by Psorothamnus spinosus, Acacia greggii, 
and Chilopsis linearis as part of xeroriparian woodlands 
(Sawyer and Keeler-Wolf, 1995, Evens, 2000, Evens 
and Hartman, 2007, Keeler-Wolf, 2007). Because our 
study focused on lower-elevation wash vegetation, and 
did not include the upper reaches of drainages as other 
classification systems in our region did, we found less tree 
and shrub diversity at these lower elevations than other 
studies (Evens, 2000). We also found more Sonoran 
Desert species in the “Mojave” portion of our study area 
than other studies (Sawyer and Keeler-Wolf, 1995, Evens, 
2000, Evens and Hartman, 2007, Keeler-Wolf, 2007).

Important species in Sonoran Desert xeroriparian 
woodlands include Parkinsonia florida, Psorothamnus 
spinosus, Chilopsis linearis, and Acacia greggii. Our more 
eastern vegetation group included all of these – including 
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Parkinsonia florida, Acacia greggii, Lycium andersonii, 
Larrea tridentata, Ambrosia salsola, and Ericameria 
paniculata. Ericameria paniculata is not included in 
existing vegetation classifications of Sonoran Desert 
xeroriparian woodlands, although it is recognized as 
a shrub component of washes in the Mojave Desert 
(Evens and Hartman, 2007, Sawyer and Keeler-Wolf, 
1995, Keeler-Wolf, 2007, Schoenherr and Burk, 2007). 
Additionally, although Larrea tridentata is not a 
good indicator species for wash vegetation, our use of 
relative frequency for this species show that it is still an 
important component of wash habitats throughout the 
Sonoran-Mojave Desert ecotone (Keeler-Wolf, 2007, 
Schoenherr and Burk, 2007). 

 We found correlations between temperature and 
precipitation values and the percent cover of xeroriparian 
tree species, and the height of xeroriparian trees and 
shrubs. November, May, and June precipitation, 
December minimum and maximum temperatures, and 
elevation were all correlated with the percent cover of 
tree species among the study plots. Plots within each 
wash were grouped in close proximity to one another in 
the ordination, and distinctly separated from other wash 
plots, indicating that plant community characteristics 
within each wash are more similar to one another than to 
plant community characteristics in different washes. 

November precipitation is part of the winter 
precipitation pattern, and may indicate that some of 
the tree species respond biologically to very early winter 
precipitation. This is consistent with findings that 
indicate that early season precipitation is an indicator of 
future moisture events in that same season (Ehleringer, 
1994). However, it is unexpected that neither summer 
nor winter precipitation was likewise correlated with tree 
percent cover. We expected precipitation to be a major 
driver of different species’ covers in the Sonoran-Mojave 
ecotone, but it appears that a more diverse set of factors is 
related to changes in species and cover. 

The correlation of May and June precipitation with 
the percent cover of the xeroriparian trees are more 
difficult to explain. In either desert climate, these 
months do not represent significant rainfall events, and 
May specifically represents the lowest mean rainfall 
throughout the year (< 2 mm/year). These months could 
be signaling the shift to higher summer temperatures, or 
possibly a metric for changes in evapotranspiration rates. 
This result could also be driven by pulse precipitation 
events that provide small, but important, water to 
xeroriparian plant communities. Exploration of these 

relationships in our raw data has led us to conclude that 
these months account for some of the largest differences 
in the mean monthly precipitation as it relates to tree 
species presence, which is likely driving this result in our 
ordination. 

The December minimum and maximum 
temperatures, and elevation, were also correlated with 
tree species’ percent cover, which is logical because 
Sonoran species tend to be more sensitive to freezing 
temperatures in the winter, and some of the important 
cutoffs of Sonoran Desert species’ distributions are 
related to temperature extremes and elevation, which is 
related to temperature (Uchytil, 1990, Pavek, 1994, Box, 
1995, Smith et al., 1997, Gucker, 2005, Schoenherr and 
Burk, 2007). We did not have access to actual number 
of freezing days for the plots in our study area, but this 
data would likely have strengthened this part of our 
study since some Sonoran Desert species are sensitive 
to freezing temperatures (Turnage and Hinckley, 1938, 
Nobel, 1980, Schoenherr and Burk, 2007). Similar 
climate correlations have been previously described for 
Mojave Desert vegetation; in particular, the presence 
of Acacia greggii has previously been correlated with 
elevation (Evens, 2003, Keeler-Wolf, 2007). 

The heights of each tree and shrub species were 
correlated with November and May precipitation in the 
second ordination, as well as the average height of and 
the number of wash channels. Again, correlations with 
November precipitation may set the tone for the quantity 
of precipitation the desert will receive each winter, 
which would positively impact tree height in the spring 
(Ehleringer, 1994). 

We included the average height of wash channels, and 
the number of wash channels, in the study originally 
because we expected them to be metrics for volume 
and/or intensity of water flow patterns (Cherkauer, 
1972, Schwinning et al., 2011). These two factors are 
therefore reasonable correlations to changes in tree 
height, as we expect that they were reflecting water 
availability. Sonoran Desert tree species are known 
to be generally taller, and may be able to better utilize 
summer precipitation inputs, primarily because there 
is more summer precipitation in the Sonoran Desert 
than the Mojave Desert (Munz, 1959, Turner, 1963, 
Uchytil, 1990, Ehleringer and Cook, 1991, Ehleringer, 
1994, Pavek, 1994, Isely, 2002b, McClintock, 2002b, 
Schoenherr and Burk, 2007). Because the height 
and width of wash channels is representing monsoon 
precipitation, and the height of wash channels are 
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correlated with tree height, it may be true that changes in 
wash channel height could also be metrics for changes in 
Sonoran and Mojave Desert vegetation types; a positive 
relationship between plant species cover and density 
and the height and width of wash channels has been 
previously demonstrated (Schwinning et al., 2011). 

In the future, we would include xeroriparian 
vegetation types from a wider area in the region, and 
attempt to install additional weather stations near each 
wash in order to capture pulse precipitation events and 
more accurate temperature data. This would lend more 
insight to how temperature and precipitation interact 
across a larger region to influence changes in xeroriparian 
vegetation. Our study sites did not include any Olneya 
tesota, the distribution of which ends just south of our 
study area. Extensive O. tesota populations occur in 
washes less than 50 km south of our plots, and it would 
have been interesting to analyze the factors responsible 
for the limitation of that species as well. There could 
also be other drivers of species composition or plant 
community differences, such as browsing, or community 
composition limitations, such as pollinator availability, 
that were not investigated as a part of this study. 
Ungulate grazing and browsing, in particular, likely do 
not impact the distribution of different species across 
the region, but significantly impact regeneration, and 
perhaps vegetation structure, locally (Woodward and 
Ohmart, 1974, Abella, 2008, McCreedy, 2011).

We had hypothesized that total summer and 
winter precipitation, in addition to winter minimum 
temperatures, would be correlated with tree distribution, 
percent cover, and height. Although it is somewhat 
surprising that we did not see these predicted 
relationships, it also allows gives us information 
important in generating future study objectives and 
hypotheses. For example, we can speculate that there 
are not sufficiently significant differences in the summer 
and winter precipitation among our study washes to 
explain changes in xeroriparian species composition 
and cover. Therefore, in future studies, we would look 
to the correlated environmental factors we discovered 
to investigate which combination of winter minimum 
and maximum temperatures and elevation seem to 
be contributing to the xeroriparian plant community 
composition changes at the Sonoran-Mojave Desert 
ecotone. This would include measuring specific 
physiological responses of the different tree species to 
these variables. 

Our results primarily speak to climate change and its 
impacts on xeroriparian communities. Current climate 
models predict warmer temperatures in the Southwest, 
with increased variability in precipitation and drier 
winters (Munson et al., 2012, IPCC, 2014, Munson et 
al., 2015). Although it is difficult to definitively say how 
xeroriparian communities will react to these climate 
shifts, November precipitation is important in the 
distribution, percent cover, and height of xeroriparian 
tree and shrub species. Decreases in early winter rainfall 
may have the most prominent impacts on xeroriparian 
tree species. Although increasing winter temperatures in 
the Mojave Desert could theoretically extend the range 
of some of the Sonoran Desert xeroriparian tree species, 
given adequate dispersal mechanisms among washes, 
expected decreases in precipitation will likely inhibit 
range extension. We predict that large xeroriparian 
tree species, especially Sonoran Desert obligates, will 
decrease in cover and abundance due to climate change, 
resulting in less valuable habitat for wildlife species in 
southeastern California. 

Conclusions
Our study elaborates on existing classification systems 
and provides a more thorough inventory of xeroriparian 
woodlands in our study area. It also highlights 
important temperature and precipitation patterns that 
are correlated with plant species’ distributions. These 
relationships need to be studied in more depth in the 
future in order to better understand how these trees 
are limited by temperature and water. This will make it 
possible to model the future distribution of the different 
xeroriparian trees under multiple climate change 
scenarios. 

There was a large range of variability in tree 
abundance, percent cover, and height from wash to wash 
in our study area in the Sonoran and Mojave Desert 
ecotone. This is important because of the value the 
higher percent cover and height characteristics have to 
wildlife species, especially birds. Existing classification 
systems for xeroriparian vegetation provide a framework 
for discussing these systems, but do not capture the 
species or life form diversity in the plant communities 
that occupy dry washes. Areas with high cover, and 
high habitat value to wildlife, should be prioritized for 
conservation. 
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Appendix A
Complete species list, with the percent of plots that species occurred in by wash (# species occurrences/12 plots). 
Invasive and non-native species are indicated by †. Sensitive species are indicated by §. We found a total of 87 different 
species among all of the washes. 

SPECIES CHEMEHUEVI (%) HOMER (%) PIUTE (%) WATSON (%)

Acacia greggii 100 8 100 100

Adenophyllum sp. 0 8 0 0

Allionia incarnata 42 0 0 33

Amaranthus fimbriatus 33 25 0 67

Ambrosia dumosa 67 100 25 83

Ambrosia salsola 83 58 58 92

Aristida adscensionis 0 0 8 17

Aristida sp. 17 0 0 0

Asclepias subulata 0 8 8 0

Atriplex canescens 0 0. 17 0

Atriplex polycarpa 0 25 17 0

Baileya multiradiata 0 8 0 0

Bebbia juncea 25 0 17 8

Boerhavia wrightii 50 0 8 25

Boerhavia sp. 8 8 17 0

Bouteloua aristidoides 0 0 8 25

Bouteloua barbata 17 33 8 17

Brandegia bigelovii 67 17 0 0

Brassica sp. 8 0 0 0

† Brassica tournefortii 17 8 0 83

Brickellia incana 0 0 0 17

§ Castela emoryi 8 8 17 0

Chamaesyce setiloba 25 0 0 0

Chamaesyce polycarpa 0 8 8 25

Chamaesyce sp. 91 83 92 75

Chilopsis linearis 0 8 42 0

Chlysmia caviformis 

aurantiaca
0 0 0 25
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SPECIES CHEMEHUEVI (%) HOMER (%) PIUTE (%) WATSON (%)

Coleogyne ramosissima 0 8 0 0

Cryptantha sp. 0 8 0 83

Cucurbita palmata 0 58 25 17

Cuscuta sp. 0 0 0 25

Cylindropuntia echinocarpa 0 0 8 0

Dalea mollissima 0 0 33 0

Datura wrightii 17 33 8 100

Ditaxis neomexicana 67 58 58 75

Ditaxis sp. 8 0 0 0

Encelia farinosa 0 8 25 8

Encelia frutescens 0 0 8 0

Encelia virginensis 8 8 17 58

Ericameria sp. 50 8 0 8

Ericameria paniculata 8 25 17 42

Eriogonum deflexum 8 0 8 0

Eriogonum sp. 0 0 8 8

† Erodium cicutarium 0 17 0 42

Funastrum cyanchoides 83 58 0 0

Hyptis emoryi 0 0 8 0

Larrea tridentata 92 100 58 100

Lycium andersonii 75 42 0 0

Marina parryi 25 0 83 33

Mirabilis multiflora 0 8 8 0

Nicolletia occidentalis 0 8 8 0

Nicotiana obtusifolia 75 33 25 33

Nicotiana sp. 8 8 0 0

Oenothera cespitosum 

marginata
0 0 0 8

Orobanche sp. 0 8 0 8

Parkinsonia florida 100 0 0 0

Palafoxia arida arida 33 33 17 67
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SPECIES CHEMEHUEVI (%) HOMER (%) PIUTE (%) WATSON (%)

Pectis papposa papposa 100 100 8 92

Phoradendron sp. 75 50 17 0

Physalis lobata 8 8 0 8

Physalis crassifolia 8 0 0 25

Physalis sp. 0 0 17 0

Plantago ovata 0 0 0 33

Portulaca sp. 0 0 0 25

Pleuraphis rigida 25 25 0 0

§Proboscidea althaeifolia 58 0 8 0

Psorothamnus spinosus 50 50 75 100

† Salsola tragus 0 0 8 8

Salvia columbariae 0 8 0 0

† Schismus barbatus 0 0 17 75

Senna armata 0 8 0 8

Sphaeralcea ambigua 17 25 8 25

Sphaeralcea angustifolia 0 25 0 0

Stephanomeria sp. 8 0 0 0

Stillingia sp. 8 0 8 25

† Sysimbrium altissimum 0 8 0 50

Verbena goodingii 0 0 0 17

unkn Boraginaceae 8 58 0 0

unkn Brassicaceae 33 17 0 58

unkn Capparaceae 0 0 0 42

unkn Euphorbiaceae 50 25 0 33

unkn Poaceae 8 17 0 8

unkn Asteraceae shrub 8 0 8 0

unkn annual Poaceae 8 17 8 0

unkn Asteraceae forb 0 8 0 0

unkn Onagraceae 0 0 0 42

unkn Polygonaceae 0 0 0 8
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Living on the edge:  
enhanced roadside growth of  
creosote bush (Larrea tridentata)

David K. Lynch
Thule Scientific

1. Introduction
“The “edge effect” is a fundamental ecological 
phenomena where plants and animals adapt to and 
often thrive at the edges of ecosystems compared to 
the interiors1. Among the many ecological transition 
zones, those along roads are extremely narrow, often 
only a few meters wide. Their easy accessibility and 
small dimensions make them convenient locations for 
ecological studies2-6. 

The deserts of the southwest are an ideal place to see 
edge effects. Many paved, two-lane desert roads show 
enhanced growth of creosote bush7 within a few meters 
of the road (Figure 1). The bushes are larger, and appear 
healthier and greener than those just ten meters from the 
road. Their apparent vitality is obviously related to the 
road, but how? In this paper we discuss and speculate on 
other possible causes of such enhanced growth.

2. Observations 
Most of the in situ observations were made in and 
around Death Valley National Park in Feb 2016. 
Approximately two hundred miles of roadside were 
monitored while driving between 
various destinations. In most cases 
the enhancements were present, 
varying between dramatic and 
subtle. Plants besides Creosote 
were also seen to hug the road, 
especially springtime wild flowers. 

To compare paved and 
unpaved road edges, we surveyed 
many desert roads in southern 
California, Nevada and Arizona 
using Google Earth. We found 
enhancements in almost every 

case, though in some places there was none. The effect 
is readily visible in Google Earth and other satellite 
imagery (Figure 2). Growth enhancement is also seen 
along interstate highways, though in a somewhat more 
complex way owing to landscaping. Young or more recent 
roads showed little enhancement and this may be because 
Creosote is a slow growing plant and requires many 
years to reach a size detectable in satellite imagery. Other 
factors such as rainfall, soil chemistry and the degree of 
soil drainage certainly play a role.

3. Structure of the berm
A number of workers have suggested and in some cases 
shown that rain water running off paved roads can 
locally increase soil moisture and promote more vigorous 
growth2-6. Doubtless we have all seen puddles of water 
next to an otherwise dry road after a rain. Extra water is 
surely a contributing factor, perhaps the most important 
one. Indeed, creosote growth along unpaved desert 
roads where runoff is less or absent shows little or no 
enhancement (Figure 3).

abstract: We show examples of roadside creosote bush enhancement along desert roads and 
discuss the role of water and berm structure.

Figure 1. Stretch of Scotty’s Castle Road in Death Valley National Park. Note vigorous creosote 
growth adjacent to the road.
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Yet a detailed study of roadside vegetation 
enhancement records some enhancement along 
unpaved roads4. If unpaved roads are well drained and 
consequently have little or no lateral runoff, then other 
factors must be at work besides extra water. 

If water were the only factor, one might expect the 
strongest growth to occur in the 
depressions where water collects. But 
it’s not. Enhanced growth occurs in 
the elevated berms. Therefore the 
structure of the berm must play a 
significant and perhaps dominant role 
in creosote enhancement (Figure 4). 
Listed below are some speculations as 
to why berm structure is important.

1. The enhanced growth is seen 
in slightly elevated berms (0.2–1 m). 
These were made when road-building 
equipment scraped the desert floor 
and piled up the rocks and soil 
alongside the road. In so doing, there 
may have been a few creosote bushes 
in the debris that survived in the 
deposited berm. This would increase 

the number of creosote bushes directly adjacent to the 
road.

2. The slightly elevated berms would also collect water 
running downhill from the side of the berm facing uphill 
and away from the road (Figure 4a). From the Google 

Figure 4 (a) Road and surface runoff collection. (b) Berm properties that may promote 
enhanced growth. 

Figure 2. Google Earth 
image of a typical section 
of Panamint Valley Road 
between California State 
Road 190 and Trona, 
CA. Note the larger sizes 
of creosote bushes in the 
roadside berm compared to 
the surrounding plain.

Figure 3. Google Earth image 
of a typical section of the 
Racetrack Road south of 
Ubehebe Crater. Note the 
absence of roadside creosote 
enhancement.
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Earth survey our impression is that this is true, though to 
a varying and relatively minor degree.

3. Compared to the compacted desert floor, berms 
are composed of relatively loose rock and soil. Their 
increased porosity would allow water to more readily 
seep into the berm, thereby promoting deeper growth of 
new and existing bushes.

4. The looser berm soil would make it easier for plant 
roots to penetrate. 

5. The looser berm soil would be more likely to let in 
sunlight to assist germination.

6. Dormant creosote seeds scraped up by road 
construction could germinate once deposited in the 
berm.

7. The slightly elevated berms would be more likely 
than the flatter surroundings to catch windborne seeds, 
thereby increasing the probability of new creosote 
growth.

8. There are more rocks per cubic meter in the berm 
than in the original desert floor because they have been 
moved from the roadbed to the berm. This creates more 
air space and conduits for water to seep. Concentrating 
rocks at the roadside is the same mechanism that makes 
the lines of Nazca visible.

9. The boundary between the original compact desert 
floor and the berm is relatively impermeable to water, so 
the berm stays more moist.

10. Being slightly elevated, the berms will catch early 
morning and late afternoon sunlight, keeping them 
slightly warmer than the plain in winter and thereby 
promoting growth.

There are probably other factors to enhance or affect 
growth. Among them might be the soil composition, 
drainage, the presence of competing plants and animals 
and possibly the effects of hydrocarbon emission from 
passing vehicles8.

4. Summary and conclusions
Roadside enhancement of creosote bushes is the result of 
rainwater runoff from the pavement and from the loose 
soil of the berms that promotes germination and growth 
in a number of ways. A key factor in enhanced creosote 
growth would seem to be the internal structure of the 
berm, something that has not to our knowledge been 
investigated.
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Research on Agassiz’s desert tortoise ecology at the Mesa 
Wind Project Site near Palm Springs, California began 
in 1995 (Lovich and Daniels 2000), about 10 years after 
the 460 turbine facility was permitted for operation. 
Research at the site intensified in 1997 with the 
initiation of a broad range of studies on the reproduction, 
ecology and behavior of tortoises living in and around 
the industrial facility (Lovich et al. 1999). This project 
is still the only renewable energy facility in the world 
with long-term published research on desert tortoises, 
including over 20 peer-reviewed scientific papers to date 
(see https://profile.usgs.gov/jeffrey_lovich for a list with 
links to pdfs of most publications). 

Highlights from 2015 publications include research 
showing that voiding behavior does not appear to affect 
survivorship of tortoises as previously suggested in the 
literature (Agha et al. 2015d). The probability of voiding 
increases with handling time, winter 
precipitation, and varies greatly by 
sex and age class. In another study 
we used camera traps to describe 
seasonal activity and the thermal niche 
of tortoises (Agha et al. 2015a). The 
relative probability of activity was 
associated with temperature, sex, and 
day of the year. Male tortoises were 
generally more active than female 
tortoises. We found significant support 
for interactions between sex and day 
of the year, and sex and temperature as 
predictors of the probability of activity. 
Using our models, we were able to 
estimate air temperatures and times 
(days and hours) that were associated 
with maximum activity during the 
study. 

Another publication based on long-term data 
of reproductive output reported the highest clutch 
frequency and annual egg output of any population of 
Agassiz’s desert tortoises (Lovich et al. 2015). Clutch 
frequency and annual egg production were generally 
unrelated to winter precipitation. Tortoises use a spatial 
and temporal bet-hedging strategy in the face of a 
variable and unpredictable environment. In addition, we 
published a paper comparing the survivorship of tortoises 
living in developed vs. more natural areas of the facility 
and found that survivorship was significantly greater in 
the developed area (Agha et al. 2015c), a possible result of 
predator avoidance of the industrial area. 

We continued to document interesting interactions 
between tortoises and other desert wildlife, including 
bighorn sheep (Agha et al. 2015b) using trail cameras 
deployed at tortoise burrows. Numerous mesocarnivores 

Figure 1. A burrowing owl interacting with an Agassiz’s desert tortoise returning to the 
burrow constructed by the tortoise. Many other species of birds, reptiles and mammals use 
or visit tortoise burrows for various reasons.
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(and even megacarnivores like bears, Lovich et al. 2014) 
visit tortoise burrows but we observed no evidence of 
tortoise predation during camera-trapping. It is possible 
that mesocarnivores visit tortoise burrows looking for 
more diminutive prey like small mammals, lizards or 
birds that were frequently observed in our photographs 
using tortoise burrows for shelter or feeding. Finally, 
incidental to our tortoise research, we recorded several 
instances of avian mortality from strikes by turbines 
including two golden eagle deaths (Lovich 2015). More 
publications are in preparation as we try to understand 
the long-term effects of wind energy production on 
tortoise and other wildlife ecology and conservation.
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American badgers (Taxidea taxus) are suspected 
predators of the federally threatened Agassiz’s desert 
tortoises (Gopherus agassizii). Predation has been 
identified as a significant factor in the decline of G. 
agassizii populations (Esque et al. 2010; Lovich et 
al. 2014). Because of the life-history characteristics 
of desert tortoises, predation pressures can have 
significant, deleterious effects on tortoise population 
size or structure. Badgers are documented predators 
of various life stages of turtles and tortoises (Ernst and 
Lovich 2009). Although they are frequently observed 
depredating nests, direct observations of badgers preying 
upon adult turtles are rare, and this includes a lack 
of empirical verification of predation on adult desert 

tortoises. Recently, strong circumstantial evidence of 
badger predation on adult G. agassizii was demonstrated 
in a study published by Embli(Emblidge, 2015 #7609)
dge et al. (2015) in the Mojave Desert of California. 
Here, we corroborate the evidence presented by 
Emblidge’s study with a new case of suspected badger 
predation on G. agassizii in Joshua Tree National Park, 
and present further evidence of badgers around the world 
as predators of adult tortoises.

In March 2015, we initiated a study on tortoise 
demography and reproduction in southern Joshua 
Tree National Park. On 1 April, 2015, we found and 
marked a large (29.6 cm straightline carapace length, 
5000g), externally healthy adult male G. agassizii. The 

tortoise inhabited a burrow located in a large 
wash that curves around a southern toe of the 
Cottonwood Mountains. On 13 April, 2015, the 
same tortoise was found dead approximately 80 m 
from the location of first capture and 4-5 m away 
from another active burrow that it presumably 
inhabited at some point. The overturned carcass 
displayed unusual mortality characteristics, 
including a nearly severed head, evisceration 
through a hole in the left inguinal pocket, intact 
limbs, and no discernable teeth or chew marks. 
The presence of tacky blood on the carcass and 
a lack of strong decomposition odor or insects 
indicated that death occurred very recently, 
possibly within the previous 24 hours. This was 
the first time since we started conducting research 
in the park in 1997 (Lovich et al. 1999) that we 
observed a tortoise killed in this manner. These 

Figure 1. An American badger (Taxidea taxus) photographed by a wildlife 
camera trap on 27 June, 2015 in southern Joshua Tree National Park 
approximately 160 m straightline distance from where the tortoise carcass was 
discovered.
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unique observations are unlike what would be expected 
if predation was the result of a common predator, such as 
a coyote, bobcat, or fox. These predators are all known to 
chew and scratch tortoise shells, even breaking parts of 
the shell bones and scutes in the process (Coombs 1977; 
Lovich et al. 2014; Peterson 1994). Additionally, these 
predators would be expected to consume the muscle-rich 
limbs of the tortoise first (Peterson 1994; Woodbury and 
Hardy 1948). With such unusual evidence presented, the 
tortoise’s predator was a mystery.

Recently, a publication by Emblidge et al. (2015) 
described some of these same mortality characteristics in 
a population of tortoises in the Mojave Desert, and the 
prime suspect was the American badger. Emblidge et al. 
placed trail cameras at the mouths of tortoise burrows 
after observing repeated predation in or near burrows 
with the unique aforementioned characteristics. Multiple 
events of badgers investigating or following tortoises 
were documented and described in their study, and these 
instances were followed by the discovery of the unusually 
killed tortoises. There were no direct observations of 
badgers killing or consuming desert tortoises, but the 
circumstantial evidence implicating badgers as the 
predator was very strong. The similarity of conditions 
between Emblidge’s study and our observation suggested 
that a badger was also our culprit. In an effort to confirm 
the predator responsible for such a gruesome death, 
two trail cameras were placed not far from the carcass 
on 29 April, 2015. Little to no activity was recorded for 
approximately two months, and the camera angles were 
then adjusted on 15 June, 2015 to provide a wider view 
of the ground. On 27 June, 2015 an American badger 
was photographed walking down the wash, toward the 
former burrow of the dead tortoise (Figure 1).

The nocturnal and secretive nature of badgers makes 
them difficult to observe in predatory encounters 
(Armitage 2004; Lindzey 1978). Wildlife records 
maintained by staff at Joshua Tree National Park show 
there were at least 90 instances of badger sightings (both 
young and adults) within the park between 1960 and 
2015, indicating that they are not necessarily rare in the 
area. Badger diggings were apparent in the wash near 
the burrow of the dead tortoise. These diggings could 
confidently be attributed to a badger due to the existence 
of extensive excavation of burrows and the removal of 
large rocks. Badgers typically dig extensively at burrow 
sites of prey items, including their preferred prey, ground 
squirrels (Spermophilus spp.) (Messick and Hornocker 
1981; Snead and Hendrickson 1942). If their preferred 

prey are not available, badgers have also been known to 
consume birds, eggs, reptiles, amphibians, or even plant 
material (Verts and Carraway 1998). Prey-switching has 
been observed in carnivores during periods of persistent 
drought, when low rainfall causes a reduction in prey 
populations, and carnivores are required to find other 
sources of food (Prugh 2005; Woodbury and Hardy 
1948). This prey-switching response may have occurred 
in badgers of the California desert over the past year 
after historically low precipitation rates prevailed at 
Joshua Tree National Park due to protracted drought in 
California (Mann and Gleick 2015).

The methods various species of badgers use to kill 
and consume desert tortoises and other turtles have 
been corroborated by multiple studies, including fossil 
evidence dating back to the Eemian interglacial period 
123,000 years ago (Kahlke et al. 2015). American 
badgers, European badgers (Meles meles), and honey 
badgers (Mellivora capensis) have all been documented as 
predators of turtles and turtle eggs in various locations 
of the world (Swingland and Stubbs 1985; Turner and 
Berry 1984; West 2010). There is at least one account 
of an American badger carrying off an adult ornate box 
turtle (Terrapene ornata) in its mouth (Legler 1960). In a 
study by Lloyd and Stadler (1998) in South Africa, honey 
badgers were indicated as predators of the tent tortoise 
(Psammobates tentorius) after discovering many tortoises 
killed by ripping anterior plastrons away from the shell 
without evidence of tooth marks. European badgers 
were identified as predators of adult European pond 
turtles (Emys orbicularis) based on microstratigraphic 
fossil evidence from Germany. Prehistoric badgers killed 
the turtle by biting the head and then opening the shell 
from the posterior (Kahlke et al. 2015). The strong 
circumstantial evidence we observed and the publication 
by Emblidge et al. (2015) suggest that modern badgers 
continue to be periodic predators of adult desert 
tortoises, and may specialize in tortoises at some sites and 
under some conditions.

Literature Cited
Armitage, K. B. 2004. Badger predation on yellow-bellied marmots. 

Am. Midl. Nat., 151(2):378-387.

Coombs, E. M. 1977. Wildlife observations of the hot desert region, 
Washington County, Utah, with emphasis on reptilian species 
and their habitat in relation to livestock grazing. Report from the 
Utah Division of Wildlife Resources, U. S. Department of the 
Interior, Bureau of Land Management, Dixie Resource Area, St. 
George, UT.

Emblidge, P. G., K. E. Nussear, T. C. Esque, C. M. Aiello, and A. 
D. Walde. 2015. Severe mortality of a population of threatened 



s. r. puffer, a. l. smith, j. e. lovich, et al. | predation of agassiz’s desert tortoise

2432016 desert symposium

Agassiz’s desert tortoise: the American badger as a potential 
predator. Endanger. Species Res., 28(2):109-116.

Ernst, C. H., and J. E. Lovich. 2009. Turtles of the United States and 
Canada, Second Edition. Johns Hopkins Univ. Press, Baltimore, 
827 pp.

Esque, T. C., K. E. Nussear, K. K. Drake, A. D. Walde, K. H. Berry, 
R. C. Averill-Murray, A. P. Woodman, W. I. Boarman, P. A. 
Medica, J. Mack, and J. S. Heaton. 2010. Effects of subsidized 
predators, resource variability, and human population density 
on desert tortoise populations in the Mojave Desert, USA. 
Endanger. Species Res., 12:167-177.

Kahlke, R. D., U. Fritz, and U. Kierdorf. 2015. Badger (Meles meles) 
predation on European pond turtle (Emys orbicularis) during the 
Eemian interglacial (MIS 5e). Palaeobiodivers. Palaeoenviron., 
95:223-235.

Legler, J. M. 1960. Natural history of the ornate box turtle, 
Terrapene ornata ornata Agassiz. Univ. Kansas Publ. Mus. Natur. 
Hist., 11(10):527-669.

Lindzey, F. G. 1978. Movement patterns of badgers in northwestern 
Utah. J. Wildlife Manage., 42(2):418-422.

Lloyd, P., and D. A. Stadler. 1998. Predation on the tent 
tortoise Psammobates tentorius: a whodunit with the honey 
badger Mellivora capensis as prime suspect. S. Afr. J. Zool., 
33(4):200-202.

Lovich, J. E., P. Medica, H. Avery, K. Meyer, G. Bowser, and A. 
Brown. 1999. Studies of reproductive output of the desert 
tortoise at Joshua Tree National Park, the Mojave National 
Preserve, and comparative sites. Park Science, 19:22-24.

Lovich, J. E., C. B. Yackulic, J. Freilich, M. Agha, M. Austin, K. 
P. Meyer, T. R. Arundel, J. Hansen, M. S. Vamstad, and S. A. 
Root. 2014. Climatic variation and tortoise survival: has a desert 
species met its match? Biol. Conserv., 169:214-224.

Mann, M. E., and P. H. Gleick. 2015. Climate change and California 
drought in the 21st century. Proc. Natl. Acad. Sci. USA, 
112:3858-3859.

Messick, J. P., and M. G. Hornocker. 1981. Ecology of the badger in 
southwestern Idaho. Wildlife Monogr., 76:3-53.

Peterson, C. C. 1994. Different rates and causes of high mortality 
in two populations of the threatened desert tortoise Gopherus 
agassizii. Biol. Conserv., 70:101-108.

Prugh, L. R. 2005. Coyote prey selection and community stability 
during a decline in food supply. Oikos, 110(2):253-264.

Snead, E., and G. O. Hendrickson. 1942. Food habits of the badger 
in Iowa. J. Mammal., 23:380-391.

Swingland, I. R., and D. Stubbs. 1985. The ecology of a 
Mediterranean tortoise (Testudo hermanni): Reproduction. J. 
Zool. (London), 205:595-610.

Turner, F. B., and K. H. Berry. 1984. Population ecology of 
the desert tortoise at Goffs, California. Report to Southern 
California Edison Company. Univ. California Los Angeles and 
U.S. Bureau of Land Management California Desert District 
Office, 63 pp.

Verts, B. J., and L. N. Carraway. 1998. Land Mammals of Oregon. 
Univ. California Press, Berkeley, 668 pp.

West, L. 2010. A multi-stakeholder approach to the challenges of 
turtle conservation in the United Republic of Tanzania. Indian 
Ocean Turtle Newsletter, 11:44-50.

Woodbury, A. M., and R. Hardy. 1948. Studies of the desert tortoise, 
Gopherus agassizii. Ecol. Monogr., 18:145-200.



244 2016 desert symposium

Sulfide, selenium and rare earth 
mineralization in the Sulfate Stope,  
Santa Rosa Mine, Inyo County, California
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Introduction 
The Santa Rosa mine is located on the east slope of the 
Inyo Mountains about 18 km northwest of Darwin, 
Inyo County, California (36°25’7”N, 117°43’26”W). 
It is the type locality for pauladamsite (Kampf, et al., 
2016) which is one of only two known selenite-sulfates. 
The mine can be reached by 10 miles of dirt roads north 
from State Route 190. The deposit was discovered 
in 1911 but significant development did not occur 
until the mid-1920s. By the 1930s it was run by the 
Santa Rosa Mining Co. of Oakland, CA and was the 
eighth largest lead producer in the state. It was worked 
intermittently until the late 1950s. Recently the area, 
including Conglomerate Mesa, has been explored as 
a possible source for gold, silver, or copper production 
but development is unlikely since the majority of the 
area surrounding the Santa Rosa mine is in the Inyo 
Wilderness. The Santa Rosa mine is patented and since it 
is private property it is not part of the wilderness area but 
it is “cherry-stemmed” in.

In 1953, according to Hall and Mackevett (1958), 
“An adit was driven under the mine workings by the 
Anaconda Company to explore the veins at depth. The 
adit was driven westerly 1,800 feet at an altitude of 
6,580 feet from the sharp bend in the road at the foot 
of the tramway from the upper Sanger workings (see 
Mackevett, 1953, pl. 2). The adit is completely in calc-
hornfels. The ore showings in the adit are sparse. Most of 
the veins have pinched out above the level of the adit, but 
some zinc-rich primary ore was discovered and was being 
mined in 1955”. 

One of the present routes of access into the mine is 
through this Anaconda adit, which is partially collapsed 
at the entrance. The sulfate stope is a chamber (about 6 
m x 8 m x 10 m) along this adit where copper and zinc 
sulfates are common. Primary sulfides were deposited 
in a garnet-containing skarn and are relatively common 
along the sides of the stope. 

Methods
Major phases were initially identified by X-ray diffraction 
(XRD). Representative sulfide samples were sectioned 
and polished for examination in the scanning electron 
microscope (SEM) and chemical analysis by energy 
dispersive X-ray spectroscopy (EDS). The purpose 
of this investigation was to determine the source of 
selenium in pauladamsite and other secondary selenium 
minerals that occur in the sulfate stope. Many of the 
primary selenides occur as very fine inclusions in sulfides 
and cannot be seen in hand samples. In many cases 
identifications have solely been made based on their 
compositions determine by EDS. Many of the Se–Te 
phases contain Pb, Bi or Ag and are much higher average 
atomic number (high-Z) than the associated sulfides. 
The EDS software (Oxford INCA) was often operated 
in automated search mode (Feature) whereby relatively 
large areas could be surveyed for high-Z minerals of 
interest with EDS being performed at each spot and the 
results cataloged in a database for later retrieval. In this 
way hundreds of similar looking tiny grains could be 
automatically examined and the database subsequently 
interrogated for unexpected compositions. Grains of 
particular interest could then be revisited for more 
detailed examination. One sphalerite-rich sample was 
found to contain a diverse assemblage of trace selenide 
phases. This sample was further lightly polished with 
colloidal silica for two hours on a polyethylene pad to 
remove previous surface polishing damage and then 
lightly carbon coated (40 nm). It was then examined by 
electron backscatter diffraction (EBSD) in the SEM. 
EBSD probes a submicron volume and can be used for 
phase identification by indexing the bands in the EBSD 
pattern to find the best match with a limited list of 
minerals determined by the EDS analyses (Schwartz, et 
al. 2000). An EBSD pattern is only produced when the 
area being probed is a single crystal. There are limitations 
to the EBSD technique, which cannot distinguish 
structures with lattice parameter differences less than 
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± 10%. This similarly applies to distinguishing cubic, 
tetragonal and orthorhombic structures where lattice 
parameters vary by less than ± 10%. However, differences 
between body- and face-centered lattices with the same 
parameters can easily be distinguished. An example of 
a sphalerite EBSD pattern, with successful indexing is 
given in Figure 1.

Primary Sulfides – Selenides – Sulfosalts
Tables 1 and 2 present representative EDS analyses of 
selenide-telluride and sulfide phases, respectively. All 
analyses have been normalized to 100 percent. The most 
common sulfides in the sulfate stope, in approximate 
decreasing order of abundance, are sphalerite, pyrite, 
galena, chalcopyrite, covellite, and arsenopyrite. The 

other phases occur in trace amounts, usually as inclusions 
in sphalerite and pyrite.

Acanthite  Ag2S
Small (to 15µm) anhedral grains of acanthite have rarely 
been observed as inclusions in sphalerite.

Aguilarite  Ag4SeS
A sulfur-containing silver selenide (to 15 µm) with 
a composition similar to aguilarite has rarely been 
observed as inclusions in sphalerite (Table 1). It may also 
represent sulfur rich naumannite.

Arsenopyrite  FeAsS
Arsenopyrite is relatively uncommon in the sulfate 
stope but has been found as steel gray crystals (to 3 

mm) associated with 
galena, cerussite and 
hemimorphite.

Bohdanowiczite  
AgBiSe2

Small (to 15µm) grains of 
bohdanowiczite are rare 
and have been observed 
as inclusions in sphalerite, 
and less commonly pyrite, 
with clausthalite and 
naumannite (Figure 2).

Chalcocite  Cu2S
Chalcocite is relatively 
uncommon but has been 
found with covellite, 
sphalerite, chalcopyrite and 
pyrite.

Figure 1. (a) EBSD pattern of sphalerite (b) with indexing.

Table 1. Representative EDS analyses (atomic %) of selenide and telluride phases.



p. m. adams | sulfate stope, santa rosa mine

246 2016 desert symposium

Chalcopyrite  CuFeS2

Chalcopyrite has been found with covellite, sphalerite, 
galena, chalcocite and pyrite. In sphalerite it has been 
observed as minute stringers (Figure 3). EBSD patterns 
were typically somewhat diffuse.

Clausthalite  PbSe
Anhedral grains of clausthalite (to 15 µm) are a very 
minor accessory phase as inclusions in sphalerite and 
pyrite. It has been found associated with bohdanowiczite 
and naumannite (Figure 2). Occasionally grains with 
compositions intermediate (Se:S = 1:1) between galena 
and clausthalite have been observed (Table 1). 

Cobaltite–Gersdorffite  CoAsS–NiAsS
Intergrowths of cobaltite and gersdorffite (to 100 
µm) have been found as accessory phases in sphalerite 
associated with covellite, pyrite and galena (Figure 4). 
The cobaltite may contain up to 8 at % each of Fe and Ni 
and the gersdorffite 7 at % Co and Fe (Table 2).

Covellite  CuS
Covellite is relatively common secondary phase and 
often forms veins with goethite in chalcopyrite. It can 
been distinguished in polished sections by its blue/
purple color (Figure 3). It has been observed in associated 
with pyrite, chalcopyrite, sphalerite, and galena. Some 
covellite contains as much as 15 at % selenium and has 
the same crystal structure as klockmannite (CuSe) 
(Berry, 1954). Covellite did not produce EBSD patterns 
suggesting a submicron grain size.

Galena  PbS
Galena is relatively common in the sulfate stope. It 
commonly contains selenium, usually up to 15 at %, but 

Figure 2. (a) backscatter SEM image of bohdanowiczite (Bo) and clausthalite (Cl) inclusions in sphalerite (Sp). EBSD patterns of (b) 
bohdanowiczite and (c) clausthalite.

Figure 3. Optical micrograph of sphalerite (Sp) with chalcopyrite 
(Cp) stringer inclusions, pyrite (Py) and covellite (Cv).

Figure 4. Backscatter SEM image of cobaltite (Co) with sphalerite 
and clausthalite (Cl) inclusions associated with sphalerite (Sp) and 
pyrite (Py).
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grains in sphalerite with up to 25 at % have been found 
(Table 1). There is a complete solid solution between 
galena and clausthalite (Liu and Chang, 1994). The 
galena often alters to cerussite with inclusions of native 
selenium to 30 µm (Figure 5). While the selenium 
in the galena is an obvious source for the selenium in 
pauladamsite, galena is not found directly associated 
with pauladamsite. Three other of samples of galena from 
the Anaconda adit and one from the Hesson workings 
were also analyzed. The sample from the west end of the 
Anaconda adit contained about 5 at % Se but selenium in 
the others was not detected.

Geffroyite  (Cu,Ag)9(Se,S)8

A phase that best fits the composition of iron-free 
geffroyite has been observed as rare anhedral inclusions 
(to 5 µm) in sphalerite.

Hessite  Ag2Te
Hessite has rarely been found 
as small inclusions (to 5 µm) in 
sphalerite. It may contain up 
to 5 at % Se and 10 at% Cu.

Krut’aite  CuSe2

A phase with a composition 
similar to krutaite was 
observed as small inclusions 
associated with clausthalite 
and bohdanowiczite in 
sphalerite. It contains up to 5 
at % Ag and 20 at % Te (Table 
1).

Naumannite  Ag2Se
Minute (< 10 µm) inclusions 
of naumannite, with up to 10 

at % Cu, have rarely been observed in sphalerite with 
bohdanowiczite and clausthalite. 

Pyrite  FeS2

Pyrite is the sulfide most closely associated with 
pauladamsite. Minute clausthalite inclusions are the 
only Se-containing phase present in the pyrite. These are 
minor accessory grains though some of the associated 
covellite may also contain selenium (to 15 at %). Pyrite is 
the sulfide most closely associated with pauladamsite. 

Pyrrhotite  Fe1-xS
Isolated rare grains of pyrrhotite were identified by EDS 
and EBSD as inclusions in sphalerite (Figure 6).

Sphalerite  ZnS
Sphalerite is common in the sulfate stope and occurs 
with pyrite, galena, chalcopyrite and covellite. Many of 
the above mentioned selenides are found as minute (< 20 
µm) inclusions in sphalerite. Sphalerite contains up to 
7 at% Fe. Sphalerite is found close to the pauladamsite 
occurrence but is not directly associated with it.

Tellurium  Te
Tellurium with up to 12 at% Se has been observed 
as minute (to 3 µm) inclusions with clausthalite in 
sphalerite.

Rare earth phases
A number of unexpected rare-earth phases were 
discovered during the automated EDS data collection.

Table 2. Representative EDS analyses (atomic %) of sulfide and arsenide phases.

Figure 5. Backscatter SEM image of selenium (Se) and cerussite (Ce) 
inclusions in galena (Ga). 



p. m. adams | sulfate stope, santa rosa mine

248 2016 desert symposium

Bastnaesite-(La)  (La,Ce)CO3F
Bastnaesite-(La) containing approximately equal 
amounts of La and Ce, was rarely found as small (to 30 
µm) inclusions in sphalerite. Identification was made 
by a combination of EDS and EBSD (Figure 7). It was 
the most common of three rare-earth phases that were 
observed.

Britholite-(La)  Ca2(La,Ce)3(SiO4)3(OH,F)
Phosphate-free britholite-(La), containing approximately 
equal amounts of La and Ce, was rarely found as small 
(to 30 µm) inclusions with chalcopyrite in sphalerite. 
It contains approximately 5 at % Ca and 5 at % F. 
Identification was made by a combination of EDS and 
EBSD (Figure 8). 

Monazite-(La)  (La,Ce,Nd)PO4

Monazite-(La) with approximately equal amounts of La 
and Ce, was rarely found as small (to 30 µm) inclusions 

with pyrite in sphalerite. The EDS and EBSD patterns 
are consistent with monazite-(La) (Figure 9). 

Secondary selenium–tellurium minerals
A number of secondary selenium and tellurium minerals 
were initially observed with the optical microscope, 
while others were only detected in the SEM. With the 
exception of selenium and olsacherite, the identifications 
of all the others have been verified by micro-XRD.

Chalcomenite  Cu2+Se4+O3.2H2O
Blue transparent crystals (to 0.2 mm) of chalcomenite are 
uncommon and have been found on fractures surfaces 
with ktenasite and gypsum (Figure 10).

Dugganite  Pb3Zn3(AsO4)2(TeO6)
Minute (0.04 mm) simple hexagonal prisms of dugganite 
were found in the sulfate stope in a vug in gossan with 
manganese oxides, rosettes of platy calcite (to 4 mm) and 
more rarely brochantite (Figure 11).

Figure 6. EBSD patterns of (a) pyrite – note higher order Laue zone (HOLZ) disks and (b) pyrrhotite.

Figure 7. (a) SEM image of bastnaesite-(La) (Ba) in sphalerite (Sp) and (b) EBSD pattern.
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Munakataite  Pb2Cu2(SeO3)(SO4)(OH)4

Dark blue acicular crystals (to 0.7 mm) of munakataite 
(XRD) have been found in a small side tunnel where the 
arsenates scorodite, beudantite, conichalcite, mimetite 
and carminite are localized. It is locally associated 
with caledonite, brochantite and linarite (Figure 
12). In the sulfate stope EDS has identified a lead-
copper selenite-sulfate with a composition similar to 
munakataite. It is associated with Se-containing galena, 
arsenopyrite, cerussite, hemimorphite, mimetite and 
possibly olsacherite. It has not been recognized in hand 
specimens. Munakataite has also recently been found at 
Otto Mountain in San Bernardino County (Kampf, et 
al., 2010). 

Olsacherite  Pb2(SeO4)(SO4)
In the sulfate stope EDS has identified a lead 
selenite(ate)-sulfate with a composition similar to 
olsacherite. It is associated with Se-containing galena, 
arsenopyrite, cerussite, hemimorphite, mimetite and 

possibly munakataite. It has not been recognized in hand 
specimens.

Pauladamsite  Cu4(SeO3)(SO4)(OH)4
.2H2O

The Santa Rosa mine is the type locality for pauladamsite 
(Kampf et al., 2016). It was discovered in 2013 in the 
sulfate stope where it occurs in limonitic gossan as 
radiating sprays (to 1 mm) of light green acicular crystals 
(to 5 µm wide) that are usually barely visible with a 20X 
loupe (Figures 13, 14). Associated minerals include 
brochantite, chalcanthite, gypsum, ktenasite, mimetite, 
schulenbergite and smithsonite. The newly described 
copper sulfate hydroxide hydrate – kobyashevite and an 
undescribed copper selenite-sulfate may also be present. 
Ktenasite, when it occurs as radiating sprays can easily 
be confused with pauladamsite because they have a 
similar color and may occur on the same specimen. The 
ktenasite, however, tends to form slightly larger, more 
bladed crystals, that are often transparent and which 
form more flat lying radiating groups. A number of trace 
primary selenides have been identified in the sulfate 

Figure 8. (a) SEM image of britholite-(La) (Br) in sphalerite (Sp) with chalcopyrite (Cp) and (b) EBSD pattern.

Figure 9. (a) SEM image of monazite-(La) (Mo) in sphalerite (Sp) with pyrite and (Py) goethite (Go) and (b) EBSD pattern.
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Figure 10. Chalcomenite with ktenasite from the sulfate stope (FOV 
= 3 mm).

Figure 11. SEM image of dugganite from the sulfate stope.

Figure 12. Munakataite from the arsenate occurrence (FOV=2.0 
mm).

Figure 13. Sprays of pauladamsite crystals (1.5 mm) from the sulfate 
stope.

Figure 14. SEM image of pauladamsite from the sulfate stope. Note 
the twinned crystals.

Figure 15. SEM image of selenium crystals with hemimorphite in 
sphalerite.
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stope along with significant quantities of selenium in 
galena so the presence of secondary selenium minerals 
is not unexpected. Pyrite, with minor amounts of 
Se-containing covellite and trace amounts of clausthalite, 
is the primary sulfide most closely associated with 
pauladamsite. This may be the source of the selenium in 
pauladamsite. 

Selenium  Se
Native selenium occurs as euhedral grains (to 30 µm) in 
cerussite formed as a result of alteration of selenium-rich 
galena (Figure 5). Selenium crystals (to 30 µm) have also 
been found in cavities in altered veins of hemimorphite 
in sphalerite near the pauladamsite occurrence (Figure 
15).

Undescribed Cu Selenite-Sulfate
A light-yellow green phase consisting of concentric 
crumpled sheets of matted needles has been found 
associated with pauladamsite (Figures 16, 17). The XRD 

pattern does not match any known mineral or inorganic 
compound and EDS analyses indicate it is a Cu selenite-
sulfate. Crystals adequate for structural analysis have 
not been found so the mineral remains undescribed and 
unnamed.

Other Secondary Minerals
Other accessory and secondary minerals identified 
during examination of the polished sections include: 
fluorite, hemimorphite, anglesite, fluorapatite, mimetite, 
cassiterite and rutile. A large number of secondary 
sulfates and carbonates have been collected from the 
sulfate stope and it is beyond the scope of this report to 
describe them in detail. These include the carbonates; 
cerussite, malachite, azurite, rosasite and aurichalcite; 
and the sulfates; ktenasite, anglesite, brochantite, 
antlerite, chalcanthite, zincmelanterite, boyleite, 
bianchite, brainyoungite, develline and gypsum. Of 

Figure 17. SEM image of unknown Cu selenite-sulfate from the 
sulfate stope.

Figure 16. Pale yellow-green clusters of an unknown Cu selenite-
sulfate with ktenasite from the sulfate stope (2 mm FOV).

Figure 18. Pseudohexagonal crystals of osakaite-lahnsteinite from 
the sulfate stope (2.0 mm FOV).

Figure 19. Pale blue kobyashevite crystals and sprays of pauladamsite 
from the sulfate stope (1.1 mm FOV). A. Kampf image.
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particular interest are osakaite-lahnsteinite (Ohnishi, 
et al. 2007 - Rastsvetaevaa et al. 2012) and kobyashevite 
(Pekov, et al., 2013), which have only recently been 
described. The Santa Rosa mine is the second, or third, 
reported occurrence for these species.

Osakaite-Lahnsteinite  Zn4(SO4)(OH)6
.5H2O - 

Zn4(SO4)(OH)6
.3H2O

Osakaite-Lahnsteinite occurs as pseudohexagonal clear 
colorless crystals (to 0.50 mm) with gypsum in the sulfate 
stope (Figure 18). The crystals change reversibly from one 
species to the other depending on the humidity. Crystals, 
as collected were lahnsteinite but transformed to osakaite 
in the laboratory under higher humidity conditions 
(A. Kampf, pers. comm.). Potentially both species may 
occur in the mine depending on the ambient humidity, 
which does change sufficiently to alter fresh pale blue 
zincmelanterite to white chalky boyleite/bianchite. 
Some of the crystals have a pale blue color resulting from 
inclusions of schulenbergite. Pale blue pseudohexagonal 
“crystals” of schulenbergite are thought to represent 
complete pseudomorphs after osakaite-lahnsteinite.

Kobyashevite  Cu5(SO4) 2(OH)6
.4H2O

Until recently kobyashevite had only been known 
as a synthetic compound (Strandberg, 1995). It was 
identified on specimens of pauladamsite during its 
formal description. It occurs as clusters of minute 
flat pale blue crystals on gossan (Figures 19, 20). In 
addition to pauladamsite it occurs with ktenasite, 
brochantite, chalcanthite, gypsum, zincmelanterite 
and hemimorphite. The association with other blue to 
blue-green sulfates makes positive visual identification 
problematical. Verifications were made by XRD and the 
somewhat unique appearance of the hydroxyl region of 

Figure 20. SEM image of kobyashevite from the sulfate stope.

the infrared spectrum, compared to the other hydrated/
hydroxyl sulfates.
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Architecture, geochemistry, and 
paleomagnetic directions of the 5.42 Ma 
Broadwell Mesa basalt volcanic field, 
Bristol Mountains, California

David Buesch and Geoffrey Phelps
USGS Menlo Park Office, dbuesch@usgs.gov

New geologic mapping and associated topical studies 
present a deeper understanding of the eruptive history 
and geochemistry of the basalt of Broadwell Mesa 
and its subsequent deformation. Broadwell Mesa is 
a topographical high volcanic mesa within rugged, 
high-relief ridges and valleys. The mesa is located in the 
western Bristol Mountains, California, which is part 
of the BLM-managed Kelso Dunes Wilderness Area 
(Figure 1). Early mapping by Dibblee (1967) identified 
folded and faulted Miocene volcanic and sedimentary 
rocks unconformably overlain by the basalt of Broadwell 
Mesa. Gardner (1940) estimated the age of the basalt as 
Pliocene(?)–Pleistocene, and Dibble (1967) presumed it 

to be Pleistocene, but now it is known to be Miocene in 
age. West of Broadwell Mesa, Dibblee (1967) mapped 
an unnamed, east–west-striking fault transecting the 
Miocene and older rocks. Phelps and others (2012) 
traced this fault eastward along the south side of 
Broadwell Mesa (naming it the Broadwell Mesa fault) 
to where it transects the basalt and Quaternary alluvial 
deposits (Figure 1). The Broadwell Mesa fault clearly cuts 
the basalt; however, the sense and amount of separation 
across the fault have not yet been identified.

The mapped Broadwell Mesa basalt unit (Tbm) 
encompasses a ~6.0 km2 volcanic flow field with 
architecture including numerous lava flows, a ~1.1 km2 

Figure 1. Location and simplified geology of Broadwell Mesa basalt exposures in the west Bristol Mountains, California. Inset: Location 
of study area in the Mojave Desert, east of Barstow. Base image is on NAIP images c34116h1.jp2 and c34116g1.jp2 (State of California 
Geoportal, http://portal.gis.ca.gov/geoportal/).
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lava lake, and a ~0.17 km2 cinder cone (Figure 1). The 
cinder cone is the only clearly identifiable vent area. 
North of the fault, there are lava flows, a lava lake, and 
a cinder cone. Locally, outside the lava lake, there are 
there are one to five lava flows with thicknesses of 0 to 5 
m, and one lava flow has a minimum runout of ~5 km 
to the northwest. The lava lake is bounded by marginal 
levees, has up to six lava flows that have thicknesses of 0 
to 10 m. The surface of the uppermost lava flow drapes 
the levee and has low relief except for a few local tumuli 
or drape structures. The cinder cone is elongate parallel 
to the Broadwell Mesa fault (460 m long, 360 m wide, 
and 40 m high), and in detail consists of two adjacent 
cones. Most of the cinder cone material is scoria lapilli 
with local accumulations of thin basalt flows. Fusiform 
or spindle-shaped bombs occur locally, and a few cored 
bombs up to 1.7 m diameter formed as fragments of 
agglutinate with fragment-centered radiating cooling 
fractures. South of the fault, up to 18 lava flows vary in 
thickness from 0 to 8 m, and locally, many have ~2 m of 
relief on the upper surface of the flow. Many of the flows 
have tumuli with relief of 2 to 5 m. Locally, there are 1 to 
7 lava flows. Where traced southward, the sequence of 18 
lava flows represents the lateral growth of the field rather 
than a vertical stacking of flows. Throughout the field, 
on both sides of the fault, where the tops of lava flows 
are exposed, most have thin chilled crusts with ropy 
pahoehoe structures.

The basalt has a whole-rock 5.42±0.035 Ma Ar40/
Ar39 age (Robert Fleck, USGS, written commun., 2014) 
, and was erupted in a relatively short (not quantified) 
amount of time. Remanent paleo-magnetic directions 
were measure by John (Jack) Hilllouse (USGS, written 
commun., 2015) from oriented hand samples. Ten 
samples were from north of the fault at location 1350 
with five lava flows (2 samples per flow) from a >26.5-m 
thick measured section in the lava lake (samples are 
from the lowest exposed to the uppermost lava flows). 
Four samples were from south of the fault at location 
1077 (2 samples per flow). The data in the areas north 
and south of the fault show small variations in magnetic 
declination and inclination (169°, -37° and 156°, -46°, 
respectively), and the variations between the areas might 
indicate a counter-clockwise vertical axis rotation of 
~13°. This tight clustering of magnetic data (no secular 
variation was detected) is consistent with eruptions in 
a short amount of time. Field relations also indicate a 
short duration for the development of the volcanic field. 
Although the marginal levees of many flows have been 
eroded along the edges of the field, all sections examined 
consist of a sequence of lava flows with no interstratified 
sedimentary deposits. The lack of (1) sedimentary rocks, 
which are interpreted as the absence of excursions of 
streams into or across the lava flows, (2) weathered lava 
flow tops, and (3) aeolianite deposits, all indicate a short 
timeframe within which the lava flows accumulated. 

Chemically, the rocks are basalt, 
as defined on a total alkali versus 
silica (TAS) diagram, and major, 
minor, and trace elements indicate 
minor, but measureable, variations in 
compositions between lava flows (Figure 
2). Geochemistry was determined 
using (1) wavelength dispersive X-ray 
fluorescence spectrometry (WDXRF) 
and inductively coupled plasma-atomic 
emission spectrometry (ICP-AES) 
at the USGS laboratory in Denver, 
Colorado, (GCden), and (2) a portable 
XRF (pXRF) in the field. Detection 
limits of the WDXRF are 0.01%. For 
the pXRF (even some of the Rare Earth 
Elements, REE) the detection limits 
range from 4 to 100 ppm. Analyses of 
element concentrations from GCden 
and two analytical modes in the pXRF 
(Soil and TestAll) indicate similar trends 

Figure 2. Total alkali versus silica (TAS) diagram for Broadwell Mesa basalt. Insert is 
Broadwell Mesa basalt data plotted on a full TAS diagram (basalt, Ba; basaltic andesite, 
BA; andesite, An; dacite, Da; rhyolite, Rh; trachybasalt, TB; basaltic trachyandesite, 
BTA; trachyandesite, TA; and trachyte, Tr). Full-sized graph is Broadwell Mesa basalt 
data plotted within the basalt field of the TAS diagram. Sample numbers 1350 are from 
a stratigraphic section north of the Broadwell Mesa fault with arrows indicating the 
stratigraphic sequence. Sample numbers 1077 are from two flows with A and B in one 
flow, and C and D in a second flow.
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in the amounts of elements, but the pXRF data tends to 
have similar or slightly smaller values. Both GCden and 
pXRF data indicate minor stratigraphic variations, and 
there appear to be several sequences of compositional 
changes during the accumulation of the lava flow 
sequences. These compositional sequences probably result 
from different eruptive events during the formation of 
the field.

In summary, the Broadwell Mesa basalt resulted 
from a series of eruptions that occurred in a short 
period of time during the Miocene (actual duration is 
not measurable). The eruptions formed a moderately 
complicated field with a few long runout lava flows, a 
lava lake, local sequences of 1 to 6 lava flows north of the 
fault, local sequences of 1 to 7 lava flows with a total of 
18 lava flows south of the fault, and a cinder cone. The 
volcanic field is transected by the Broadwell Mesa fault 
that has some down-to-the-south separation, but an 
unknown amount of strike-slip separation. 

Acknowledgements
We would like to acknowledge the Bureau of Land 
Management Needles office for their help and 
cooperation with our study within the Kelso Dunes 
Wilderness Area. We also acknowledge the collaboration 
with David Miller, Kevin Schmidt, and Andy Cyr (all 
USGS) who are mapping the pre- and post-Broadwell 
Mesa basalt rocks, deposits, and faults.

References
Dibblee, T.W., Jr., 1967, Geologic map of the Broadwell Lake 

quadrangle, San Bernardino County, California: U.S. Geological 
Survey Miscellaneous Geologic Investigations Map I–478, scale 
1:62,500.

Gardner, D. L., 1940, Geology of the Newberry and Ord Mountains: 
California Jour. Mines and Geology, v. 36, no. 3, p. 257-292, pl. 
11.

Phelps, G.A., Bedford, D.R., Lidke, D.J., Miller, D.M., and Schmidt, 
K.M., 2012, Preliminary surficial geologic map of the Newberry 
Springs 30’ x 60’ quadrangle, California: U.S. Geological Survey 
Open-File Report 2011–1044, pamphlet 68 p., 1 sheet, scale 
1:100,000. (Available at http://pubs.usgs.gov/of/2011/1044/.)



256 2016 desert symposium

Accretionary lapilli:  
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1. Introduction
Lapilli (singular lapillus) are pyroclastic particles of 
any shape with diameters of 2–64 mm that have fallen 
to the ground after volcanic eruptions. Accretionary 
lapilli (AL) are small, spheroidal balls of aggregated ash 
that are sometimes formed when water meets magma 
and violently flashes to steam. Most are created during 
phreatomagmatic eruptions but other types of eruptions 
involving water can produce them1-4. It is also possible 
that preexisting atmospheric water vapor can provide 
the necessary moisture.  AL can also form in the plume 
from an asteroid impact5,6 and may have been found 
on Mars7. In the California deserts, Ubehebe Crater 
and at least one of the Salton Buttes were created 
by phreatomagmatic eruptions8,9, though to date no 

AL have been found except in northern and central 
California1.

Formation and growth of AL occurs in the eruption 
column and dispersing ash cloud. Development may 
proceed along several different paths, but all seem to 
involve aggregation10 of ash particles in the presence of 
water in any of its three phases. Electrostatic attraction is 
also thought to promote their formation. Different parts 
of the ash eruption column may have different grain 
sizes and particle morphology and so each lapillus grows 
by adding distinct concentric layers. Eventually the AL 
fall to the ground, and thus are somewhat analogous to 
hailstones.  Depending on formation conditions, lapilli 
can vary between muddy rain, mud balls or hard spheres. 
The cementation process is not well understood. 

abstract: Accretionary lapilli from Tagus cone, Isla Isabela, Galápagos were analyzed using 
scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) techniques. 
Our main findings are (1) the lapilli formed and hardened in a few minutes while still aloft in the 
dispersing eruption column, (2) palagonite rinds developed first on the basaltic glass clasts, and 
subsequently crystallized, (3) the crystallization products contain submicron lamellar crystals of 
a clay (probably smectite) on the surfaces of basaltic glass clasts, and (4) the interlocking of these 
lamellar clays from adjacent clasts binds and cements them together to form the accretionary 
lapillus. We argue that palagonite and possibly clay formation occur primarily in the presence of hot 
water vapor.

Figure 1. Location map of Tagus cone, Isabela Island, Galápagos
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Accretionary lapilli are found in many parts of the 
world including the Galápagos Islands. Several dozen 
AL were collected on 12 Feb 2013 from a small area on 
the north flank of Tagus cone, a cone on the coastline 
(possibly a littoral cone) on Darwin Volcano, Isabela 
Island (Figure 1). The age of the cone is not known, but 
geomorphic features appear fairly young and is only 
slightly rilled. The southern section has been breached 
and the ocean side slopes have been eroded by wave 
action. The islands are on the Nazca Plate near the 
Galápagos Triple Junction and are composed primarily 
of mid-ocean-ridge basalts (MORB). Darwin volcano is 
an active shield that last erupted in 181311. Palagonitic 
soil and tuff are common in the area because palagonite 
is a common and an almost immediate alteration product 
when water interacts with basaltic glass12. The term 
“palagonite” has been used as a mineral assemblage (a 
relatively homogeneous, amorphous to poorly crystalline 
replacement product of basaltic glass) or to mean 
different sedimentary and alteration facies in tuffaceous 
rocks. Here we use it to mean the hydrothermally 
altered or hydrated but amorphous to poorly crystallized 
material derived from glassy basalt. Palagonite is 
typically yellow-brown in color due to ferric oxide Fe2O3, 
(rust), i.e., the same color as the AL reported here. In this 
paper we report detailed analyses of the AL with the goal 
of understanding the cementation process.

2. Macroscopic properties
As encountered on the ground, accretionary lapilli are 
loose and numerous with hundreds per square meter. 
Also present are abundant lithic lapilli.  Nearby there 
are exposures of lapilli tuff that contained AL, and it 

is not clear whether these deposits might be the source 
bed for the sampled AL, but none of the AL sampled 
have what appears to be attached matrix from a host 
rock. The AL are well indurated, i.e., too hard to crush 
between the fingers. AL have smooth surfaces, are 
round to mildly oblate, range between 5 and 15 mm 
in diameter and are tan in color (Figure 2). They show 
little or no surface color variations. There appears to be 
no differences between the tops and bottoms, as there 
might be if weathered or bleached by the sun. Mass and 
volume measurements of three lapilli show porosities 
ranging between 40% and 60%. When soaked in water 
they do not disaggregate. Immersion in hydrochloric acid 
produces no reaction.

Seven AL were cut open with a diamond saw, vacuum 
impregnated with epoxy and polished to reveal the 
internal structure.  AL were cut, as close as possible, 
to expose the center of the AL, and none had a central 
lithic clast core or “seed” as would an armored lapilli. All 
have the characteristic concentric layering, and different 
layers have different colors and textures with significant 
porosity ranges among the layers.

3. Microscopic analyses
Samples were examined in a JEOL model 7600F field 
emission scanning electron microscope (SEM) equipped 
with an Oxford X-Max energy dispersive spectrometer 
(EDS). An accelerating voltage of 2KV was used for 
high resolution imaging of non-carbon coated samples 
while 15 KV was used for EDS analyses of carbon-coated 
samples. When EDS analysis for carbon was required, 
uncoated samples were examined in a JEOL model 
6460LV variable pressure SEM.

Figure 2. (a) Lapilli at the collection site. (b) Cross section of typical accretionary lapillus.
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4. SEM imagery
In the scanning electron microscope (SEM), polished 
sections reveal a wealth of heterogeneous morphology 
on all scales (Figure 3). The main layering is evident in 
both packing density and clast size, and these textures 
are sometimes correlated; in general, clasts are larger 
near the center of the lapilli and become smaller toward 
the surface but with considerable variation. All lapilli 
have exterior layers composed of small closely spaced 
particles. Center-to-edge SEM mosaics were thresholded 
with Image-J image analysis software to produce binary 
images where voids are black and solids are white. The 

Image-J box tool was used to produce a line profile where 
the average gray level can be correlated with the percent 
porosity (0= 100% porosity, 255 = 0% porosity). An 
example is given in Figure 4a.

The grain components include rock fragments, crystals 
(plagioclase, pyroxene, and olivine), glass with devitrified 
rinds and voids. In backscatter electron images the main 
components of glass, crystals (plagioclase), devitrified 
rinds (or grains) and voids can be distinguished by gray 
level (in decreasing order). Gray level thresholding in the 
SEM/EDS software was used to estimate the relative 
abundances. In several lapilli the proportions of glass, 

Figure 3. Backscatter 
SEM image of lapillus #1 
polished cross section. 
Layering is mostly 
concentric, but thickness 
of layers is not constant, 
and some layers are not 
traceable around the entire 
lapillus.

Figure 4a. Backscatter 
SEM image of lapillus #2 
polished cross section with 
porosity profile calculated 
from binary image. The 
radius of lapillus #2 is 
7 mm. Average largest 
dimension of particles in 
center dense band and rim 
is 7 µm.

Figure 4b. Backscatter 
SEM image of center of 
lapillus #2. Porosity is 
about 35%. Average largest 
dimension of particles is 
35 µm.

Figure 5. Backscatter 
SEM image of lapillus 
#3 (5.5 mm radius) 
polished cross section. 
Note the gradual decrease 
in particle size toward 
the surface (left edge of 
image).
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crystals and devitrified material are approximately equal. 
In lapillus #3, however, there is a marked difference in 
the degree of devitrification between the core (17%) and 
rim (59%), and this correlates with decrease in porosity 
from the core (31%) to the rim (15%), (Figure 5).

Most glass shards have concave surfaces, indicating 
that they are parts of bubble walls. Indeed, vesicles 
(“bubbles”) are commonly preserved (Figure 6). A large 
fraction of the glassy clasts shows altered palagonite 
rinds paralleling the surfaces, but crystals of plagioclase 
and pyroxene lack such rinds. The rinds are darker in 
the SEM imagery, the result of a lower mass density 
compared their parent clasts. Lower mass density can 
occur in two ways: 1) hydration during alteration, 2) the 
development of nanovoids. Palagonite is an alteration 
product of basaltic glass and is widely observed when 
basalt is exposed to water13-16. The rinds are fairly 
uniform in thickness, about 2 µm, and many are slightly 
separated from the clasts and show internal layering. 

Accumulations of very small completely altered glass 
shards and broken rinds form bands of very low porosity, 
such as the rims and internal layers of lapilli (Figures 4a, 
5).   These small rind pieces may represent mechanical 
spalling from the original host glass grain, then 
separation and sorting of the rind piece from the glass 
grain. A close up of one of these dense closely packed 
layers, which contains only devitrified material and 
small plagioclase and pyroxene grains (average maximum 

dimension 7 µm), is shown on the left in Figure 7. Clasts 
appear to be arranged randomly, though occasionally 
there is some evidence of alignment and systematic 
orientation.  

In the laboratory, some lapilli were broken open by 
crushing. SEM images of the fracture surfaces reveal 
that breakage was (1) along crystal and glass-shard grain 
boundaries, (2) rarely across crystal or glassy grains, (3) 
between glass shards and rinds, and (4) across narrow 
“bridges” of lamellar material that connect larger 
grains. The surfaces of the glassy clasts underneath the 
palagonite rinds are typically etched. All the surfaces 
of glassy clasts and palagonite rinds have a coating of 
submicron lamellar or platy crystals (Figure 8). The 
lamellar coating is absent on plagioclase or pyroxene 
grains.

5. Chemical composition
Energy Dispersive Spectroscopy (EDS) in the SEM was 
used to determine the compositions of the individual 
constituents. Table 1 gives the compositions of typical 
plagioclase crystals, glass clasts and palagonized rinds. 
Note that the lamellar coatings on rinds (Figure 8) 
are too small to be independently analyzed by EDS 
because the EDS interaction volume is on the order of 
1 µm. Figure 9 shows ternary composition diagrams 
for plagioclase and pyroxene grains from a single 
representative lapillus. The plagioclase grains do not show 

Figure 6. Backscatter 
SEM images of lapillus 
#1 polished cross section. 
Left: Light gray glass 
shards (G) have concave 
surfaces, voids and thin 
palagonized rinds (R). 
Medium gray grains are 
plagioclase or pyroxene 
(P). White grains are 
Fe-Ti oxides. Right: close 
up of highly palagonized 
glass shard.

Figure 7. Backscatter 
SEM image of lapillus 
#2 polished cross section 
(upper left in Figure 
4a). Most of the glass 
on the left has been 
palagonized. Remaining 
clasts are predominantly 
plagioclase.
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significant zoning, based on backscatter SEM images, 
but do show a bimodal distribution with compositions 
in both the bytownite and labradorite–andesine fields. 
Pyroxenes are ferrosilite poor (Fs7–23) augite. These 
compositions are consistent with mid-ocean-ridge 
basalts.

The composition of the glass 
shards is basalt based on Le Bas 
et al.’s classification in the total-
alkali-silica diagram (TAS)17. 
The MgO-Na2O-K2O ternary 
diagram (Figure 10) best shows the 
differences between the glass shards 
and palagonite rinds. In the rinds, 
Na2O is absent with generally minor 
enrichment in K2O. There is also a 
slight increase in CaO in the rinds 
with respect to Al2O3 and SiO2. The 
rinds also show significantly low 
analytical totals (Table 1), a result 

of the very fine-grained material taking a poor polish, 
having moderate porosity, or significant hydration. 
Normalizing the rind compositions to 100% shows 
that, in addition to depletion in Na2O, there are also 
significant decreases in MgO and CaO coupled with 

Figure 8. Low voltage SEM image of fractured lapillus surfaces showing submicron lamellar material coating surfaces of glass shards and 
interior and exterior surfaces of palagonite rinds. (a) Lapillus #1: Glassy clasts with rinds. (b) Lapillus #3: lamellar coating on surface. (C) 
Lapillus #1: lamellar coating on clast (right) and rind (left). (d) Lapillus #1: Close up of lamellar coating showing interlaced crystals.
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enhancements in Fe2O3, MnO and TiO2. This is 
consistent with the loss of more mobile species during 
palagonization12.

6. Discussion
The eruption that produced the Tagus cone AL was 
relatively recent because the AL were found loose on 
the ground, i.e., not covered, and showed no sign of 
erosion or aging.  There is some palagonite lapilli tuff 
exposed nearby, but it is not clear whether these beds 
were the source of the collected AL, and the weathering 
characteristics of these deposits differ from the location 
of the collected AL. The tan color of the AL is almost 
certainly due to Fe2O3 (rust) and/or the occurrence of 
palagonite. Indeed, the palagonite tuff exposed near 
where the AL were found is the same color, varying 
slightly over the area.

In the Tagus cone AL, glassy clasts are so abundant 
that they are almost certainly juvenile, i.e., formed by 
fragmentation and ejection of lava during the eruption. 
In contrast, a purely phreatic eruptions can eject 
older, crystallized clasts like those found in the 1790 
accretionary (armored) lapilli-bearing ash at Kīlauea18,19.

The complicated layering of grain sizes, and the 
types and abundances of grains (crystal fragments, glass 
shards, and rock fragments), indicate that growth of the 
accretionary lapilli resulted from changing availability 
of these components in the dynamic environment of an 
eruption column and distribution plume. In all layers of 
the lapilli, various amounts of very fine-grained shards 
occur, some partially coating larger grains or forming 
bridges between the larger grains. These differences 
in size, concentration and abundance of grains are 
consistent with differing amounts of energy and 

Figure 9. Ternary composition diagrams for plagioclase feldspar and pyroxenes.

Figure 10. Ternary composition diagrams for glass shards and palagonite rinds.

A B
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materials in a vigorously turbulent system as individual 
cells of air, water vapor, and particles evolve, and where 
a lapillus is caught up in and transferred to another 
turbulent cell. Layers that range in thickness around 
the lapillus, and locally pinch out, might result from 
the short duration the lapillus traversed a region of one 
composition (aggradation on the leading side and not the 
trailing side), or collisions between lapilli that knocked 
off edges. The rind pieces might have been knocked off 
their parent glass shard, or spalled during changes in 
temperature or hydration, and then were mechanically 
sorted from their parent grain during transfer from 
region to region. In all the lapilli, the outer surface layer 
of is very fine grained, and is consistent with the lapilli 
falling through an overall finer-grained and lower energy 
environment such as the outer edges of an eruption 
column or the distribution plume.

The notion that AL are spherical because water drops 
are spherical and that aggregation took place primarily 
in the presence of water drops via surface tension seems 
untenable: rain drops do not reach diameters of 5–15 
mm20. Any drop larger than 4–5 mm in diameter will 
fragment into smaller drops by aerodynamic forces. 
Spherical accretionary lapilli have been produced in 
laboratory experiments within a range of 12–45% 
relative humidity and a wide range in grain size, 
especially with abundant very fine grains21. 

Spherical aggregation can occur if a lapillus tumbles 
whiles falling through the ash cloud, thereby exposing 
every surface to the flux of particles. Such aggregation 
is similar to the formation of hailstones, which are 
also roughly spherical and show concentric internal 
layering. Tumbling is the most common form of motion 
for irregular particles because of the complexity of the 
inertia tensor. Furthermore, aerodynamic drag and 
lift on an asymmetric particle will force it into chaotic 
motion.

If the lapilli were not fully hardened on impact, they 
might still have remained intact if they fell into a soft 
ash bed; as would be the case if a previous event had 
deposited an ash layer. Also, erosion might have removed 
the ash bed leaving the lapilli on the ground; however, 
there is no evidence of residual matrix from a host ash 
bed that is still attached to the AL. If the lapilli were not 
fully hardened on impact, and they remained intact, it 
is possible that they would have flattened a bit, become 
oblate, and formed a flat side where the AL impacted and 
rested on the ground. This type of shape distortion seems 
unlikely because it would suggest a correlation between 

lapillus diameter and oblateness where the larger lapilli 
might be more prone to this deformation resulting from 
size, volume, mass, and low cohesion relations. We saw 
no correlation between oblateness and diameter.

The AL appear to have formed the shapes and 
hardened while still aloft, otherwise they would likely 
have disaggregated on impact. Terminal velocities for AL 
of the observed mass densities in the 5–15 mm diameter 
range are 10–20 m/s. They must also have been cool, as 
there was no evidence that the AL were part of a welded 
tuff, although there was lapilli tuff in the area. The AL 
were slightly oblate and few if any were prolate. This is 
probably the result of spinning as they formed. It could 
also have been the result of slight flattening on impact, 
but such events would have produced flat sides and/or 
possible fractures of the external layers and we have little 
or no evidence of either.

Previous work on AL has identified basalt chemistry, 
heat, and water as key elements in Al formation, 
and some work has proposed involvement of various 
types of salts being involved in the grain aggradation 
cementation. A crucial factor in understanding the 
cement’s origin and chemistry is that the cement must 
have formed and hardened in the few minutes aloft.

Time aloft is difficult to specify with any certainty. 
Reported time between eruption and ash aggregates 
arriving on the ground is in the 5–30 minute range for 
a high-standing, dike-driven eruption column10. During 
this time, the component clasts in the eruption column 
were hot and immersed in dynamic water clouds, so 
aqueous chemistry would be expected. Phreatic and 
phreatomagmatic eruptions from littoral cones tend to be 
much less violent than dike-driven eruptions; therefore, 
the ejecta would probably have been aloft for less time.  

The palagonization rate is strongly temperature 
dependent22. Assuming 10 minutes aloft, a 2 µm 
thick palagonite rind would form if the average clast 
temperature was about 164° C, which is consistent with 
the expected temperature of a cooling and dispersing 
eruption column. The palagonization rate, however, is 
so strongly temperature dependent that the rinds could 
have formed in a much shorter time if their average 
temperature was a higher. For example, if they were 
only aloft for 1 minute, the temperature necessary to 
produce a 2 µm thick rind would be 245° C, and this is 
well within the expected range of temperatures in a less 
violent eruption column.

In the Tagus cone AL, the observed layering of the 
rinds (micro) and lapilli (macro) can be explained by 
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variable palagonization rates as the growing lapilli 
passed through different temperature, moisture and 
particle size/composition regimes. We assume that 
palagonization is, at least initially, an ongoing process 
that begins as soon as hot particles are exposed to water 
(or water vapor) and proceeds at varying rates depending 
on temperature and availability of water. Palagonization 
will not, however, continue indefinitely because the clay 
forms a moisture-proof, passivation layer, effectively 
sealing the rinds.

7. What’s holding the tagus cone 
accretionary lapilli together?
Our analyses suggest that the cement binding the 
AL together was initially palagonite, followed by the 
ubiquitous lamellar coating (Figure 8) on the exterior 
of the rinds as seen in the SEM mages of the fracture 
surfaces. When a heterogeneous solid consisting of 
strong clasts and relatively weaker cement is broken, 
cement remains on opposing faces of the fracture (Figure 
11). We further argue that the rinds formed before the 
lamellar coating. Abundant evidence indicates that 
the chemical evolution of basaltic glass in the presence 
of water begins with palagonization and is often 
followed by complete crystallization of the palagonite 
to smectite12-16. High magnification SEM images show 
that the morphology of the lamellar coating is virtually 
identical to that of smectite found in many other sources, 
and the composition of the coating is consistent with 
the chemical analyses. Since the fracture surfaces show 
lamellar coatings, we interpret this to mean that the 
palagonite rinds underwent crystallization and that 
lamellar smectite on the surfaces of adjacent clasts 
interlock, acting as cement. Smectite development may 
have resulted from dehydration of the lapillus as it fell 
from the cloud into drier air, but it might have continued 
slowly as the lapillus lay on the ground surface.

What is the composition of the cement? It cannot be 
any mineral that is water soluble because it would not 
survive in porous lapilli in the rainy environment of the 
Isla Isabela. Therefore, chlorides, sulfates, and salts of 
K, Na and NH4 can be eliminated from consideration. 
Carbonates cannot be the cement because the lapilli 
did not react in hydrochloric acid. Furthermore, EDS 
on fracture surfaces (non-carbon coated in a variable 
pressure SEM) did not show the presence of carbon so 
calcite is ruled out. Similarly, EDS on fracture surfaces 
did not show sulfur or chlorine (Section 4) so halite or 
gypsum/anhydrite are not likely cements. The absence 

of chlorine may indicate that the water supplied during 
water–magma interaction and fragmentation had 
little or no sea water, or that chlorine was lost during 
palagonization or smectite formation.

Our investigations suggest that the lamellar coating 
is most likely composed of a variety of smectite 
resulting from crystallization of palagonite. High 
magnification SEM images show that the lamellar 
coating’s morphology is virtually identical to that of 
smectite found in many other areas. Smectite has been 
directly linked to the temporal and chemical evolution of 
palagonite12-16, 24, and its composition is consistent with 
our chemical analysis.

8. The role of water vapor in palagonization
There would appear to be two types of palagonization: 
subaquatic and aerial. The former takes place when 
hot lava meets liquid water, as on the sea floor. Aerial 
palagonization occurs when hot lithic clasts interact with 
water vapor in the atmosphere (including in eruption 
columns). The main difference between the two is the 
presence of air, i.e., gaseous nitrogen and oxygen. While 
subaquatic and aerial palagonization would appear to be 
distinctly different processes, perhaps they are not. 

When water touches hot lava at low confining 
pressures, it instantly flashes into steam such that liquid 
water spends essentially no time in contact with the 
lava. The steam acts as a barrier between lava and liquid 
water, i.e., the Leidenfrost effect23. Thus, subaquatic 
palagonization—until the lava cools to below about 
100° C or thereabouts—occurs primarily between the 
lava and hot water vapor. Pressure in the deep ocean 
may prevent vaporization. Aerial palagonization also 
takes place between lava clasts and water vapor. Given 
enough water vapor in the eruption column, water vapor 
will always be in contact with the clasts. It therefore 
seems likely that both types of palagonization should be 
similar. Owing to palagonization’s strong temperature 
dependence, either type would be expected to occur 
primarily at high temperatures.

If water vaporizes upon contact with hot lava, one 
might expect the vapor to form gas bubbles that rise from 
the contact area. Videos of pillow formation indeed show 
bubbles and a haze rising from the pillows. We think it 
likely that the haze is composed of microscopic water 
vapor bubbles. There probably is also a component of gas 
released by the lava.

The late stages of palagonization and eventual clay 
formation might also be similar. Once the lava cools 
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below 100° C, liquid water can remain in contact 
with it and palagonization will continue, though at 
a much slower rate. Since clay formation occurs after 
palagonization, it might happen more readily when 
liquid water is present. The same is true of aerial 
palagonization. Once the air temperature has dropped 
below 100° C (lower for higher elevations where the 
pressure is lower and the boiling temperature of water is 
depressed), liquid water will nucleate and water droplets 
will form. The water can interact with palagonite to 
continue the process of alteration, or it might promote 
formation of clay. 

Most of the studies on palagonization are based on 
subaquatic conditions, while ours are unquestionably 
aerial in nature. Yet, our findings are quite similar to 
those from subaquatic palagonization and clay formation 
(Figure 11). Therefore a good case can be made for 
palagonization as a process mainly involving water vapor 
rather than liquid water.

9. Summary and conclusions

The main findings of this work are (1) the cement 
binding the Tagus cone AL together is a clay-like 
material, initially most likely palagonite and the thin 
layer of smectite and (2) the cement must have formed 
within a few minutes of the eruption. We further argue 
that subaquatic and aerial palagonite and clay formation 

Figure 11. This drawing was taken from Figure 15 of Stroncik and Schmincke24. AGS1 
is mixed phase palagonite and crystals. AGS II is primarily crystalline. Note the overall 
similarity between their figure and our findings, specifically a glass clast surrounded by 
palagonite with “layer silicates, zeolites, etc.”, i.e., the same lamellar coatings we observe. 
While we agree with their layering of solids, we suggest that for the Tagus AL, much of the 
development of rinds on the glass takes place in the presence of water vapor, rather than 
“fluid”.

occur primarily in the presence of hot 
water vapor, with liquid water playing a 
smaller role. 

The picture that emerges from our 
analyses suggest that the following 
steps took place sequentially to produce 
AL: 
1. Vesiculating basaltic magma 
interacted with water (either 
seawater or groundwater) to form 
a phreatomagmatic eruption that 
propelled hot vitroclastic fragments 
into the air, where tiny glass shards 
congealed but remained much warmer 
than 100° C. 
2. Palagonization began immediately 
upon exposure to hot water vapor, 
and a palagonite rind formed on every 
glassy clast.
3. Rinded clasts began colliding and 
sticking together, the earliest stage of 
accretionary lapillus formation. The 

presence of rinded clasts throughout the lapillus, 
and especially at its center, suggests that the rinds 
formed before or during aggregation. As the lapillus 
tumbled, it accumulated glass particles on every 
surface and became spheroidal. Concentric layering 
variations formed as the lapillus passed through 
different composition and particle size/concentration 
environments. The lapillus acquires an outer layer of 
much smaller closely packed clasts. The lapillus might 
have been only weakly bound together by touching 
palagonite rinds and bridges between grains.  

4. Cement derived from crystallized palagonite and in 
the form of lamellar coatings (smectite) is developed 
on every surface. These crystals grew along the outer 
layers of palagonite, and where these layers from 
adjacent clasts connected, the cement interlocked and 
bound the AL together.  At this point the spheroidal 
lapillus hardened.  This hardening might have 
occurred while the lapilli were still suspended in the 
erupting column and/or plume, or during falling to 
the ground.

5. As the lapillus descended and cooled below water’s 
condensation temperature (less than or equal to 
100° C depending on the altitude), water may have 
condensed within and onto the lapillus.
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6. The fully indurated accretionary lapillus fell to the 
ground.  Some dehydration of the palagonite and 
formation of smecite might have continued slowly as 
the lapillus lay on the ground surface, but there are no 
textural differences between these possible products 
and those formed during the aggradation and falling 
of the lapilli. 

Any use of trade, firm, or product names is for descriptive purposes 
only and does not imply endorsement by the U.S. Government.
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Ground-based thermal infrared imaging 
survey of the Salton Buttes

David K. Lynch and Paul M. Adams
Thule Scientific

Introduction
The Salon Buttes are five rhyolitic domes (volcanic necks) 
in the Salton Trough of Southern California.1 From 
south to north they are Obsidian Butte, Rock Hill, Red 
Hill South, Red Hill North and Mullet Island (Figure 1). 
They fall along a roughly NNE trending arc, indicating 
a probable fault. The trough itself is the result of a large 
pull apart basin between the North American and 
Pacific plates and much of it is below sea level.2 Within 
the trough lies the Salton Sea Geothermal Field (SSGF) 
where the geothermal gradient 
is large enough to support a 
number of geothermal electricity 
generating plants.3 The large 
geothermal gradient originates 
from a shallow magma body 
underlying the SSGF and the 
buttes. 

The age of the buttes were 
initially measured at ~16,000 
BP4 but more recent work has 
suggested that they may be much 
younger5,6, perhaps as recent as 
~2000 BP. With evidence that 
they are Holocene features, the 
USGS has raised the eruption 
threat potential to high.1

At the present time, there 
are five areas within the SSGF 
showing geothermal activity on 
the surface,7,8 only one of which is 
on a butte. 

 1. F1 fumarole
 2. F2 fumarole
 3. F3 fumarole
 4. DS—Davis-Schrimpf mud pots9

 5. Red Hill North hot vents (“Red Island”)
The first four above and Mullet Island fall along a 

straight line that suggests a fault, named earlier as the 
Calipatria fault.7 The fifth region lies near the summit of 
Red Hill North on its southern flank.8

abstract: Using a thermal infrared camera and temperature probes, we obtained imagery of all 
five Salton Buttes. In addition to five warm vents discovered earlier, we found a number of regions 
that were warmer than might be easily explained unless geothermal activity was present. The 
warmest was near the summit and western flank of Red Hill North. Cooling times were calculated 
for magma dykes of various diameters and their relation to the buttes in terms of recent volcanism is 
discussed.

Figure 1. Annotated Google Earth image of the Salton Buttes area. Note that Mullet Island, 
fumaroles F1, F2, F3 and the Davis-Schrimpf mud volcanoes DS are in a straight line, 
presumably marking the putative Calipatria fault. Imagery date 20 March 2015. 



d. k. lynch and p. m. adams | ground-based thermal infrared imaging survey of the salton buttes

2672016 desert symposium

In view of the potential for volcanic activity and 
known geothermal features, we undertook an infrared 
(IR) imaging survey of the buttes. The preliminary 
results are reported here.

2. Methods
On November 6, 7 & 29, 2013, we surveyed the buttes 
on foot and by truck with an Agema ThermoVision 570 
infrared camera (wavelengths ~8-13 micrometers) and 
a hand held Martin P. Jones & Associates, Inc., Model 
9910 TE Infrared Thermometer equipped with a laser 
pointer. Relative accuracy for both is about ±0.1°C. 
During the day, the sunlit 
surface rocks were the hottest 
features and overwhelmed 
geothermal affects so we worked 
at night in order to maximize 
the contrast between any hot 
spots with their surroundings. 
The approach was to search for 
“warmer than normal” areas 
and investigate these. When 
they were found, we inserted a 

type K thermocouple (with an Omega HH-52 digital 
thermocouple reader) to measure the air temperature 
directly. The nights were cold (~4 C) and clear.

3. Survey results
Five hot spots were found on the south flank of Red 
Hill North and approximately thirty warm regions 
were found on the buttes that remain to be investigated. 
Figure 2 shows two of the hot spots. Figures 3 and 4 are 
two wide-angle mosaic IR survey images showing some 
areas of localized thermal emission (yellow). 

Figure 2. Visible (top) and thermal IR (bottom) images of two hot vents near the summit of Red Hill North.8

Figure 3. Red Hill North looking north. Warm regions are in yellow, cooler areas are in red and purple. 
Regions near the summit (S) and west flank (WF) are anomalously warm. 
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The hot spots reported 
earlier8 are near the summit 
at the middle right of Figure 
3. While our panorama is 
not sensitive enough to show 
the individual vents, the area 
is warmer than average. We 
believe this is a real geothermal 
feature, because the images were 
taken at night when the summit 
would be expected to be colder 
than the flanks The warm region 
to the left is also probably real 
for the same reason. In both places we found a number of 
sites that were distinctly warmer than the surroundings.

Thermal surveys were also conducted at Obsidian 
Butte, Rock Hill, and Mullet Island, but few if any 
thermal anomalies were observed. We note that 
Obsidian Butte has been quarried and the surface is 
highly disturbed, which would probably mask any subtle 
natural thermal features. 

4. Remote retrieval of temperatures.
Many of the warm regions were probably not of 
geothermal origin because ordinary mechanisms can 
produce apparent and/or real temperature maxima in the 
landscape: shadowing and emissivity variations.

The temperature of a rock surface is determined by 
the rate at which it gains and losses heat. Rocks gain heat 
by three mechanisms: thermal radiation, diffusion, and 
convection. They loose heat by the same mechanisms, 
so the equilibrium temperature is a classic rate problem. 
Broadly speaking, rock surface temperatures 
follow a diurnal pattern of warming up during 
the day when sunlight hits them, and then 
cooling off at night as they emit thermal 
radiation to the sky. For shaded rocks that 
are not exposed to sunlight or the sky, their 
temperature excursions are similarly diurnal 
but more muted, with thermal diffusion and 
air convection playing a dominant role. 

Radiance I(λ) from a surface is a product 
of two terms: emissivity ε(λ) and the Planck 
function Bλ(T). Radiance measured remotely 
by an instrument is converted to temperature 
T by assuming that the emissivity ε(λ) 
has some fixed value near unity at a given 
wavelength λ.  

The Planck constant, Boltzmann constant and 
speed of light are given by h, k and c, respectively. The 
assumption that ε(λ) = 1.0 is a good approximation for 
most opaque dielectric surfaces, but is not always correct. 
Since ε(λ) is a component of the measured radiance I(λ), 
variations in emissivity can masquerade as temperature 
variations. Thus an isothermal surface will show false 
temperature structure if ε(λ) varies spatially across it. 
There was significant variation in surface color, texture 
and composition among the rocks on the buttes. It is 
possible that such variations also represented emissivity 
variations. 

A more significant complication involves surface 
geometry (Figure 5). Under normal circumstances, 
there are always warmer-than-average regions in any 
natural scene, but they are not of geothermal origin, 

Figure 4. Red Hill South looking south. The warm region in yellow in the middle may be 
geothermal. 

Figure 5. Left: During the day, visible sunlight heats the top of the rock. The 
bottom and shaded parts remain cooler. Right: At night the top of the rock 
radiates infrared energy into space and cools the rock. The bottom remains 
relatively warm because it cannot radiate heat to space.

(1)

(2)
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for example the top of a sunlit rock. The 
lower surface of a rock is shaded and may 
never see the sun, so it will remain cooler 
than its upper (sunlit) surface. At night, 
however, the situation is reversed. The 
upper surfaces cools by emitting thermal 
infrared radiation to the sky in the 8–13 
µm window. The lower surface cannot 
radiate heat to the sky and in fact is bathed 
in thermal radiation from the ground. As 
such, it will remain warmer at night than 
its upper surface. 

A good example of the effect is shown 
in Figure 6. The view is north at the south 
side of Red Hill South where a number of 
shallow recesses are found. At night they 
were significantly warmer than the surface 
rock.

5. Cooling time of magma dykes
Are the geothermal hot spots found on Red Hill North 
the result of remnant heat from the original volcanism 
or from recent intrusions of magma that have not yet 
reached the surface? To help answer this question, 
known solutions of the heat conduction equation10,11 

for a vertical cylindrical magma dyke were evaluated 
for a range of time scales and dike diameters (Figure 
7). Temperature as a function of time was calculated 
for dyke diameters 0.1 – 1 km with an 
initial temperature of 1200 K and an 
assumed final temperature of 273K (0°C). 
A thermal diffusivity of 10-6 m2/s was 
used, typical for igneous rocks. A similar 
calculation for basalt12 is consistent with 
our computations. In concert with Figure 7, 
Figure 8 is a guide to relative dyke diameter 
in three possible scenarios.

Can we say whether the heat seen in 
the thermal images of Red Hill North 
are remnants of the original extrusive 
volcanism that produced it or is due to a 
more recent intrusion of magma? Consider 
the following arguments.

Red Hill North and Red Hill South 
have merged, yet they have very different 
lithologies. The former is grey to black 
rhyolite and flow banded obsidian, 
while the latter consists primarily of tan 
volcanoclastic deposits. Their summits are 

~500 m meters apart, so they were formed from two 
different dykes. Therefore the dyke diameters must be less 
than 500 m, and significantly so. 

If the age of the butte is 2000–3000 years,6 Figure 7 
shows that the dyke that produced it must be 300–1000 
m in diameter. Were it smaller, it would have cooled off 
by now. The butte itself is only about 400 m across, or in 
the 300–1000 m range. This scenario suggests that the 
butte diameter and dyke diameter are about the same, 
corresponding to Case B in Figure 8. This geometry, 
however, seems unlikely because it is such a special case. 

Figure 6. Red Hill South looking north. Top: Daytime visible image. Bottom: 
Nighttime thermal IR image. Shaded areas in the recesses remain cool during the day 
and stay warmer at night.

Figure 7. Cooling curves of magma dykes as a function of time. These curves are 
approximate. The black dot is from a similar calculation for basalt for a 10m diameter 
dyke. 
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Having a magma intrusion that reaches the surface and 
then stops without spreading out is improbable. The 
more likely scenario is Case A in Figure 8. Here the dyke 
diameter is much smaller than the butte. Taking 100 
m as an example, we see from Figure 7 that such a dyke 
would cool off in something like a few hundred years. 
Since this is more likely than a 300–1000 m dyke, we 
suggest that the heat we currently see on Red Hill North 
is due to a relatively recent magma intrusion that is not 
part of the volcanism that originally produced the butte.

6. Summary and conclusions
A thermal infrared survey of the Salton Buttes has 
revealed a number of hot vents (~35° C) on Red Hill 
North and dozens of warm areas whose elevated 
temperatures may represent geothermal heat. Arguments 
are presented that the geothermal heat from the 
buttes may be recent and not remnants of the original 
volcanism. If Red Hill North’s dyke diameter is less than 
~100 m, then the heat we see today is probably from a 
relatively recent subsurface magma intrusion that is not 
associated with the original extrusive volcanism.
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Introduction 
Volcaniclastic deposits in the western Mojave Desert 
record a gradual change from lacustrine to fluvial to 
subaerial depositional environments, contemporaneous 
with volcanism that continued throughout and after 
the transition from fluvial to subaerial. Reworked 
volcanic deposits in the Miocene Pickhandle Formation 
are consistent with explosive style volcanism in the 
region of the Calico Mountains north of Barstow, CA. 
The source of the ash is yet undetermined, although is 
possibly related to the source of dacite lava domes that 
were emplaced as either post- or syn-depositional features 
within the lacustrine and fluvial deposits. Determining 
the source and age of the tephra is problematic due to 
several factors, including 1) the volcanic deposits are 
secondary, meaning that they have been reworked with 
clastic sediments and can therefore only be constrained 
as being relatively older than the domes, 2) the pumice 
clasts within the deposits have been altered and are not 
useful for geochemical analysis or age-dating, and 3) even 
if the ash deposits were not altered it would be difficult to 
determine if they are all from the same source. We have 
recently identified a pyroclastic flow deposit (ignimbrite) 
in the Pickhandle Formation east of Rainbow Basin 
however, that is a good candidate for addressing 
questions about the timing of volcanism and source of 
ash/pumice in the Pickhandle Formation provided that 
it can be linked to the Pickhandle volcanic sediments in 
the Calico Mountains. The Pickhandle ignimbrite was 
deposited subaerially and the lateral extent indicates that 
it was deposited as a sheet as opposed to a valley-filling 
deposit. Since it is a primary deposit it can be used for 
separation of zircon, sanidine and biotite for age-dating 
of the Pickhandle ignimbrite. 

Background 
Volcanism in the Mojave Desert region started following 
crustal extension that has been attributed to thinning 
of the crust following break-off and subsidence of the 

Farallon plate approximately 30 Ma years ago (Atwater, 
1970). There is evidence that approximately 10 Mya, 
deformation transitioned from extensional to strike 
slip (Frankel et al., 2008), as evidenced by recent large 
earthquakes on right-lateral faults in the Owens Valley 
(Amos et al., 2013) and in the Mojave Desert (e.g., 
Hector Mine, Pollitz et al., 1999). Volcanism started 
approximately 22 Ma ago and the most recent basaltic 
eruptions are related to cinder cones like Amboy Crater 
and Pisgah Crater that were active as recently as 79 ka 
and 22.5 ka ago respectively (Phillips, 2003). Explosive 
volcanic activity and magmatism in the Mojave Desert 
is well-documented and evident in deposits like the 18.8 
Ma old Peach Springs Tuff, (Ferguson et al., 20131990) 
and the 15.8 Ma Hole-in-the-Wall, (McCurry et al., 
1995) that are associated with caldera eruptions. In fact, 
throughout the Mojave Desert there are thin layers of 
volcanic ash located within sedimentary formations like 
the Middle Miocene Barstow Formation (McFadden, et 
al., 1990) and the Early Miocene Pickhandle Formation 
(Singleton and Gans, 1986) have useful marker units 
of volcanic ash. The source of many of these thin ash 
layers is unknown, however in both of these cases ash is 
preserved in lacustrine sediments. 

The greatest volume of pyroclastic deposits that have 
been reported from the Pickhandle Formation are from 
the Calico Mountains region of the western Mojave 
and are interbedded in sedimentary layers in lacustrine 
sediments. In the section northeast of Barstow (Figure 
1), at least 300 m of volcaniclastic sediment record a 
transition from lacustrine to meandering stream (fluvial) 
to subaerial depositional environments (Clifford and 
Garrison, 2012). Dacite domes were emplaced on top 
of and within the volcaniclastic units and are therefore 
syn- or post- depositional. The volcaniclastic sediments 
were preserved in the rock record after being deposited 
in a basinal lacustrine setting, then later exposed on 
blocks of crust that have been tilted on listric normal 
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(Figure 1A; map after Glazner et al., 2002). Illustrative figure showing A) the location of our field area in the 
Mojave Desert in Southern California, B) the relationship between the dacite domes and Miocene Pickhandle 
volcaniclastic deposits and C) the pyroclastic flow deposit overlying Pickhandle sedimentary rocks. The 
Pickhandle formation is shown in blue, stippled patterns show older plutonic and metamorphic rock outcrops. The 
easternmost exposure of the Pickhandle formation contains dacite domes that were emplaced contemporaneously 
with the deposition of lacustrine sediments in an extensional basin from 22–19 Ma ago. The volcaniclastic 
sediments are extensively reworked. The pyroclastic flow deposit on the other hand is primary and has not been 
reworded by streams. It contains primary ash with zircon crystals, as well as lithics that appear lithologically 
identical to the dacite from the dacite domes.

faults associated with movement on the Waterman Hills 
detachment fault (Walker et al., 1990). 

Primary pyroclastic deposits are rare within the Early 
Miocene rocks, however we have recently identified a 
pyroclastic flow deposit within the Pickhandle formation 
that is primary, undeformed and therefore still in place 
within the stratigraphic section. It has not been reworked 
and contains dacite lithics that have similar lithology 
as the dacite domes of the Pickhandle Formation in the 
Calico Mountains. The primary goal of this research is 
to characterize the pyroclastic flow (referred to in this 
research as the Pickhandle Ignimbrite) and to analyze 
zircon crystals from the ash matrix and dacite lithics 
in order to constrain the U-Pb age, possible relation 

to the Pickhandle dacite domes, and the source of the 
Pickhandle Ignimbrite.

Description of the Pickhandle Ignimbrite
The Pickhandle Ignimbrite is located stratigraphically 
above the lacustrine and fluvial deposits of the 
Pickhandle volcaniclastic rocks exposed in the Calico 
Mountains northwest of Barstow, CA. Previous 
researchers have typically lumped all the Pickhandle 
volcaniclastic rocks together as debris flow deposits, 
however research by Clifford and Garrison (2012) show 
that individual layers reveal a more complex history and 
changing depositional environment from lacustrine 
to subaerial. The field area for this research is located 

northwest of the Calico 
Mountains, where right 
lateral movement along the 
Calico and Blackwater faults 
have displaced a section of 
the ignimbrite to the north 
relative to the Pickhandle 
dacite domes (Figure 1). This 
section has been previously 
mapped by Walker et al and 
T.H. McCulloh as being 
within the Pickhandle 
Formation. The ignimbrite 
is exposed within layers of 
the Pickhandle Formation, 
strikes N45W and dips 15 
degrees to the southwest. It is 
10–15 meters thick and forms 
a layer within the strata, as 
opposed to a deposit that 
cross cuts local stratigraphy 
and is locally thick; these 
characteristics would indicate 
that it was deposited as a 
valley filling flow.

The ignimbrite is 
comprised of ~70% ash 
matrix, 10% pumice, 15–20% 
lithics, and 5% crystals, 
making it either a lithic tuff 
or a lapilli tuff, depending 
on the Pettijohn (1975) or 
Schmid (1981) classification, 
respectively. The entire 
deposit has been subjected 
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Figure 2. From Walker et al., 2002 illustrating emplacement of Cretaceous plutons during subduction of 
the Farallon Plate.

to vapor phase alteration, 
a cooling and degassing 
process that destroys 
primary pumice and can 
alter the composition of 
accessory minerals like 
apatite (Scott, 1966). 
The pumice are 3–4 cm 
in diameter and altered 
beyond the point of being 
useable for either zircon 
separation or geochemical 
analysis. The lithics are 
primarily gray-red dacite, 
although there is a small percentage of rounded, granitic 
lithics and rare metamorphic rock fragments. The dacite 
lithics are red in color, angular and 2–3 cm in diameter 
with porphyritic texture and phenocrysts of sanidine 
(20%) and quartz (80%) in an aphanitic, nearly glassy 
matrix. The clasts appear lithologically identical to the 
dacite from the lava domes in the Calico Hills. The 
crystals in the ash matrix are primarily sanidine (80 %) 
and quartz (20 %). 

Methods
Rock samples were collected from the dacite domes in 
the Calico Mountains and the Pickhandle Ignimbrite 
and transported to the rock-processing lab at CSULA to 
be crushed and sieved. Lithics were separated from the 
ash matrix and processed separately. The sieved fractions 
were immersed in 50 % hydrofluoric acid for three 
minutes to dissolve adhering glass from the crystals. 
Zircon crystals were then separated using methylene 
iodide heavy liquid (SG = 3.32) and handpicking, then 
mounted in epoxy for analysis using the SIMS 1290 ion 
microprobe at UCLA. The dacite lithics contain zircon 
crystals only in the < 63 micron size fraction, and the 
majority of zircon are euhedral, although one crystal is 
rounded and shows evidence of resorption. The 63–125 
um size fraction of the dacite contains no zircon crystals, 
or at least none that were located using high powered 
binocular microscopes. Zircon crystals in the ash matrix 
are abundant in both the 63–125 um and < 63 um size 
fractions. Crystals are euhedral and some contain visible 
melt or mineral inclusions. 

Preliminary zircon data
Preliminary analysis of five zircon crystals from the ash 
matrix give a concordant average age of 120 ± 7 Ma. 

This result is unexpected since the deposit us within the 
Early Miocene sequence and we would expect a similar 
eruption age, particularly in the euhedral crystals that 
are typically associated with magmatic crystallization. It 
has been documented that ash can contain xenocrystic 
crystals from the turbulent basal surge cloud, however 
the ignimbrite at the field location does not show 
the evidence for a basal surge deposit and it is a low 
probability that all of the zircon crystals would be 
xenocrystic. Given the data, however there are several 
possible scenarios to explain the zircon ages: 1) The unit 
is 120 Ma old, 2) The zircon crystals were assimilated 
into the magma chamber from Cretaceous-age granitic 
wallrock, 3) The zircon crystals were entrained during 
turbulent flow, in which case all of the zircon grains we 
analyzed are xenocrystic, or 4) Due to the small size of 
the zircon crystals relative to the ion beam diameter, the 
analyses include both inherited core ages and magmatic 
rim ages.

On the basis of the location of the unit within the 
Pickhandle Formation and Barstow Formations, and 
accounting for restoring the unit to its original position 
along the Calico fault, it is unlikely that the unit is 
of an older age, so the first hypothesis is unlikely. It is 
well documented that abundant plutonism during the 
Cretaceous formed large plutons that are exposed in the 
mountains north of the field area (Walker et al., 2002) 
(Fig. 2), so it is possible that the zircon crystals were 
inherited during crustal assimilation, however none 
the Cretaceous plutons north of the Calico Mountains 
area are 120 Ma old (Walker et al., 2002), so it is 
unlikely that these plutons or the related alluvial fan 
deposits contributed zircon to the ignimbrite by either 
assimilation or basal surge entrainment. SEM images 
of the zircon crystals will provide visual evidence of the 
inherited cores and potential magmatic rims.
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The Pickhandle Ignimbrite represents a significant 
eruption following a series of volcanic eruptions 
recorded in the Pickhandle Formation. The dacite lithics 
within the ignimbrite likely represent vent erosion or 
entrainment during the emplacement of the ignimbrite, 
and analysis of the zircon from the dacite lithics and 
the dacite domes will allow us to test this hypothesized 
connection of the Pickhandle Ignimbrite to the dacite 
domes. A larger sample size will ideally yield zircon 
crystals that are the age of the Pickhandle Formation or 
at least within the Early Miocene. Linking the ignimbrite 
to the Calico Mountains volcaniclastic deposits is 
significant because it would establish a connection 
between protracted explosive volcanic activity and 
effusive dome formation, and it will allow us to extend 
the stratigraphic section from the lacustrine deposits 
at the base of the section (Clifford and Garrison, 2012) 
through to the ignimbrite, a succession that records 
continued volcanic activity that filled the Miocene lake 
bed, choked the fluvial system and eventually produced a 
significant pyroclastic flow. Gastropods within the fluvial 
section of the Pickhandle (Garrison and Reynolds, 
2015) indicates that this unknown source of the volcanic 
sediments must have been active for a significant period 
of time, and the thickness and extent of the ignimbrite 
is consistent with a large eruption, but not on the scale 
of the large caldera eruptions of the Peach Springs nor 
the Hole-in-the-Wall tuffs. The vapor phase alteration 
was likely the result of emplacement of hot ash on a 
floodplain or fluvial environment. A volcanic source for 
the ash near the Calico Mountains has previously been 
proposed by Singleton and Gans (1986) on the basis of 
distribution of lapilli, however considering the extent of 
reworking this is uncertain. Considering the evidence 
for a protracted history of explosive eruptions, late stage 
effusive activity and the size of the region over which the 
deposits are distributed however, we propose that this 
region be identified as the Calico Mountains Volcanic 
Field.
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Non-marine gastropods from the Barstow Formation 
of southern California (Figure 1) were first studied by 
malacologist Dwight Taylor over 65 years ago. In the late 
1940s, Taylor attended The Webb School of California, 
a secondary school in the greater Los Angeles area with 
a unique science program run by Raymond Alf whose 
life-long passion for paleontological collecting was 
honored in 1968 with establishment of the Raymond Alf 
Museum of Paleontology (RAM) on the Webb campus. 
While in high school, Taylor developed a keen interest 
in the taxonomy and biogeography of mollusks and then 
went on to a distinguished research career, publishing 
65 papers and describing 132 taxa (Kabat and Johnson, 
2008). 

When Taylor went on fossil collecting trips to 
Barstow with Raymond Alf, he looked intently for 
fossil snails. These specimens were the subject of a paper 
he wrote for his historical geology class at Pomona 
College (Taylor letter to Lofgren, 2000), which was 
later published (Taylor, 1954) while he was in graduate 
school at the University of California–Berkeley (Kabat 
and Johnson, 2008). Taylor (1954) described ten species 
from seven localities in the Barstow Formation, 
including four new taxa, Lymnaea mohaveana, 
Menetus? micromphalus, Craterarion pachyostracon, 
and Helminthoglypta alfi, and this work remains 
the most comprehensive study of a Miocene 
terrestrial gastropod fauna from California. 

Recently, RAM crews have focused on 
collecting gastropods from the Barstow Formation, 
many from localities frequented by Taylor (Plyley 
et al., 2013). Here we present some preliminary 
results from the Lake Bed site (RAM locality 
V200025), which is equal to Locality 3 or the 
“Lake Bed Horizon” of Taylor (1954). After many 
visits to the site where RAM crews collected 
dozens of gastropods as surface float (Plyley et al., 
2013), in November 2014, a RAM crew collected 
both a surface and matrix sample from the Lake 

Bed locality. In this paper, we describe these samples, 
compare them to those described by Taylor (1954) 
and Plyley et al. (2013) from the same site, and discuss 
their ecological significance. This paper is the first in a 
series that will describe the entire collection of Barstow 
Formation gastropods housed at the Raymond M. Alf 
Museum of Paleontology, a collection that is almost 
entirely from the upper member. The end result of 
these efforts is to provide a biostratigraphic overview of 
Barstow Formation gastropods, similar to what has been 
done for the mammalian fauna (e.g. Woodburne et al., 
1990; Pagnac, 2009). 

Geologic and biostratigraphic setting of the 
Lake Bed locality 
The Barstow Formation is composed of Miocene 
terrestrial strata deposited within an inland basin which 
filled with approximately 1,000 meters of fluvial and 
lacustrine sediments and water lain tuffs (Dibblee, 1968; 
Woodburne et al., 1990). Divided into three members—
Owl Conglomerate Member, unnamed middle 
member, and unnamed upper member (Woodburne 

Figure 1. Location of the Barstow Formation within the Mud Hills, Mojave 
Desert, California (adapted from Steinen 1966).
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et al., 1990)—the formation includes Hemingfordian 
strata and is also designated as the type assemblage for 
the Barstovian North American Land Mammal Age 
(Wood et al., 1941), which is subdivided into the Early 
Barstovian and Late Barstovian (Tedford et al., 1987; 
Tedford et al., 2004; Pagnac, 2009). 

The Lake Bed site (RAM locality V200025) is 
located in an arroyo referred to as Pirie or Bird Canyon, 
in exposures of the lower part of the upper member 
of the Barstow Formation, which is late Barstovian or 
about 13.4–14.8 Ma (Woodburne et al., 1990). More 
precisely, according to Lindsay (1972), the Lake Bed 
is approximately ten meters below the Hemicyon Tuff 
which has yielded a date of about 14.1 Ma (Woodburne 

et al., 1990). Thus, the Lake Bed locality is slightly older 
than the Hemicyon Tuff.

Where it is most fossiliferous, the Lake Bed is 
composed of 40–50 cm of brown mudstone with thin 
inter-beds of siltstone sandwiched between two 4 
cm thick, gray, tuffaceous marls. Gastropods appear 
to be concentrated in the upper part of the unit and 
specimens were found in situ in the upper gray marl. The 
Lake Bed is exposed for about 250 meters and can be 
easily seen because of its darker brown color compared 
to lighter brown sediments both above and below it. 
Also, exposures of the mudstone have a distinctive 
popcorn weathering appearance that makes them easily 
distinguished from surrounding sediments. The Lake 
Bed varies in thickness and pinches out to the south and 
is fault bounded to the north. Gastropods are found 
primarily in the northern exposures of this fossil-rich 
unit, which also yields vertebrate fossils. 

Materials and methods
Of the gastropods collected in November 2014 from 
RAM V200025, 282 were recovered as float on 
weathered exposures and 126 were found from sorting 
screen-washed sediment. Identifications were based 
primarily on descriptions and images provided by Taylor 
(1954) and other sources, such as Leonard (1950) and 
Baker (1945). Measurements of the height (base of 
aperture to spire) and diameter of the body whorl for 
Lymnaea mohaveana and Lymnaea megasoma and height 
and maximum diameter for Craterarion pachyostracon, 
Helminthoglypta alfi, Menetus micromphalus, Planorbula 
mojavensis, and species indeterminate were all taken 
using a digital caliper. Measurements of very small 
taxa (e.g. Pristiloma chersinellum and Vallonia sp. cf. V. 
cyclophorella) required a Dino-Lite digital microscope.

Taxa recovered in 2014 from the Lake Bed 
locality 
Lymnaea mohaveana and Lymnaea megasoma are 
both conically spiraling gastropods, with six whorls 
and a dextral aperture (Figure 2). Mean height of 
L. mohaveana (16.3 mm) exceeds that of any other 
gastropod from the Lake Bed except for L. megasoma 
(Table 1). The diameter of the body whorl of L. 
megasoma is nearly twice that of L. mohaveana, which 
results in a lower height to maximum diameter ratio 
for L. megasoma (1.7) compared to L. mohaveana (2.3). 
Thus, L. megasoma is easily distinguished from L. 
mohaveana because of its massive body whorl and lower 

Figure 2. Lateral view of Lymnaea mohaveana (left) and Lymnaea 
megasoma (right). Height of Lymnaea mohaveana is 16.3 mm. 

Table 1: Measurements in mm of mean heights (H) and maximum 
diameters (D), and height-diameter ratios (H/D) and whorl 
counts for gastropods recovered from the Lake Bed (RAM locality 
V200025).
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height–diameter ratio (Figure 2). Lymnaea mohaveana is 
the most common taxon in both the surface and matrix 
samples as a total of 321 specimens were collected, while 
15 specimens of L. megasoma were recovered in the 
surface sample, but none in the matrix sample (Table 2). 

Craterarion pachyostracon is the only slug from the 
Lake Bed locality and is easily distinguished from other 
gastropods there based on its elongated oval shape and 
orange-brown to grey-brown hue (Figure 3). Growth 
in C. pachyostracon is recorded by a series of closely 
spaced, often white colored lineations. The mean height 
and diameter of specimens of C. pachyostracon are 2.3 
mm and 5.3 mm, respectively (Table 1). Although 28 
specimens were noted as recovered from the Lake Bed 
locality by Taylor (1954), none were reported by Plyley et 
al. (2013), and only five were in the 2014 RAM surface 
sample. 

Helminthoglypta alfi is a discoidal gastropod with a 
dextral aperture (Figure 4) that was named by Taylor 
(1954) in honor of his high school mentor, Raymond 
Alf. Helminthoglypta alfi has four to five whorls that 
increase in diameter as the shell grows, with the center 
whorls slightly elevated in comparison to the body whorl. 
Specimens found in 2014 have a mean diameter of 9.1 
mm, and a mean height of 5.1 mm. Helminthoglypta alfi 
is relatively rare as only three surface specimens were 
present in the November 2014 sample. 

Table 2: Number of specimens per taxon recovered from the Lake 
Bed (RAM Locality V200025) by Taylor (1954) and Plyley et al. 
(2013;*revised count) compared to surface and matrix samples 
collected in November 2014.

Figure 3. Dorsal view of Craterarion pachyostracon; diameter is 5.3 
mm. 

Figure 4. Dorsal view of Helminthoglypta alfi; diameter is 9.1 mm.

Figure 5. Dorsal view of species indeterminate; diameter is 8.3 mm.
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Four specimens from the Lake Bed could not be 
assigned to any taxa described by Taylor (1954) and 
are referred to gastropod species indeterminate. These 
specimens are similar in diameter to Helminthoglypta 
alfi and have the same number of whorls (Table 1), but 
the two species differ significantly in height, as in the 
unidentified species the whorls expand in a single plane 
(Figure 5), while whorls in H. alfi expand vertically. 
Furthermore, expansion of the body whorl compared 
to that of other whorls is significantly greater in the 
unidentified species (Figure 5) compared to H. alfi 
(Figure 4). The four specimens referred to species 
indeterminate may be morphological variants of H. alfi, 
but that seems unlikely. 

Menetus micromphalus and Planorbula mojavensis 
are small discoidal gastropods with dextral apertures 
and three to four whorls, each added in a single plane 

(Figure 6A and Figure 7A). These two taxa can be 
difficult to distinguish (Plyley et al., 2013). However, the 
umbilicus of Planorbula mojavensis is larger than that 
of Menetus micromphalus because the body whorl of M. 
micromphalus partially covers the umbilicus, while the 
body whorl of Planorbula mojavensis does not (Figure 
6B and Figure 7B). Also, Menetus micromphalus is also 
usually smaller than Planorbula mojavensis (Table 1). 
Both taxa are commonly recovered from the Lake Bed, 
but not in abundance (Table 2). 

Pristiloma chersinellum is a small discoidal gastropod 
with a dextral aperture and four to five whorls (Figure 
8A). It is the smallest and most common discoidal 
species from the Lake Bed locality (Table 2). It can be 
distinguished from other small discoidal gastropods 
reported by Taylor (1954), such as Vallonia sp. cf. V. 
cyclophorella and Hawaiia minuscula, because it is much 

Figure 6A. Dorsal view of Menetus micromphalus; diameter 2.4 mm. Figure 6B. Umbilical view of Menetus micromphalus.

Figure 7A. Dorsal view of Planorbula mojavensis; diameter 3.8 mm. Figure 7B. Umbilical view of Planorbula mojavensis.
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smaller than Vallonia sp. cf. V. cyclophorella (Table 1) and 
has a small umbilicus (Figure 8B) compared to the large 
umbilicus of Hawaiia minuscula or Vallonia sp. cf. V. 
cyclophorella. Forty-one specimens were recovered in the 
matrix sample, but none from the outcrop surface. 

Vallonia sp. cf. V. cyclophorella is also a small discoidal 
gastropod with a dextral aperture and three to four 
whorls (Figure 9A). It is easily distinguished from 
Pristiloma chersinellum by its large umbilicus (Figure 
9B). Only two specimens were recovered in the 2014 
surface and matrix samples (Table 2). 

Discussion of Lake Bed locality samples 
Four samples of gastropods from the Lake Bed are 
analyzed: RAM surface and matrix samples collected 
in 2014, specimens described by Taylor (1954) based 
primarily on fossils housed at the University of 
California and collections made by Ray Alf and Webb 
School students, and collections made by RAM crews 
from 2000–2013 that were described by Plyley et al. 
(2013). The number of specimens per taxon for each 
sample is provided in Table 2. 

The 2014 RAM surface and matrix collections were 
inspired by C. Luebbers discovery of a concentration 
of a few dozen specimens of Lymnaea mohaveana 
recovered from an area of about one square meter from 

Figure 9B. Umbilical view of Vallonia sp. cf. V. cyclophorella.

Figure 8A. Dorsal view of Pristiloma chersinellum; diameter 2.3 mm. Figure 8B. Umbilical view of Pristiloma chersinellum.

Figure 9A. Dorsal view of Vallonia sp. cf. V. cyclophorella; diameter 
is 4.7 mm. 
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a well-exposed outcrop of the Lake Bed on the bank 
of a two meter deep gulley (GPS available to qualified 
investigators). A matrix sample of about 300 kg was 
screen washed from this specific outcrop of the Lake 
Bed. The surface sample was collected on a twenty meter 
square of weathered exposure directly east of the location 
of the matrix sample. 

The dissimilarities between the number of specimens 
per taxon in the RAM 2014 surface and matrix samples 
(Table 2) can be attributed to the difference in collection 
methods. Lymnaea mohaveana and L. megasoma are 
much larger than any of the other Lake Bed gastropods 
(Table 1) and consist of 94% of the surface sample, but 
only 56% of the matrix sample. Thus, as expected, the 
2014 surface sample is greatly skewed based on size. 
Abundance of Pristiloma chersinellum in the 2014 matrix 
sample but absence in the 2014 surface sample also 
supports that a size bias is present based on the collection 
method. Surprisingly, not one specimen of Lymnaea 
megasoma, Helminthoglypta alfi, and Craterarion 
pachyostracon was found in the 2014 matrix sample, 
especially because a total of fifteen of these taxa were 
found on the surface. 

The Plyley et al. (2013) sample was collected over a 
series of trips that span more than a decade from a ridge 
top exposure of the Lake Bed (GPS available to qualified 
investigators) about 100 m east of the location of the 
2014 RAM collection. That this is a surface sample is 
clearly evident in the relative abundance of the largest 
taxa Lymnaea mohaveana and L. megasoma, which 
comprise 95% of the sample, very similar to the 2014 
RAM surface sample (94%). This sample only yielded 
two other taxa (Plyley et al., 2013), with Helminthoglypta 
alfi relatively more common here than in any other Lake 
Bed sample (Table 2). 

 The Taylor (1954) sample is an amalgamation of 
collections from various institutions which makes it 
challenging to compare to the other three samples 
because the collecting techniques applied are unknown. 
That the Taylor (1954) sample might be partly a matrix 
sample is suggested by the surprisingly low percentage 
of Lymnaea mohaveana and L. megasoma as these large 
taxa only comprise 62% of the sample, most similar 
to the 2014 RAM matrix sample, where 56% of the 
sample is represented by these two large species. Also, 
the percentage of L. mohaveana, compared to the total 
number of specimens in each sample, is 89% for the 
RAM 2014 surface sample and 92% for the Plyley et al. 
(2013) sample, but only 56% for the 2014 matrix sample 

and 41% for the Taylor (1954) sample. This suggests that 
the Taylor (1954) sample may be partly derived from 
screen washing of the Lake Bed. 

The Taylor (1954) sample is also very different from 
the others as the relative abundance of L. megasoma 
compared to L. mohaveana is very high. Of the total 
number of Lymnaea for each, 33% are L. megasoma for 
the Taylor (1954) sample, compared to 6% for the 2014 
RAM surface sample, 3% for the Plyley et al. (2013) 
sample, and 0% for the RAM 2014 matrix sample. The 
relatively high number of specimens of Craterarion 
pachyostracon and Menetus micromphalus for the Taylor 
(1954) sample is also an anomaly compared to the three 
other samples. 

In the case of the Lake Bed, or any fossil rich unit that 
is exposed over hundreds of meters, one would expect 
some variation in the number of specimens per taxon 
from collections made many meters apart. However, 
because the Taylor (1954) sample and the 2014 surface 
and the Plyley et al. (2013) samples have significant 
differences, the Taylor (1954) sample might have been 
recovered utilizing both surface and matrix sampling 
techniques. 

Paleoecology of the Lake Bed
With regards to the environment of Barstow Formation 
mollusks, “the area of deposition of the Barstow 
Formation included a slow-moving steam or pond, in 
which lived freshwater snails and clams, and nearby 
vegetation furnishing leaf mould habitats for land snails” 
(Taylor, 1954; p. 70). This interpretation is supported by 
the lithostratigraphy of the Lake Bed as it is composed 
of 40–50 cm of mostly mudstone, capped and underlain 
by two thin tuffaceous marls. Thus, gastropods at 
the Lake Bed are present in mudstone and marl, fine 
grained sediments that must be deposited in a low 
energy environment, like a lake or pond. Also, that the 
matrix from the Lake Bed collected in 2014 had a high 
concentration of mud was confirmed when water was 
added as it was screen-washed, the result being a muddy 
slurry, which made processing of the wet matrix through 
screens very time consuming. That the lateral extent of 
the Lake Bed is over 250 meters and can be up to 50 cm 
thick, indicates that this unit represents a significant 
standing body of water during the Miocene. 

Of the eight identified taxa collected in November 
2014, four were categorized as aquatic species (Taylor, 
1954): Lymnaea mohaveana, Lymnaea megasoma, 
Planorbula mojavensis, and Menetus micromphalus. 
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Using the specimens per taxon provided by Taylor 
(1954) (Table 2), 76% of the gastropods recovered from 
his “Lake Bed Horizon” were aquatic, which supported 
his interpretation that Lake Bed strata represented an 
aquatic environment. More recent studies of Lymnaea, 
Planorbula, and Menetus support this interpretation 
(Dussart, 1979; Wullschleger and Ward, 1998; Pierce 
and Constenius, 2001; Beran, 2005; Pyron et al., 2008; 
Hoverman et al., 2011). For the 2014 RAM samples, 
Lymnaea mohaveana, Lymnaea megasoma, Planorbula 
mojavensis, and Menetus micromphalus account for 87% 
of the total number of gastropod specimens recovered, 
also strongly supporting that the Lake Bed is a lacustrine 
deposit. 

Craterarion pachyostracon, was described by Taylor 
(1954) as a new genus of slug that probably lived in a 
riparian habitat. This Miocene slug has no other Tertiary 
or modern counterpart. But since only five specimens 
of C. pachyostracon were found in the November 2014 
RAM samples, it is unlikely to represent an aquatic 
taxon. Also, for the large collection described by Plyley 
et al. (2013) from the Lake Bed, the absence of C. 
pachyostracon is notable (Table 2). 

Helminthoglypta alfi, Pristiloma chersinellum, 
and Vallonia sp. cf. V. cyclophorella are all considered 
terrestrial gastropods (Burke and Leonard, 1900; 
Whitney, 1937; Taylor, 1954; Metcalf and Smartt, 1997; 
Roth and Tupen, 2004; Foster and Ziegltrum, 2013) and 
their presence in the Lake Bed in relatively low numbers 
(Table 2) indicates that these species lived adjacent to 
the lacustrine environment. Pristiloma chersinellum and 
Vallonia cyclophorella are eurytopic (Burke and Leonard, 
1900; Metcalf and Smartt, 1997; Foster and Ziegltrum, 
2013), and can occur in riparian or damp environments. 
Helminthoglypta alfi lives in rocky terrains (Taylor, 1954; 
Burke and Leonard, 1900), but these environments can 
often be located near bodies of water. Thus, low numbers 
of these three non-aquatic species in the Lake Bed 
suggest they lived adjacent to this Miocene lacustrine 
environment. 

Summary
The Lake Bed site (RAM locality V200025) is located in 
the upper member of the Barstow Formation, about ten 
meters below the Hemicyon Tuff (Lindsay, 1972) which is 
about 14.1 Ma (Woodburne et al., 1990). Lake Bed strata 
are composed of 40–50 cm of fine grained sediments, 
and its lateral extent is over 250 meters, data suggesting 

that the Lake Bed represents a significant lacustrine 
depositional environment during the Miocene. 

Surface and matrix samples of gastropods collected 
by a RAM crew from the Lake Bed in November 2014 
were described and then compared to samples described 
by Taylor (1954) and Plyley et al. (2013). As expected, 
the 2014 surface sample was dominated by the largest 
taxa, Lymnaea mohaveana, Lymnaea megasoma, with 
the smallest taxon, Pristiloma chersinellum, absent. 
The 2014 matrix sample was also dominated by 
Lymnaea mohaveana, but the smallest taxon, Pristiloma 
chersinellum, was very abundant, confirming that a size 
bias is present in the surface sample. The Plyley et al. 
(2013) sample was collected entirely as surface float; this 
is evident in the relative abundance of the largest taxa, 
Lymnaea mohaveana and L. megasoma, which comprise 
95% of the sample, very similar to 94% for the 2014 
RAM surface sample.

The Taylor (1954) sample has a low percentage 
(62%) of the largest taxa, Lymnaea mohaveana and 
L. megasoma, which is most similar to the 2014 
RAM matrix sample (56%). Based on these and other 
significant differences compared to the other surface 
samples, the Taylor (1954) sample might have been 
recovered utilizing both surface and matrix sampling 
techniques. 

The area of deposition of the Lake Bed was thought 
by Taylor (1954) to be a slow-moving steam or pond, in 
which lived freshwater snails, with nearby vegetation 
furnishing habitat for land snails. Aquatic gastropods 
from Lake Bed equal 76% of the total sample described 
by Taylor (1954) and 87% for the 2014 RAM samples, 
data that strongly support that the Lake Bed is a 
lacustrine deposit. 
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Zygomasseteric structure of rodents
Because the zygomatic structure is not precisely 
known for all of the fossil rodents mentioned below, 
the exact zygomatic structure of those rodents is only 
inferred in the following “scheme,” which is therefore 
oversimplified. The simplest configuration of the 
zygoma is protrogomorphous, which occurs in primitive 
ischyromyoid and mylogauloid rodents and the modern 
mountain beaver, Aplodontia. The protrogomorphous 
zygoma has a flat ventral surface of the zygomatic plate 
with the medial and lateral branches of the masseter 
muscle attaching to the anterior margin of the zygomatic 
plate. A relatively large infraorbital foramen is present 
above the zygomatic plate but none of the masseter 

muscle penetrates the infraorbital foramen in these 
rodents. The second type of zygoma is sciuromorphous, 
which occurs in squirrels, beavers, and geomyoid 
rodents such as the gopher, Geomys. The zygomatic 
plate of a sciuromorph rodent is extended anteriorly 
and ascends the lateral side of the rostrum anterior 
to the small infraorbital foramen. The large lateral 
branch of the masseter muscle is extended anteriorly 
to attach on the anterior surface of the zygomatic plate 
next to the rostrum in these rodents. The third type of 
zygoma is hystrichomorphous, which occurs in the old 
world ctenodactyloid, theridomyoid and hystricognath 
rodents as well as the new world caviomorph rodents 
that include the porcupine, Erethizon. The zygomatic 

abstract—“The order Rodentia is the most abundant and successful group of mammals, and 
it has been the focal point of attention for comparative and evolutionary biologists for many 
years.” (preface, Luckett and Hartenberger, 1985) Features of rodents that help to define their 
specializations (and history) are: their incisors, their cheek teeth, and associated jaw muscles for 
chewing. Indeed, the prime feature that defines a rodent is possession of a single pair of large ever-
growing incisors; with one pair of incisors on each side of the tooth row in both upper and lower 
jaws (equals four incisors per individual). This is in contrast to their closest relatives, the rabbits 
(or Lagomorpha) who have two sets of paired ever-growing incisors in upper teeth and a single 
pair of ever-growing incisors in lower teeth. Rodents and rabbits constitute a major division of the 
Grandorder Anagalida or Gliroids among mammals.
So, what does it mean to have an ever-growing incisor? As we are well aware, none of our teeth are 
ever-growing. However, a general trend in many groups of mammals, including some rodents, is 
to develop ever-growing cheek teeth. Fortunately for humans we have dentists, who are trained to 
repair, remove, and replace our teeth as we get older. Other mammals don’t have dentists, so many 
of them (such as horses, beavers, and voles) have developed ever-growing cheek teeth in order to 
keep processing food as they became older. Small rodents, such as cricetids and murids, that lack 
ever-growing cheek teeth (or serve as agents of medical research) have a very definite limit to their 
life span so we usually measure it in months rather than years. Rodents and other small mammals 
have had to find new methods to chew their food and extend their lives. A chief means to improve 
mastication among rodents involved changes in the masseter muscle, a primary muscle involved 
with chewing, along with changed locations for attachment of those muscles. These changes, 
resulted in different configurations of the zygoma (or zygomatic arch) which is a lateral expansion 
of bone beneath the orbit in the skull of mammals. In rodents these configurations are defined as 
protrogomorphous, sciuromorphous, hystrichomorphous, or myomorphous. These configurations 
have profound implications relative to the history and inferred relationships among rodents. 
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plate of a hystricomorph rodent is flat or slightly tilted 
upward and the lateral branch of the masseter muscles 
attaches on the anterior surface of the zygomatic plate. 
The medial branch of the masseter muscle penetrates 
a greatly enlarged infraorbital foramen and attaches 
on the anterior side of the expanded infraorbital 
foramen in these rodents. The fourth type of zygoma is 
myomorphous, occuring in the dipodoid and muroid 
rodents, including the common rat, Rattus. In these 
rodents the zygomatic plate ascends 
anteriorly to a near vertical orientation 
and constricts the lower part of the 
enlarged infraorbital foramen, which 
becomes “key-hole shaped,” and the 
medial masseter muscle that penetrates 
the upper part of the infraorbital 
foramen attaches on its anterior surface 
above the zygomatic plate. The lateral 
masseter muscle is expanded anteriorly 
as the zygomatic plate ascends the lateral 
rostrum; it attaches and covers the 
zygomatic plate in these rodents.

All of these changes in the zygoma 
result in longer and more powerful 
masseter muscles, permitting stronger 
and a more efficient chewing function 
to better crush seeds and fibers ingested 
as food. Changes in the zygomatic 
structure were advantageous and 
evolved differently in different groups of 
rodents.

Dental features of cricetid rodents
Cricetid rodents are characterized primarily by having 
only three cheek teeth on each side of the jaw, in both 
upper and lower dental series, for a total of 12 cheek 
teeth arranged in four sets (right and left side, in upper 
and lower jaws), to go along with their single set of 4 
(right and left, upper and lower) ever-growing incisor 
teeth. Most other rodents, such as squirrels and beavers, 
have at least one deciduous (baby) tooth in their dental 
series, which would produce a total of 16 cheek teeth 
including four deciduous teeth. Therefore, cricetids have 
a rather simple but easy-to-identify dentition relative to 
other rodents. 

Figure 1. Division of the masseter muscle in Rodentia, figure 2.2 in 
Korth W.W., The Tertiary Record of Rodents in North America. 
Plenum Press.

Figure 2. a) Hystricomorphy of rodent skulls, figure 2.4;

 2b) Myomorphy of rodent skulls, figure 2.5, both in Korth, W.W., The Tertiary Record of 
Rodents in North America. Plenum Press.
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Humans have a “complete” set of deciduous teeth 
(two upper and lower incisors, right and left side, one 
canine, upper and lower, right and left side, plus two 
upper and lower premolars, right and left side) totalling 
20 baby teeth that are lost before the complete set of 
eight incisors (two upper and lower, right and left side) 
, four canines (one upper and lower, right and left side), 
eight premolars (two upper and lower, right and left side), 
and twelve molars (three upper and lower, right and left 
side) are produced. The dental formula of a mammal, 
by convention, is the number of permanent tooth type 
(incisor, canine, premolar, and molar) that are commonly 
produced, all multiplied by four to include both sides of 
the jaw and both upper and lower teeth, so the human 
dental formula is 2:1:2:3, which equals 32 permanent 
teeth (16 upper and 16 lower cheek teeth or 16 on the 
left side and 16 on the right side). Most of us lose several 
of those teeth somewhere along the way, but dentists 
can replace most if not all of our teeth so we don’t starve 
from an inability to process food. 

Cricetid rodents, however, have no baby (deciduous) 
teeth (single exception noted below) and there are no 
rodent dentists, so if a cricetid rodent wears his or her 
teeth down to the roots, that rodent will likely die of 
starvation. Under normal conditions, most cricetid 
rodents will wear their cheek teeth down to the roots 
after about 12 months of chewing seeds or whatever food 

is available. Some rodents, 
such as beavers that can 
chew through small trees, 
have developed ever-growing 
cheek teeth, much like 
horses that have developed 
semi-ever-growing cheek 
teeth. Because beavers and 
horses can keep processing 
food, their lives may be 
extended for several years. 
Voles, which like cricetids 
have only 12 cheek teeth, 
have also developed ever-
growing cheek teeth, 
although other factors 
influence their longevity. 
The ability to chew food is 
probably the most critical 
factor controlling the life 
span of a cricetid rodent. For 
most other mammals, and 

other rodents, the availability of food as well as predation 
are more critical factors related to longevity. 

Ancestry of Rodentia and Cricetidae
Prior to about 1990 the ancestry of Rodentia 
was thought to be in North America because the 
earliest known record of rodents at that time was 
the reithroparamyine Acritoparamys atavus from 
Clarkforkian Land Mammal Age (late Paleocene) 
deposits in Montana (Korth, 1994). Subsequently, older 
and more primitive rodents were described from Asia 
and now it is well established that the earliest records 
of both rabbits and rodents are derived from Paleocene 
deposits of Asia. Thus, Acritoparamys atavus was likely 
an immigrant from Asia. Currently, the earliest known 
cricetid rodent is Pappocricetodon, known from middle 
Eocene deposits in Asia. Pappocricetodon is a cricetid 
rodent because it has only three cheek teeth in its tooth 
row, M1–3 and m1–3, along with a single pair, upper and 
lower, of ever-growing incisors. 

Pappocricetodon is currently known from five species 
in Asia. At least two of those species [P. antiquus, 
(Dawson and Tong, 1998) and P. neimongolensis, Li, 
2012)] had an occasional deciduous or permanent P4 
that was later lost during its lifetime, based on the 
presence of an alveolus for P4 in the maxilla or an 
appression facet on the anterior side of the M1 in some 

Figure 3. Infraorbital foramina of early cricetids, figure 25 in Martin, L.D. The early evolution of the 
Cricetidae in North America. University of Kansas Paleontological Contributions, paper 102.
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of the fossils. Thus, apparently some, but 
not all, individuals of Pappotherium had 
retained a primitive deciduous and/or 
P4. Currently, no cricetid rodent other 
than Pappotherium is known to develop 
deciduous teeth. Other features associated 
with Pappotherium include 1) presence of 
a small anterior cusp on M1, 2) absence 
of an anterior cusp on m1, 3) a single pair 
of ever-growing incisors, and 4) a zygoma 
that is convincingly hystrichomorphous. 
Therefore, the primitive zygoma in 
Cricetidae is hystrichomorphous and 
the myomorphous zygoma of modern 
cricetids must have been derived from 
a cricetid with a hystrichomorphous 
zygoma. 

The earliest known record of a cricetid 
rodent in North America is Eumys elegans 
recorded from Chadronian land mammal 
age (late Eocene). Known skulls of Eumys 
are “incipiently myomorphous” (Martin, 
1980, Fig. 2c, p. 10) and have a narrow 
saggital crest on the roof of the skull. The 
earliest known record of Eoeumys is from 
the Orellan land mammal age (middle 
Oligocene) whose skull has an “incipiently 
myomorphous” zygoma (Martin, 1980, 
Fig. 9c, p. 17). Therefore, early cricetids 
in North America had apparently already 
started to modify the zygoma toward a 
myomorphous zygoma. 

Revised Cenozoic biochronology
It is important to note that subdivisions 
of the White River Group, which 
had been the backbone for Oligocene 
chronostratigraphy in North America 
since 1941 when land mammal 
ages were defined, has been revised 
using new radiometric dates and 
magnetostratigraphy. Chronostratigraphy 
is the basis for land mammal ages, defined 
as intervals of geologic time characterized 
by the association of certain mammals 
that lived on that continent during that 
interval. Mammals have dispersed from 
one continent to another many times, and 
frequently several groups of mammals 

Figure 4. Pappocricetodon schaubi, maxillae with molar teeth, figure 1 in M.R. Dawson 
& Y.-S. Tong, New material of Pappocricetodon schaubi, an Eocene rodent (Mammalia: 
Cricetidae) from the Yuanqu Basin, Shanxi Province, China; K. C. Beard & M.R. 
Dawson (editors), Dawn of the Age of Mammals in Asia, Bulletin of Carnegie Museum 
of Natural History, v.34.

Figure 5. Edentulous maxillae of Pappocricetodon antiquus, figure 3 in Wang, B.-Y. & 
Dawson, M.R., A primitive cricetid (Mammalia: Rodentia) from the middle Eocene of 
Jiangsu Province, China. Annals of Carnegie Museum, v. 63.
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dispersed more or less at the same time, providing 
significant changes in the ecosystem of a continent 
subsequent to any dispersal “event.” The revised 
Oligocene chronostratigraphy for North America was 
reviewed by Prothero and Emry (2004) and followed by 
Woodburne (2004); it is also followed here. 

The Chadronian land mammal age is recognized as 
the interval between 33.7–36.5 Ma (magnetochrons 
mid C13r to lower C16r), which virtually places it 
in late Eocene. The Eocene–Oligocene boundary is 
currently interpreted 33.9 Ma. Orellan land mammal 
age is recognized as the interval between 33.7–32.0 
Ma (magnetochrons mid C13r to mid C12r) which 
corresponds to earliest Oligocene. Whitneyan land 
mammal age is recognized as the interval between 
32.0–30.0 Ma (magnetochrons mid C13r to C11n base) 
which includes much of the early Oligocene. Arikareean 
land mammal age, which was initially recognized as 

early Miocene, has been expanded by 11 
million years (19–30 Ma) which includes 
most of the Oligocene as well as part 
of the early Miocene. Note that with 
this chronologic revision the Eocene–
Oligocene boundary is placed at or near 34 
Ma and the Oligocene–Miocene boundary 
is placed at or near 23 Ma. Prothero and 
Emry (reported in Woodburne, 2004, 
p. 164-166) recognize the earliest record 
of a cricetid in North America as Eumys 
elegans, in late early Orellan, about 33 
Ma, with Eumys parvidens appearing 
slightly later, about 32.5 Ma, and Eoeumys 
vetus in late Orellan, about 32 Ma. These 
biostratigraphic ranges are always subject 
to change with later collecting but, as 
currently interpreted, they indicate a 
significant radiation and diversification 
of cricetid rodents (e.g., Eumys) in early 
Oligocene deposits of North America. 

A second radiation of cricetid rodents 
in North America (e.g., Leidymys and 
Paciculus) is recorded in the Arikareean 
land mammal age, which includes much of 
the Oligocene and very early Miocene. It 
appears to us that the radiation of Leidymys 
and Paciculus in Arikareean deposits is a 
new radiation of cricetid rodents in North 
America, rather than continuation of 
the earlier Oligocene radiation, although 
the interval separating these radiations is 

minimal, basically less than 4 Ma (29–33). Rationale 
for the second radiation of North American cricetids is 
based, in part, on a more primitive zygoma in the skulls 
of Leidymys and Paciculus relative to the skull of Eumys 
and its relatives, and absence of an anteroconid on m1 of 
Paciculus. The earlier radiation of Eumys and its relatives 
had achieved a more advanced “incipient myomorphous” 
zygoma and a well-developed anteroconid on m1, 
whereas the later radiation of Leidymys and Paciculus 
recorded a more primitive hystrichomorphous zygoma 
and a poorly developed anteroconid on m1 of Leidymys 
and absence of an anteroconid on m1 of Paciculus.

Arikareean Cricetidae 
The earliest currently known record of Leidymys or 
Paciculus is possibly Paciculus walshi, from the East Lake 
fauna from the Otay Formation in San Diego County 

Figure 6. Index map of major fossil localities of the Eocene-Oligocene transition 
of western North America; figure 2.1 in Prothero, D.R. and Swisher, C.C. III, 
Magnetostratigraphy and Geochronology of the Terrestrial Eocene-Oligocene 
transition of North America; D.R. Prothero & W.A. Berggren, (editors), Eocene-
Oligocene Climatic and Biotic Evolution. Princeton University Press.
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or Leidymys nematodon from the Alamos Canyon 
fauna from the upper member of the Sespe Formation 
in southern California, both of which are considered 
early Arikareean land mammal age. The Otay Fm. has 
yielded an Ar/Ar radiometric date of 28.86 Ma (Walsh 
and Deméré, 1991) and all of the Otay Fm. occurs in 
a reversed polarity magnetozone correlated as chron 
C9r (Prothero, 1991), based on the radiometric date. 
The Alamos Canyon fauna occurs in the upper part of 
the Sespe Formation, also with reversed polarity that 
is correlated with chron C9r. ?Paciculus sp. is based 
on a cricetid jaw from Kew Quarry in an undated 
upper part of the Sespe Fm. in southern California. 
We described (Lindsay et al., 2014) Paciculus walshi 
with a hystrichomorphous zygoma and lacking of 
an anteroconid on m1. Illustrations of Leidymys and 
Paciculus (Martin, 1980, Fig. 25, p. 39) suggest absence 
of constriction at the base of the infraorbiatal foramen 

in the skull of Leidymys lockingtonianus, Paciculus 
mcgregori, and possibly in Coloradoeumys galbreathi. 
Coloradoeumys galbreathi, an Orellan cricetid, was 
assigned to Eumys elegans by Korth (2010), which if 
assignment to the genus Eumys is accurate, confirms 
that some of early Eumys descendants were developing a 
myomorphous zygoma. We have not examined the skull 
(KUVP 11132) of Eumys elegans, but note that presence 
of a saggital crest is more characteristic of Eumys than 
of Leidymys or Paciculus. However, Korth (2010, Figs. 
1 and 2) showed that the skull KU 11132 (illustrated as 
Coloradoeumys or Eumys) has fractures and distortion of 
the zygomatic arch which makes it difficult to interpret 
whether the base of the infraorbital foramen has been 
constricted. Interpreting constriction of the infraorbital 
foramen is questionable when the zygoma is broken; 
the zygoma of KU 11132 looks to us like there is no 
constriction of the large infraorbital foramen, similar to 

Figure 7. Revised correlation of Chadronian land mammal age, figure 2.3 in Prothero, D.R. and Swisher, C.C. III, Magnetostratigraphy 
and Geochronology of the Terrestrial Eocene-Oligocene transition of North America; D.R. Prothero & W.A. Berggren, (editors), Eocene-
Oligocene Climatic and Biotic Evolution. Princeton University Press.
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that of AMNH 7028 (type of Leidymys lockingtonianus). 
However, we have not examined KU 11132. The skull of 
Paciculus walshi (SDNHM 4429203) that we illustrated 
(Lindsay et al., 2015, Fig. 3) has no breakage or distortion 
of the zygoma, nor constriction of the base of the 
infraorbital foramen. 

We are convinced that Paciculus walshi had a 
hystrichomorphous zygoma; other skulls of Paciculus, 
from the John Day Formation, have the base of the 
infraorbital foramen distinctly constricted, indicating 
that constriction of the base of the infraorbital foramen 
occurs within this genus. Care and scrutiny are needed 
to make interpretations of hystrichomorphy and 
myomorphy. The skull of Eumys elegans, (UNSM 
10779) illustrated by Martin (1980, p. 10, Fig. 2) clearly 
has the base of the infraorbital foramen constricted. 

Unfortunately, skulls of early 
cricetid rodents are rare and 
interpretations of the zygoma 
are feasible only if the zygoma 
is unbroken. In passing, we 
note that Martin (1980) never 
identified any early North 
American cricetids having a 
hystrichomorphous zygoma; he 
did, however, diagnose (Martin, 
1980, p. 8) Eumyinae having a 
smaller infraorbital foramina than 
in most Eucricetodontinae (of 
Eurasia), and (Martin, 1980, p. 9) 
Eumys elegans having “infraorbital 
foramen constricted ventrally,” and 
Coloradoeumys having (Martin, 
1980, p. 13) “infraorbital foramen 
not constricted ventrally as in 
Eumys.” 

Differentiation of Leidymys 
and Paciculus
While studying the large sample of 
cricetids from the Sespe–Vaqueros 
deposits in southern California we 
noticed that the type of Paciculus 
nebraskensis (UNSM 66166), 
an isolated unworn m1, had 
no anteroconid on the anterior 
cingulum. Also, m1 specimens 
of Leidymys nematodon from the 
John Day Formation in Oregon 
frequently lacked an anteroconid 

or the anteroconid of m1s was indistinct. We seriously 
questioned whether the anteroconid on m1 was being 
lost, similar to loss of the hypocone and metacone on M3 
or the hypoconid and entoconid on m3 of many cricetid 
rodents. It didn’t seem realistic that a rodent would lose 
the first functional cusp to erupt in its tooth row (!), so 
the alternative, that the development of an anteroconid 
on m1 had not evolved, seemed a more likely explanation. 
The only other cricetid that lacked an anteroconid on 
m1, to our knowledge, is Pappotherium, from Mongolia. 
When we saw that the zygoma of Paciculus walshi from 
the Otay Fm. is hystrichomorphous and also lacked an 
anteroconid on m1, it seemed obvious that Paciculus 
was a potential descendant of Pappotherium. Our 
current hypothesis is that Paciculus is a descendant of 

Figure 8. Correlation chart of deposits of Chadronian, Orellan, and Whitneyan age in North 
America, figure 5.2 in Prothero, D.R. & Emry, R.J., The Chadronian, Orellan, and Whitneyan 
North American Land Mammal Ages; M.O. Woodburne, (editor), Late Cretaceous and 
Cenozoic Mammals of North America. Columbia University Press.
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Pappotherium or some other cricetid that inhabited Asia, 
that it had a hystrichomorphous zygoma and lacked an 
anteroconid on m1. Apparently Paciculus dispersed from 
Asia to North America during the Oligocene epoch, 
and virtually exploded to become the most abundant 
and widespread rodent in North America. Leidymys 

apparently evolved from Paciculus, with development of 
an anteroconid on m1, and apparently replaced Paciculus, 
although both Leidymys and Paciculus were developing 
a more myomorphous zygoma, similar to that of the 
“incipient myomorphous” zygoma of Eumyini rodents 
that had radiated in North America during the earlier 

Figure 9. Chronology of Arikareean through Hemphillian interval, figure 6.3, in Tedford, R.H. et al., Mammalian Biochronology of the 
Arikareean through Hemphillian interval (late Oligocene through early Pliocene Epochs); M.O.Woodburne, (editor), Late Cretaceous and 
Cenozoic Mammals of North America. Columbia University Press.



e. lindsay and d. whistler | leidymys and paciculus

292 2016 desert symposium

Orellan land mammal age. This hypothesis is much too 
simple, but we suspect that with time newly discovered 
fossils will provide modifications that either refute or 
support our interpretation.

Therefore, Paciculus is considered an immigrant 
from Asia, and Leidymys evolved in North America 
as a descendant of Paciculus. Both Paciculus and 
Leidymys had a hystrichomorphous zygoma initially, 
but both developed an “incipient myomorphous” 

Figure 10. Correlation of Oligocene and Miocene biochronology in Mongolia and China, figure 20.3 in 
Daxner-Höck, G., Badamgarav, D., Erbajeva, M. & Göhlich, U.B., Miocene mammal biostratigraphy of 
central Mongolia (Valley of Lakes); X.M. Wang, L.J. Flynn, & M. Fortelius (editors), Fossil Mammals of 
Asia. Columbia University Press.

zygoma, like members 
of the Eumyini, in 
the Arikareean land 
mammal age. Early 
members of Leidymys 
gradually developed a 
functional anteroconid 
on m1. Another feature 
that might prove 
useful to distinguish 
Leidymys from Paciculus 
is the relative size and 
reduction of cusps 
on M3 and m3. It 
appears that M3/m3 of 
Paciculus blacki, which 
was defined as Eumys 
blacki by Macdonald 
(1970) from the early 
Arikareean Sharps 
Formation in South 
Dakota (and which we 
recognize as a species of 
Paciculus because its m1 
lacks an anteroconid), 
are comparatively large 
and retain a small but 
distinctive metacone 
and hypocone on 
M3, plus distinctive 
entoconid and 
hypoconid on m3. Note 
that Paciculus blacki 
is well represented in 
the Arikareean Sespe–
Vaqueros deposits of 
southern California.

Leidymys parvus was 
described as a small 
species of Leidymys 
from the John Day 

Formation by Sinclair (1905). We find no specimens of 
this species with a distinctive anteroconid on m1, so we 
recognize this John Day species as Paciculus parvus. 

Figure 10 is a summary of recent work on terrestrial 
biochronology in Mongolia and China (Daxner-Höck, 
et al., 2013) showing dated magnetochronology and 
“undefined” biochronology in Oligocene and Miocene 
deposits of Mongolia (zones A through D). Much of the 
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“resolved” biochronology in Mongolia has been done in 
zones C and D, which occur in deposits correlated with 
or younger than magnetochon C9. Magnetochron C9 is 
the interval that is correlated with the Otay Formation 
near San Diego radiometrically dated 28.86 Ma, which 
produced Paciculus walshi, our candidate for the earliest 
immigrant of the Tribe Leidymini. As work to refine 
the biochronology of zones A and B in Mongolia, the 
ancestor of Paciculus (and the Leidymini) should be 
discovered, we hope.

Members of the Tribe Leidymini
In his review of early North American cricetid rodents, 
Martin (1980) established the Tribe Leidymini to 
include Eoeumys vetus, Eoeumys exiguous, Scottimus 
lophatus, Scottimus kellamorum, Leidymys nematodon, 
Leidymys blacki, Leidymys alicae, Leidymys parvus, 
and Leidymys lockingtonianus. Martin considered 
that Eoeumys was a primitive relative of Scottimus 
and Leidymys, and this was his prime rationale for 
Leidymini. Martin (1980) also established the Tribe 
Geringini to include Geringia mcgregrori (Macdonald), 
Geringhia gloveri (Macdonald), Paciculus insolitus, 
Paciculus montanus, Paciculus woodi, and Paciculus 
nebraskensis. Martin considered that Geringia was 
a more primitive and less scansorial (saltatorial like 
kangaroo rats) cricetid relative to Paciculus, which he 
considered longer limbed and thereby more scansorial 
than Geringia, based primarily on post-cranial skeletons 
identified as those of Geringia and Paciculus. We do 
not follow these interpretations of Martin, primarily 
because little is known about variation and skeletal 
structure of both Geringia and Paciculus. Also, Martin’s 
interpretation infers differentiation of Leidymys and 
Paciculus on ecological differences that we believe are not 
well founded, whereas we see features of the dentition 
which strengthen the relationship between Leidymys 
and Paciculus as phylogenetic. Unfortunately, we know 
very little about the ecology of these rodents, and need 
much more associated skeletal material before ecological 
interpretations have weight.

In summary, we recognize the following members of 
Martin’s Tribe Leidymini.
 Paciculus 
  P. walshi
  P. blacki
  P. parvus
 Leidymys 
  L. nematodon

  L. lockingtonianus
  L. alicae
Potential members of the Leidymini that we plan to 
evaluate are:
  P. mcgregori
  P. woodi
  P. gloveri

We recognize the Leidymini as a closely related group 
of Cricetidae, some of which had a hystrichomorphous 
zygoma, and which were derived from Asian cricetids 
with a hystrichomorphous zygoma during the Oligocene 
epoch. It appears to us that Eurymini cricetids are 
not closely related to the Leidymini, in that the 
Eurymini had more advanced features (an “incipient 
myomorphous” zygoma and an anteroconid on m1) than 
the early Leidymini. These features (zygoma and m1) 
were later developed on Leidymini and their descendants. 
It is possible, but not proven, that later cricetids in North 
America, the Copemyini who occupied North America 
during Hemingfordian land mammal age and later, were 
derived from an unknown member of the Leidymini.
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Introduction
Two small mustelids, Miomustela and Plionictis have 
been reported from the Barstow Formation of California 
(Pagnac 2005; 2009) (Figure 1). Miomustela is the 
smaller of the two and was originally described by 
Douglass (1903) as Martes? minor based on CM 848, a 
left dentary fragment with canine, p3–4, and m1 from 
Miocene strata in the Madison River Valley of Montana. 
Later, CM 848 was referred to Martes? madisonae, as 
Martes minor had been occupied previously (Douglass, 
1929). Hall (1930) then erected the genus Miomustela 
and designated CM 848 as the genotype of Miomustela 
madisonae. Miomustela is reported from late Arikareean 
to late Barstovian strata in the United States (Florida, 
Wyoming, Nebraska, and Montana) and Canada 
(Saskatchewan) (Baskin, 1998), but because of the lack 
of a detailed systematic treatment, Miomustela is poorly 
known and some of these records are questionable (e.g. 
Tedford and Frailey, 1976). 

Plionictis was originally described as Mustela 
ogygia by Matthew (1901) based on AMNH 9042, a 

skull with jaws from Miocene strata at Snake Creek, 
Colorado. Two years later, Douglass (1903) noted that 
Mustela ogygia was about twice the size of Mustela? 
minor (now Miomustela madisonae). Based on the more 
distinct metaconid on m1 and other dental features 
that distinguish it from “true martens,” Matthew 
(1924) erected the new genus Plionictis and designated 
AMNH 9042 as the genotype with Plionictis ogygia 
as the genotypic species. Decades later, Webb (1969) 
argued that Plionictis is a subgenus of Martes and that 
AMNH 9042 should be recognized as Martes ogygia, a 
generic assignment supported by Shotwell (1970). Sutton 
(1977) re-assigned AMNH 9042 back to Plionictis based 
on several features that distinguish it from Martes, an 
assessment followed by Baskin (1998). 

Specimens referred to Miomustela and Plionictis from 
the Barstow Formation housed at the AMNH, UCMP, 
and RAM were studied and their taxonomic assignments 
reassessed. The results of this assessment are presented 
here, as well as the biostratigraphy of small mustelids 
from the Barstow Formation. 

Abbreviations
AMNH, American Museum of 
Natural History, New York, New 
York; Ba1, Barstovian Biochron 
1; Ba2, Barstovian Biochron 2; 
CM, Carnegie Museum of Natural 
History, Pittsburgh, Pennsylvania; 
FAM, Frick Laboratory Collections, 
American Museum of Natural 
History, New York, New York; 
NALMA, North American Land 
Mammal Age; RAM, Raymond 
M. Alf Museum of Paleontology, 
Claremont, California; RV, 
University of California–Riverside 
fossil locality; UCMP, University of 
California Museum of Paleontology, 
Berkeley, California; UCR, 
University of California–Riverside, 

Figure 1. Location of the Barstow Formation within the Mud Hills, Mojave Desert, California 
(adapted from Steinen 1966).
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Riverside, California (now housed at the University of 
California Museum of Paleontology). 

Miomustela madisonae
Miomustela madisonae was reported from the Barstow 
Formation (Pagnac, 2005; 2009), but a description 
of the specimens supporting this assertion was not 
provided. Four Barstow Formation specimens were 
located in museum collections that had been identified 
as Miomustela; UCMP 311688, UCMP 315119, UCMP 
320005, and RAM 16254. As shown below, only RAM 

16254 represents Miomustela, as the size and features of 
the UCMP specimens align them with Plionictis. 

Study of a cast in the AMNH collections (FAM 
100010) of the holotype (CM 848) of Miomustela 
madisonae indicates that this species is about half the size 
of the holotype of Plionictis ogygia (Table 1), as noted 
by Douglass (1903). Partial dentaries of small mustelids 
from the Barstow Formation represented by UCMP 
311688 and UCMP 315119 have p4 and m1 lengths that 
vary from 5.3–6.1 mm and 8.0–8.2 mm respectfully. 
Lengths of the p4 and m1 of FAM 100010 are 3.3 mm 
and 5.0 mm, much smaller than the UCMP specimens, 
which are more similar in size to the p4 and m1 of the 
holotype of Plionictis ogygia (AMNH 9042), 4.9–5.2 
mm and 7.5 mm respectively (Table 1). This is also the 
case with UCMP 320005, a partial maxilla whose P3–4 
are too large to be Miomustela madisonae, but are similar 
in size to the P3–4 of the holotype of Plionictis ogygia 
(Table 2). Thus, there are no specimens from the Barstow 
Formation of the lower dentition of Miomustela in the 
UCMP, AMNH, or RAM collections and only a single 
specimen of the upper dentition, RAM 16254. 

Although the P3–4 of RAM 16254 are about 
the size expected for Miomustela madisonae, a direct 
comparison is not possible as the holotype (CM 848) is 
a partial lower dentition. Thus, identification of RAM 
16254 as Miomustela is facilitated by study of AMNH 
104680, a dentary fragment with p3–4, m1, alveoli of 
p2 and m2 (Figure 2), and AMNH 104677 a skull with 
a nearly complete dentition (Figures 3–4), both from 

Table 2. Measurements in mm of the upper dentition of Plionicitis 
ogygia and Miomustela madisonae from the Barstow Formation 
of California, compared to the holotype of Plionictis ogygia 
(AMNH 9042) and a skull of Miomustela (AMNH 104677) 
from Observation Quarry, Nebraska; RAM 16254 is referred to 
Miomustela madisonae and UCMP 320005 to Plionicitis ogygia. 

Specimen p2 p3 p4 m1 m2 

FAM 100010 

 

L 

W 

 

 

2.4 

1.1 

3.3 

1.5 

5.0 

2.1 

 

 

AMNH 104680 

 

AMNH 9042 

L 

W 

L 

W 

 

 

3.3–3.4 

1.7–1.9 

1.9 

1.0 

4.3–4.4 

2.1–2.2 

2.7 

1.3 

4.9–5.2 

2.4–2.5 

4.2 

2.0 

7.5 

3.3–3.6 

 

 

2.7 

1.5 

AMNH 27313 

 

AMNH 27313A 

 

AMNH 27495 

 

AMNH 27496 

 

AMNH 50130 

 

UCMP 311688 

 

UCMP 315119 

 

RAM 7164 

 

RAM 7540 

 

RAM 8473 

 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

L 

W 

 

 

3.1 

1.7 

3.2 

1.7 

 

 

 

 

 

 

 

 

 

 

 

 

3.9 

1.8* 

4.7 

2.0 

4.1 

1.9 

 

 

3.7* 

2.2 

 

 

4.6 

2.1 

 

 

 

 

 

 

4.3 

1.8* 

5.3 

2.3 

5.2 

2.3 

 

 

 

 

 

 

6.1 

2.9 

5.3 

2.5 

5.6 

1.9 

6.2 

2.5 

5.5 

2.6* 

7.8 

2.7 

 

 

7.1 

2.9 

7.8 

3.1 

9.2* 

3.3* 

8.2 

3.6 

8.0 

3.3 

7.5 

   3.1* 

6.4 

2.7 

 

 

2.3 

1.6 

 

 

 

 

 

 

 

 

 

 

 

* Estimated because of damage 

  

Table 1. Measurements in mm of the lower dentition of Plionicitis 
ogygia and Miomustela madisonae from the Barstow Formation of 
California, compared to the holotypes of Miomustela madisonae 
(FAM 100010, cast of CM 848) and Plionictis ogygia (AMNH 
9042) and a dentary of Miomustela (AMNH 104680) from 
Observation Quarry, Nebraska. All specimens are Plionicitis ogygia 
except FAM 100010 and AMNH 104680. 

 
 

Specimen P3 P4 M1 

AMNH 104677 

 

RAM 16254 

 

AMNH 9042 

 

UCMP 320005 

   

L 

W 

L 

W 

L 

W 

L 

W 

2.8 

1.2 

2.3 

1.3 

4.7 

2.8 

4.8*
2.4* 

4.3 

1.8 

4.4 

2.2 

7.3–7.4 

4.2–4.3 

7.3 

3.7 

2.0 

3.9 

 

 

3.5 

6.7 

* Estimated because of damage 

 

 

    



d. lofgren, a. holliday, and r. stoddard | small mustelids from the barstow formation

2972016 desert symposium

Observation Quarry in Nebraska and identified as 
Miomustela. Based on their similar size and the fact they 
were collected in the same quarry, AMNH 104680 and 
AMNH 104677 probably represent a single species of 
small mustelid. Comparison of the dentition of AMNH 
104680 to that of the holotype of Miomustela madisonae 
indicates that AMNH 104680 probably represents 
M. madisonae. Thus, AMNH 104677, a skull also 
from Observation Quarry is also likely to represent M. 
madisonae. The single Barstow Formation specimen that 
may represent M. madisonae is RAM 16254, a maxilla 
fragment with P3–4 (Figure 5). If the P3–4 of AMNH 

104677 from Observation Quarry and that of RAM 
16254 from the upper member of the Barstow Formation 
are similar, then RAM 16254 likely also represents M. 
madisonae. 

Based on FAM 100010, a cast of the holotype of 
Miomustela madisonae, p2 has two small roots which 
are narrow antero-posteriorly and broad transversely, 
and the crown of p3 is transversely narrow and has a Figure 2. FAM 104680, a right dentary of Miomustela madisonae 

with p3-m1 from Observation Quarry, Dawes County, Nebraska. A) 
occlusal view; B) lingual view; C) labial view.

Figure 3. Palatal view of FAM 104677, a skull of Miomustela 
madisonae with left C, P2, P4-M1, and right P2-M1, from 
Observation Quarry, Dawes County, Nebraska.  

Figure 4. Occlusal view of FAM 104677 showing right P3-M1. 

Figure 5. Occlusal view of RAM 16254, a right maxilla fragment of 
Miomustela madisonae with P3-4 from RAM locality V98004. Scale 
bar equals 5 mm. 
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small heel and a slightly worn single main cusp. The p4 
of the holotype has a larger heel than p3 and also has a 
slightly worn single main cusp which is taller than the 
p3. There is also a small anterior shelf and a small cusp 
positioned about half way between the apex and the 
cingulum on the postero-labial slope of the main cusp 
of p4. Trigonid cusps are well developed in the m1 with 
a large anteriorly projecting and low paraconid, a small 
metaconid and a large protoconid which is much taller 
than either the paraconid or metaconid (metaconid taller 
than paraconid). The large protoconid is positioned 
slightly anterior to the metaconid and separated from it 
by a deep notch. A similar notch separates the paraconid 
and protoconid. The trigonid opens broadly lingually. 
A talonid basin with no distinct cusp development is 
present that has a rounded posterior margin. The m2 
appears to have been single rooted. Measurements of the 
dentition of FAM 100010 are given in Table 1. 

The dentition of AMNH 104680 (dentary fragment 
with p3–4, m1, alveoli of p2 and m2) from Observation 
Quarry in Nebraska (Figure 2) is very similar to that 
of FAM 100010 except in AMNH 104680, p4 has a 
larger anterior heel and a slightly less developed talonid 
basin, and the m1 protoconid is not as tall compared to 
the m1 protoconid of FAM 100010. These differences 
are minor and AMNH 104680 is interpreted to 
represent Miomustela madisonae, albeit a slightly smaller 
individual of the species (Table 1). 

The skull (AMNH 104677) identified of Miomustela 
from the Observation Quarry in Nebraska (Figures 
3–4) presumably represents the same species as AMNH 
104680. The P3–4 of AMNH 104677 and RAM 
16254 can be directly compared (Figures 4–5); P4 cusp 
terminology follows Flynn and Galliano (1982, fig. 1; 
it shows a left P4–M1, not a right as stated in figure 
caption), and orientation of P4 measurements follow 
MacIntyre (1966, fig. 3). The P3 in AMNH 104677 
is not as well preserved and is more worn than the P3 
of RAM 16254, but both P3’s are about the same size 
(Table 2) and morphological differences are minor. The 
P3 of AMNH 104677 has a relatively larger anterior 
shelf than the P3 of RAM 16254, and the latter has 
a distinct cusp on its posterior heel, unlike the P3 of 
AMNH 104677, where the posterior heel is not well 
preserved and a distinct cusp is not clearly evident. The 
P4 of both AMNH 104677 and RAM 16254 have a 
well-developed metastylar blade that lacks a metastyle 
or carnassial notch (Figures 4–5), a character noted by 
Baskin (1998) as representative of Miomustela. Also, in 

both specimens, the protocone and parastyle of the P4 
are subequal in size and these cusps are well developed, 
small, and positioned transversely parallel. Also, the 
P4’s in both specimens are very similar in size (Table 
2) and the only difference to note is the tooth margin 
between the parastyle and protocone deflects posteriorly 
in AMNH 104677, unlike the P4 of RAM 16254. 
These similarities suggest both specimens represent 
Miomustela, probably Miomustela madisonae. Thus, 
RAM 16254 becomes the only described specimen of 
Miomustela from the Barstow Formation and one that 
probably represents Miomustela madisonae. 

Plionictis ogygia
In contrast to the single specimen of Miomustela 
identified in the UCMP, AMNH, or RAM collections 
from the Barstow Formation, Plionictis is relatively 
abundant considering there are ten specimens of the 
lower dentition and one upper dentition. The upper 
dentition is represented by UCMP 320005, a right 
maxilla fragment with P3–4 from RV locality 5101 
(Figure 6) from the upper member. In size, the P3 and 
P4 of UCMP 320005 are very similar to those of the 
holotype of Plionictis ogygia (AMNH 9042) (Table 
2). The apex of the P3 of UCMP 320005 is about the 
height of the very large and tall paracone of P4. Also, 
the metastylar blade of P4 is well developed and lacks 
a carnassial notch and the protocone of P4 is larger 
than the parastyle and extends much farther anteriorly 
(Figure 6). These features are seen in the holotype of 
Plionictis ogygia, and there is little doubt that UCMP 
320005 represents this species. The upper premolars of 
Plionictis ogygia can be easily distinguished from those 
of Miomustela madisonae from the Barstow Formation, 
as the P3–4 of RAM 16254 are smaller, the apex of 

Figure 6. Occlusal view of UCMP 320005, a right maxilla fragment 
of Plionictis ogygia with P3-4 from RV locality 5101. 



d. lofgren, a. holliday, and r. stoddard | small mustelids from the barstow formation

2992016 desert symposium

P3 is much lower than the paracone of P4, and the P4 
parastyle and protocone are about the same size and 
transversely parallel (Figure 5). 

The ten specimens representing the lower dentition of 
Plionictis from the Barstow Formation in the AMNH, 
UCMP or RAM collections are all very similar to those 
of the holotype of Plionictis ogygia, particularly in size 
(Table 1) and in morphology of the m1. The m1 is best 
preserved in AMNH 27496, a right dentary fragment 
with damaged p3–4 (Figure 7). The protoconid in the 
m1 is the tallest and largest of the trigonid cusps and is 

connected to the slightly smaller and but significantly 
lower paraconid by a well-developed paracristid that has a 
deep notch. The metaconid of the m1 of AMNH 27496 
is much smaller and lower than either the protoconid or 
paraconid and is positioned transversely parallel to the 
apex of the protoconid on its lingual slope. The talonid 
basin of m1 is moderately developed and opens lingually. 
Although they differ greatly in size, the m1 of Plionictis 
ogygia bears some resemblance the m1 of Miomustela 
madisonae in the size and positioning of trigonid cusps 
and in general talonid morphology.  

All of the dentaries referred to Plionictis ogygia in the 
AMNH, UCMP and RAM collections have moderate 
to extensive damage to their dentitions. They consist of (a 
specimen from each collection is figured): 

AMNH 27496, right dentary fragment with slightly 
damaged p3, heavily damaged p4 and well preserved m1 
from Yermo Quarry (Figure 7) (described above).  

AMNH 50130, left dentary with canine, heavily 
damaged p2–p4 (p1 absent), damaged m1 and well 
preserved m2, and right dentary fragment with damaged 
m1 and heavily damaged p3–4 from Steepside Quarry 
(middle member).  

AMNH 27495, right dentary with canine, p1, heavily 
damaged p2–4, and damaged m1 and m2 alveolus from 
Leader Quarry (upper member). 

AMNH 27313, right dentary fragment with p3–4, 
damaged m1 and root of m2 from Green Hills (middle 
member). 

AMNH 27313A, left dentary fragment with p2–4 
from Green Hills (middle member). AMNH 27313 
and AMNH 27313A are a left and right dentary from a 
poorly constrained area (Green Hills). Because the depth 
of the mandible below p4 differs significantly between 
the specimens (7.5 mm for AMNH 27313 and 6.0 mm 
for AMNH 27313A), it is unlikely they represent the 
same individual.  

UCMP 315119, right dentary fragment with p4 and 
broken m1 from RV locality 7213. 

UCMP 311688, left dentary with alveoli of c, p2–3 
and m2, heavily damaged p4 and m1 missing antero-
lingual part of trigonid, and right dentary fragment with 
heavily damaged p4, well preserved m1, and alveolus of 
m2 from RV locality 5201 (upper member) (Figure 8).  

RAM 7540, right dentary fragment with broken 
remnants of p3–4 and m1 from RAM locality V200401 
(upper member). 

Figure 7. AMNH 27496, a right dentary Plionictis ogygia with p3, 
broken p4 and m1 from Yermo Quarry. A) occlusal view; B) lingual 
view; C) labial view.  
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RAM 8473, left dentary fragment with alveoli of c, 
and p1–3 and damaged p4 from RAM locality V94039 
(upper member). 

RAM 7164, right dentary fragment with alveoli of 
p2–3 and m2, broken p4 missing lingual half of crown, 
and broken m1 missing labial half of crown but with 
talonid basin mostly intact from RAM locality V94039 
(upper member) (Figure 9). 

The holotype of Plionictis ogygia (AMNH 9042) lacks 
a p1 (Matthew, 1901). Of the three Barstow Formation 
specimens that preserve the anterior part of the dentary, 

p1 or its alveolus is present in AMNH 27495 and RAM 
8473 and absent in AMNH 50130. This variation in 
Barstow Formation specimens indicates that presence or 
absence of p1 in Plionictis ogygia has limited taxonomic 
significance. 

Biostratgraphy
The Barstow Formation in the Mud Hills consists 
of about 1,000 meters of nonmarine strata that is 
subdivided into three members which, in ascending 
stratigraphic order, are the Owl Conglomerate 
Member, the middle member, and the upper member 
(Woodburne, et al., 1990). Barstow Formation 
tuffs and are used to define the lithostratigraphic 
boundaries between members; the Rak Tuff separates 
the Owl Conglomerate and middle members and the 
Skyline Tuff separates the middle and upper members 
(Woodburne et al., 1990) (Figure 10). Although the 
mammal fauna of the Barstow Formation is the name 
bearer for the Barstovian North American Land 
Mammal Age (NALMA) (Wood et al., 1941), it yields 
both Hemingfordian and Barstovian aged mammals 
(Woodburne et al., 1990; Tedford et al., 2004).

From 1923–1952, Frick Laboratory crews amassed 
a large, stratigraphically controlled collection of 
mammalian fossils (including small mustelids) from a 
series of quarries in the Barstow Formation that are now 
housed at the AMNH. More recent activities of crews 
from UCR and RAM resulted in the acquisition of 
additional specimens (UCR specimens now part of the 
UCMP collections). Small mustelids from the Barstow 
Formation were part of a review by Pagnac (2005) of 
the larger bodied mammalian fauna from Barstow. 
Pagnac (2009) also presented a revised biostratigraphic 
zonation of the formation and redefined the Ba1 and 

Figure 8. Occlusal view of UCMP 311688, a right dentary of 
Plionictis ogygia with broken p4, m1, and alveolus of m2, from RV 
locality 5201. A) occlusal view; B) labial view; C) lingual view.

Figure 9. Lingual view of RAM 7164, a right dentary of Plionictis 
ogygia with p4-m1 and alveolus of m2, from RAM locality V94039.
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Ba2 biochrons of the Barstovian NALMA (Figure 10), 
modifications built upon earlier efforts by Woodburne et 
al. (1990) and Tedford et al. (2004).

The single specimen of Miomustela madisonae 
identified from the Barstow Formation from the 
AMNH, UCMP and RAM collections is from RAM 
locality V98004 from the upper member. Fossil-yielding 
strata at V98004 consist of 10 meters of interbedded buff 
colored sandstone which has a 10 cm thick siltstone lens 
about two meters above its base that yields abundant 
avian and mammalian material representing mostly small 
bodied taxa (Lofgren et al., 2014). This locality is about 
30 meters below the Hemicyon Tuff (the lower of the 
two tuffs that outcrop at FAM Hemicyon Quarry) and 
is stratigraphically equivalent to FAM Easter Quarry 
(Lofgren et al., 2012; Lofgren et al., 2014). The tuff 
that overlies Hemicyon Quarry is usually called the 
Hemicyon Tuff and is dated at 14.0 Ma (Woodburne 
et al., 1990). Thus, RAM locality V98004 is within the 
upper member of the formation and thus correlates to 
the Ba2 Biochron of the Barstovian NALMA, and is 

slightly older than 14.0 Ma and the vertebrate assemblage 
from Hemicyon Quarry (Figure 10). RAM 16254 
obviously provides a limited representation of the actual 
stratigraphic range of Miomustela madisonae from the 
Barstow Formation, which at present is limited to a 
single site from the upper member.  

In contrast, the stratigraphic range of Plionictis ogygia 
spans part of both the middle and upper members of the 
Barstow Formation, as this species is known from FAM 
Steepside Quarry (middle member) up to FAM Leader 
Quarry (upper member). This interval spans the Ba1 and 
Ba2 biochron boundary (Figure 10). 

Summary
Twelve specimens now housed at the AMNH, UCMP, 
and RAM from the Barstow Formation of California 
represent small mustelids. Of these, eleven are referred 
to Plionictis ogygia which occurs in both the upper 
and middle members of the formation. Miomustela 
madisonae is much rarer, consisting of a single specimen 
from the upper member. Thus, the biostratigraphic 
range of Plionictis ogygia spans the Ba1–Ba2 biochron 
boundary, while Miomustela madisonae is restricted 
to the Ba2 biochron. Because the recovery of a small 
mustelids from the Barstow Formation is a rare event, 
any new discovery might significantly change a currently 
known biostratigraphic range, particularly that of 
Miomustela madisonae.  

The absence and presence of p1 varies in specimens 
of Plionictis ogygia from the Barstow Formation which 
indicates that the p1 has limited taxonomic significance. 
Specimens of Plionictis ogygia and Miomustela madisonae 
can easily be distinguished by size as Plionictis ogygia 
is significantly larger. Also, P3–4 differ in the two 
taxa as in Plionictis ogygia, the apex of P3 is as tall as 
the P4 paracone, and the P4 protocone is larger than 
the parastyle and extends much farther anteriorly. In 
Miomustela madisonae, the apex of P3 is much lower 
than the P4 paracone, and the parastyle and protocone of 
P4 are subequal in size and transversely parallel. 
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Figure 10. Geochronology and biostratigraphic subdivision of the 
Barstow Formation (adapted from Pagnac, 2009 and Woodburne et 
al., 1990), showing stratigraphic ranges of Plionictis and Miomustela 
and stratigraphic positions of the FAM Leader and Steepside 
quarries. 
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An ichnotaxonomically diverse fossil 
tracksite with multiple Grallator trackways 
in the Aztec Sandstone (Jurassic) of Red 
Rock Canyon National Conservation Area, 
Las Vegas, Nevada

Stephen M. Rowland1 and Gordon Haight1

1Department of Geoscience, University of Nevada, Las Vegas, gordohaight3@gmail.com, steve.rowland@unlv.edu

Introduction
Prior to 2011, no fossil tracksites were known to occur 
in the Jurassic Aztec Sandstone of Red Rock Canyon 
National Conservation Area (RRCNCA) adjacent to 
Las Vegas. Fossil tracksites have long been known to be 
present in the correlative Navajo and Nugget sandstones 
of Utah, Colorado, and adjacent states (Lockley and 
Hunt, 1995; Rainforth and Lockley, 1996; Rainforth, 
1997), as well as in the Aztec Sandstone exposed in the 
Mescal Range of San Bernardino County, California 
(Reynolds, 2006), so there was an expectation that fossil 
tracks would eventually be found in RRCNCA. 

The first tracksite reported in RRCNCA—a site 
with multiple, poorly preserved, dinosaur tracks—
was discovered by hikers in 2011. Publicity about the 
discovery soon led to the discovery of other tracksites 
(Rowland et al., 2014). In order to properly manage and 

protect this newly discovered resource, the Bureau of 
Land Management contracted us to conduct a survey 
of fossil tracksites in RRCNCA. The project was 
funded by a grant from the BLM’s National Landscape 
Conservation System. 

To date, we have documented fifteen trace fossil 
sites within RRCNCA, containing seven ichnotaxa. 
Three of the ichnotaxa (Grallator, Brasilichnium, and 
an undescribed mammaloid form) are attributed to 
vertebrates. The other four ichnotaxa (Entradaichnus, 
Octopodichnus, Paleohelcura, and Planolites) are 
attributed to arthropods.

Here we describe and interpret the single richest 
tracksite—in terms of taxonomic diversity—yet 
discovered in RRCNCA. This tracksite (UNLV-AZ-
017) was discovered in 2012 by an observant hiker 
named Aaron Leifheit who kindly alerted us to his 

abstract—We describe and interpret a fossil tracksite in Red Rock Canyon National 
Conservation Area. Four ichnotaxa are present, including two arthropod ichnotaxa 
(Octopodichnus and Paleohelcura) and two vertebrate ichnotaxa (Grallator and a possible 
undescribed mammaloid form that we call Ichnotaxon A). The trackway surface consists of 
multiple bedding planes of foreset strata, totaling about 90 cm of stratigraphic thickness. The 
sedimentological setting was the distal, toe portion of the south-facing slip face of a massive, trough-
cross-stratified, barchan-like dune that was at least 100 m wide and several tens of m tall. Five 
Grallator trackways are present, recording the movements of small, bipedal, carnivorous, theropod 
dinosaurs. The five trackways are widely separated from one another, reflecting solitary behavior. 
They occur on multiple bedding planes, indicating that dinosaurs repeatedly crossed this surface, 
over a time interval measured in years. Each Grallator trackway is oriented diagonally across the 
downslope direction of the dune. Calculations based on stride length and estimated hip height 
indicate a range of speeds and gaits, including walking, trotting, and running. The fastest speed 
recorded is 15.7 km/hr. These data suggest that the Grallator trackmakers were solitary hunters, 
and that they were traversing purposefully across the dunefield, choosing routes that were as 
energetically efficient as possible. 
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discovery. Access to the site is difficult, and 
RRCNCA managers have requested that 
we not reveal its location. 

The tracksite and its 
sedimentological context 
Tracksite UNLV-AZ-017 consists of a 
surface that is 30 meters long and up to 20 
meters wide (Fig. 1). Multiple foreset strata 
are exposed on this surface, comprising a 
total stratigraphic thickness of about 90 
cm (Fig. 1 cross-section). The strata strike 
N75˚W and dip 12˚ to the southwest. 
The trackway surface lies within a large, 
trough-cross-stratified set, about six m 
above a first-order bounding surface (Fig. 
2). This cross-strata set extends for about 
70 meters to the southeast, at which point 
it is truncated by a vertical, modern erosion 
surface (Fig. 2). Based on the existing 
dimensions, we infer that the dune was 
at least 100 meters wide and many tens 
of meters high. The preserved portion 
represents the distal foreset strata near the 
toe of the dune. Beneath the first-order 
bounding surface at the bottom of the 
track-bearing, cross-strata set lies another, 
comparably massive, cross-strata set (Fig. 2). 
Exposures that are stratigraphically below, 
above, and lateral to the track-bearing set 
display trough-cross-stratified bedding. 

The presence of sand crescents adjacent 
to tracks in trackways 017.3 and 017.11 
indicates that the paleoslope was toward 
the south-southwest, which is consistent 
with the prevailing paleocurrent 
orientation in the Aztec Sandstone 
(Marzolf, 1983). This is the same direction 
that the beds are currently dipping (Fig. 
1). The orientation of the cross-section 
sketch in Figure 2 is perpendicular to 
the paleoslope, so the laminae do not 
conspicuously thicken or thin across the 
exposure. Porter (1987) interpreted this portion of the 
Aztec Sandstone to represent barchan-like dunes. 

Ichnology
Four different ichnotaxa occur at the site: Grallator, 
Octopodichnus, Paleohelcura, and Ichnogenus A. 

Grallator is the track of a small, bipedal, theropod 
dinosaur. It is by far the most common dinosaur track in 
the Aztec Sandstone of southern Nevada (Stoller et al., 
2013; Rowland et al., 2014). Octopodichnus (Fig. 3A) is 
the track of an arthropod, possibly a scorpion (Lockley 
and Hunt, 1995). Paleohelcura (Fig. 3B) is another 
arthropod track, and it has also been interpreted to be 

Figure 1. Topographic sketch map and cross-section of Tracksite UNLV-AZ-017 in 
Red Rock Canyon National Conservation Area, showing Grallator tracks (black dots) 
and trackways (rectangles). Arrows adjacent to trackway rectangles show direction 
of travel; the question mark adjacent to Trackway 017.4 indicates some directional 
uncertainty due to indistinct track morphology. The dashed box that overlaps with 
Trackway 017.9 rectangle contains (in addition to a Grallator track) an Octopodichnus 
trackway, multiple Paleohelcura trackways, and the mammaloid trackway Ichnogenus 
A. Paleoslope orientation is based on the presence of sand crescents adjacent to some 
tracks in trackways 017.3 and 017.11; these sand crescents, which are inferred to be 
on the downhill side of the track, consistently occur on the south side of tracks. The 
strike-and-dip symbol records the orientation of strata.
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the track of a scorpion (Lockley and Hunt, 1995). At 
tracksite AZ-017, both Octopodichnus and Paleohelcura 
occur very close together (Fig. 1). Paleohelcura occurs 
in multiple trackways, oriented in different directions, 
but all within a small area of a few hundred cm2 (Figs. 1, 
3B). Both Octopodichnus and Paleohelcura are relatively 
common constituents of the Aztec–Navajo–Nugget 
ichnofauna (Lockley and Hunt, 1995; Good and Ekdale, 
2014). Individual footprints within the Octopodichnus 
trackway at this site (Fig. 3A) are much less orderly 
than those at another RRCNCA Octopodichnus site 
(Rowland et al., 2014, fig. 4); the trackway at this site 
closely resembles an Octopodichnus trackway illustrated 
by Lockley and Hunt (1995, fig. 2.7). 

Ichnotaxon A—the 1-cm-wide track of a 
chipmunk-size mammal or therapsid with 
a stride of about ten cm—occurs in a single 
trackway (Fig. 3C). Lockley et al. (2011) 
referred similar, small mammaloid tracks in 
the Nugget Sandstone to the common Aztec–
Navajo–Nugget mammaloid ichnogenus 
Brasilichnium, however these are considerably 
smaller than typical Brasilichnium (cf. 
Rowland and Mercadante, 2014). We refer 
the trackway illustrated in Figure 3C to 
undescribed Ichnotaxon A, pending further 
study. 

Grallator is by far the most conspicuous and abundant 
track type at this locality. It occurs in five separate 
trackways, in addition to the occurrence of a solitary 
undertrack (Fig. 1). Some of the Grallator trackways 
consist of distinct surface tracks (Fig. 4A), while others 
consist of less distinct undertracks. Tracks in four of 
the five Grallator trackways (017.1, 017.3, 017.9, and 
017.11) are distinct enough for the direction of travel 
to be unequivocally determined, as indicated by arrows 
in Figure 1; they were all moving diagonally downward 
across the slip face. The tracks in Trackway 017.4, in 
contrast, are undertracks without clear morphological 
definition; the morphology of the tracks in this trackway 
hints that the animal was moving diagonally downward 

Figure 2. Cross-section of the cross-bedded set containing Tracksite AZ-017 
and the underlying cross-bedded set.

Figure 3. A. Octopodichnus, consisting of a disorderly arrangement of tiny pits. B. Two Paleohelcura trackways oriented at a high angle 
to one another. Each trackway consists of a double row of sets of three, aligned, tiny pits. C. Ichnogenus A. Note sand crescents behind 
each track, which indicates that the photo is oriented such that the animal was moving downward.
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(toward the southwest), but we cannot be certain that it 
was not headed in the opposite direction. Each of the five 
Grallator trackways is oriented diagonally across the slip 
face of the dune, at an angle between 35˚ and 58˚ from 
the inferred downslope direction.

To determine the speed that the trackmakers were 
traveling we used the technique developed by Alexander 
(1976), which makes use of the fact that the hip height 
of a dinosaur is proportional to its foot length. For 
small theropods, such as the Grallator trackmaker, the 
hip height is 4.5 times the foot length (Wright and 
Breithaupt, 2002). For both bipedal and quadrupedal 
vertebrates, there is a mathematical relationship 
between hip height, stride length, and speed, however 
the relationship is slightly different depending upon 

whether the animal is walking or running. The respective 
equations are presented below, as summarized by Wright 
and Breithaupt (2002):

For Walking Quadrupeds: V = 0.25g0.5 S 1.67H-1.17 
For Running Quadrupeds: V = [gH(S/1.8H)2.56]0.5 

V is velocity, g is the acceleration due to gravity (9.8 
m/s), S is stride length, and H is hip height. Linear 
measurements are in meters, and temporal measurements 
are in seconds. Whether the animal was walking, 
trotting, or running can be determined from the relative 
stride length—a dimensionless number equal to the 
stride length divided by the hip height. Relative stride 
lengths less than 2 indicate walking; values greater than 
2.9 indicate running; values between 2.0 and 2.9 indicate 
trotting (Fig. 5) (Wright and Breithaupt, 2002). 

The characteristics of the five Grallator trackways at 
Tracksite UNLV-AZ-017, together with the calculated 
speeds of the trackmakers, are tabulated in Table 1. The 
data indicate that two of the animals (Trackways 017.3 
and 017.11) were running, one of the animals (Trackway 
017.1) was trotting, and one (Trackway 017.4) was 
walking (Fig. 5). Measurements of the fifth trackway 
(017.9) fall on the boundary between walking and 

Figure 4. A. Typical well-preserved Grallator track at this site, pointing toward the right. B. Grallator Trackway 017.11, consisting of six 
tracks. Scale is one meter long, divided into decimeters.

Figure 5. Graph showing the inferred gaits of the five Grallator 
trackmakers at Tracksite AZ-017. 
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trotting. We used the “running” equation for trackways 
017.1, 017.3, 017.11, and we used the “walking” equation 
for trackways 017.4 and 017.9.

Most of the speeds reported in Table 1 are typical for 
small theropods. The speediest trackmaker in our study 
was running at 15.7 km/hr, as recorded in Trackway 
017.3. This is considerably faster than most speeds 
reported for theropods in the literature (synthesized 
by Thulborn, 1990). It is slightly faster than the world-
record speed for the men’s 20-km race-walk (Martin, 
2006). The fastest known dinosaur speed, as recorded in 
a fossil trackway, is 40 km/hr (Wright and Breithaupt, 
2002). 

Conclusions
This ichnotaxonomically rich tracksite provides a 
window through which we can catch a glimpse of 
the Jurassic, dunefield-desert ecosystem of the Aztec 
Sandstone. The preservation and later exposure of tracks 
in eolian settings is a capricious process, requiring 
a particular set of circumstances (Rowland and 
Mercadante, 2014; Good and Ekdale, 2014). Sediment 
moisture was required for the trace fossils to have 
been created and preserved, and wet climatic intervals 
must have occurred to support the relatively complex 
ecosystem that is emerging from the fossil record of 
the Aztec–Navajo–Nugget erg (Shibata et al., 2006; 
Ekdale et al., 2007). Monsoonal rains and recurring 
pluvial conditions have, in fact, been postulated for 
the Navajo Sandstone, based on sedimentology and 
paleoclimatology (Loope et al., 2001; Loope and Rowe, 
2003).

The slope was steep enough to cause sand to pile up on 
the downslope side of some of the Grallator tracks, but 
the sedimentology indicates that the exposed trackway 
surface lay in the distal portion of a massive dune. This is 
precisely the setting inferred by Good and Ekdale (2014) 
for the occurrence of Octopodichnus, Paleohelcura, and 

other ichnotaxa in the Nugget Sandstone of northeastern 
Utah. 

The characteristics of the Grallator trackways at 
Tracksite AZ-017 provide insights into the behavior 
of theropods in this ecosystem. Each of the Grallator 
trackways records the passage of a single animal, 
which suggests that these carnivorous dinosaurs were 
solitary rather than gregarious, in contrast to some 
deinonychosaurs in China, for example (Li et al., 2008). 
The diversity of speeds, from 5.2 km/hr to 15.7 km/hr 
(Table 1), records a range of behaviors, from walking to 
trotting to running. The Grallator trackways occur on 
multiple foreset strata, which indicates that dinosaurs 
repeatedly crossed this surface, probably representing a 
time interval measured in years. All five of the Grallator 
trackways record movement diagonally across the toe 
of the dune, between 35˚ and 58˚ from the downslope 
direction. This suggests that these dinosaurs were 
purposefully traversing the dunefield, choosing routes 
that were as energetically efficient as possible.
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Miocene invertebrate fossils demonstrate 
the faunal diversity of the Topanga 
Formation in Orange County

N. Scott Rugh
Colorado Desert District Stout Research Center, Borrego Springs CA 92004

Relatively little is known about the invertebrate fauna 
of the Topanga Formation in south Orange County. 
Three fossil collections of the middle Miocene Topanga 
Formation from Orange County recently became 
available and were prepared and identified, helping to 
fill this gap. Two of these collections were obtained from 
Rancho Mission Viejo in south Orange County, one 
collected in 2011, the other in 2015. A third collection 
made by Frank and Mabel Grouard in 1935 from an 
exposed cut in present day Panorama Heights in the 
northern Santa Ana Mountains was also studied. A very 
high species diversity of ~70 species of fossil invertebrates 
was identified in each collection. All collections 
contained a high proportion of families and genera of 
invertebrates that are characteristic of tropical west 
America. Many of these tropical genera no longer occur 
in southern California. The large number of species 
of burrowing gastropods and snails indicate that the 
paleoenvironment was primarily a sandy sea floor. The 
small percentage of marine mollusks typical of rocky 
bottoms in the collections indicate the presence of some 
rocky habitat. A number of species are common to both 
the south Orange County collections and the Grouard 
collection of the northern Santa Ana Mountains. 
These include the gastropods Olivella ischnon and 
Oliva californica, and the bivalves Miltha santaecrucis, 
Megapitaria cf. M. squalida, and Clementia pertenuis. 
The discovery and analysis of these three collections 
increase our understanding of this interesting time 
period of the Miocene. 

Miocene invertebrate fossils occur in various deposits 
throughout the state of California, including basin 
deposits along or near the coast from Del Norte County 
to Orange County and in extensive deposits of the 
ancient proto-Gulf of California in the Colorado Desert 
region of Imperial, San Diego and Riverside Counties. 
These fossil sites range in age from the Vaqueros 
Formation (Loel and Corey, 1932) of the early Miocene 
to the middle Miocene age Topanga Formation (Wiedey, 

1928) to the Castaic Formation (Stanton, 1966) of the 
late Miocene. Near the end of the Miocene, the tropical 
Imperial Group was deposited in the desert region. This 
deposit is characterized by a high diversity, clear water 
marine invertebrate fauna in the lower portion, and a 
low diversity fauna of abundant oysters, scallops and 
other estuary species of the vast delta of the proto-Gulf 
at the top (Hanna, 1926; Powell, 2008; Rugh, 2014). In 
the region of the central coast, also deposited near the 
end of the Miocene, are the Purisma (Perry, 1993) and 
Etchegoin (Woodring, et al., 1940) Formations.

The several Miocene deposits along the western 
edge of California tend to contain a relatively high 
proportion of temperate water invertebrate fossil species 
related to species living today along the California 
coast, in contrast to the predominate tropical fauna of 
the proto-Gulf of the region of the California Desert, 
with the same or closely related species as those living 
in the modern Gulf of California. Nonetheless, most 
Miocene basin deposits along western California 
contain a significant proportion of tropical species, 
a trend reflecting the gradual cooling of the world’s 
oceans over time during the Miocene. The fauna of 
the Topanga Formation tends to have a high diversity 
of inner shelf seafloor invertebrate fossils with many 
warm water species, and is well known in southern 
California from the Santa Monica Mountains (Susuki, 
1951), the Santa Ana Mountains (Schoellhamer, et al., 
1984) and Kern County (Addicott, 1940; Keen, 1943). 
Topanga Formation deposits in south Orange County 
are not as well documented (Stadum, 1973, 1984), but 
more information is forthcoming (Stadum, 2016, in 
press). A similarity has been noted between the middle 
Miocene invertebrate fauna of theTemblor Formation of 
the central coastal range of California, and that of the 
Topanga Formation in southern California (Wiedey, 
1928). The turret snail Turritella temblorensis (Table 
1) is named from this formation. The term “Temblor” 
today also refers to a Molluscan Stage of late to middle 
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Miocene age (Campbell, et al., 2007) . Invertebrate fossil 
species of the Topanga Formation may be referred to as 
the “Temblor Fauna” (C. Stadum, pers. comm., 2016).
Two paleontological monitoring projects during the 
grading of Rancho Mission Viejo in Orange County 
in the last few years produced more invertebrate fossil 
material from the Topanga Formation. In addition, an 
older, partially prepared collection from the northern 
Santa Ana Mountains in Orange County was available 
for study and comparison with the two recent Rancho 
Mission Viejo collections. 

The Rancho Mission Viejo Sites

RMV Planning Area 1

Deposit (site, sediment, fossils) 

The Rancho Mission Viejo Planning Area 1 (RMV-
PA1) site was discovered at the base of a low hill on 
the north side of San Juan Creek, about a half mile 
northeast of the intersection of Antonio Parkway and 
the Ortega Highway (Highway 74) in south Orange 
County. The location was collected in late 2011. Fossils 
were very common in light greenish grey, poorly 
compacted, moderately well-sorted, fine- to medium-
grained sandstone. The shells were generally deposited 
in a chaotic orientation of mixed fragmented and whole 
shells, including paired bivalves, tending to occur in high 
concentrations. All of the invertebrates were preserved 
as original shell material. Nearly all of the specimens 
were weathered to a highly chalky state, caused by 
groundwater leaching of the calcium carbonate shell 
material, and the majority of the specimens are pure 
white in color.

Preparation

The soft, chalky shell material was very fragile (Figure 1). 
Sand was very carefully brushed away from the surface 
of the specimens, and as they were exposed a solution 
of ~1:10 parts white glue to water mixture was dripped 
over the surface, penetrating cracks and much of the 
shell material, and allowed to dry in the sun. Two or 
more applications of this hardening solution were often 
required to strengthen the specimens. The surrounding 
matrix was also hardened by saturating it with the glue 
and water solution. Though very fragile and weathered, 
the surface sculpture of the shells was often in good 
condition, and identification was possible.

Collection (species) (Table 1) 

Collecting locality MAR2011-12-15-01 contained a total 
of just over 70 species, of which almost all are Mollusks 
– marine snails, clams, and tusk shells, although a few 
specimens of Annelid worm tubes and fragments of 
shells with sponge borings (Phylum Porifera) were also 
present. Specimens found included a new species of 
Diodora that was first recognized by Addicott in 1970 
but not named. A cockle species (family Cardiidae) 
found on the project was identified as Trigoniocardia 
granifera after a living species found in the Gulf of 
California today, using Keen (1971). No similar Cardiid 
species could be found in the literature on Miocene fossil 
invertebrates.

Environment

The environment in which the invertebrate fossils of 
RMV Planning Area 1 were deposited was an offshore 
sandy ocean bottom. Though a predominately sandy 
environment, the presence of a few rock dwelling species 
such as a keyhole limpet (Diodora sp.), thorny oyster 
(Spondylus sp.), and top snails (Calliostoma spp.) indicate 
that a rocky or reef area was not far away. There are many 
species that belong to genera that are found only in 
tropical regions, such as the Caribbean, tropical Pacific 
islands, and west Mexico, including Oliva, Pleuroploca, 
Spondylus, Miltha, Dosinia, and Clementia (Figure 1). 
Some of the species in the collection represent genera 
with large numbers of species in the tropics, but only one 
or a few species in less warmer northern regions that are 
considered “Subtropical”. Some of the genera of Miocene 

Figure 1. Clementia pertenuis, an ornate species of venus clam from 
RMV Planning Area 1. This genus is extinct in southern California, 
but there is a living species in the Gulf of California.  Middle 
Miocene, Topanga Formation.
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mollusks with less numbers of species than that expected 
from the tropics include Cypraea, Conus, and Terebra.

RMV Sendero Marketplace Site

Deposit (site, sediment, fossils) 

The Rancho Mission Viejo Sendero Marketplace site was 
discovered on the south side of San Juan Creek, less than 
a quarter of a mile east of the intersection of Antonio 
Parkway and the Ortega Highway (Highway 74), and 
a little north of the Ortega Highway in south Orange 
County. This location was collected in late 2015. The 
invertebrate fossil material was collected from a little 
over a half dozen very large boulders approximately 3 
to 4 feet long on average, and at least 2 feet thick. The 
boulders were mostly a concreted blue-grey, very-fine 
to medium-grained sandstone. Thin, horizontal shell 
layers very dense in fossils were present in the boulders. 
The layers appeared to be between 2 to 4 inches thick or 
somewhat more. Fossils were scarce in the blue grey layer; 
however, large clams such as a paired Dosinia were found 
there. Many of the blocks had two layers, for example one 
near the middle of the boulder, and another at or near 
the top. When exposed at the top, the layer was flat like a 
tabletop, and the shell bed probably was a relatively weak 
layer along which the boulder naturally split in the past. 
Where the dense shell layers appeared, the color of the 
concreted sandstone ranged from a golden yellow-brown 
to dark brown color. Dark brown sediment layers tended 
to have a decomposed nature in which the shell molds 
were preserved, but were much softer and contained 
poorer specimens than fossils from where more of the 
blue-grey colored matrix was present around generally 
more white shell fossils. However, 
within the matrix of the brown 
sediments, some hard, well preserved 
dark brown internal and external fossil 
molds were found. 

Preparation 

Initially, an attempt was made to 
remove pieces of the concreted shell bed 
from the boulders using sledgehammers. 
But the concreted material proved too 
hard for the sledgehammers, which were 
generally only able to remove mostly 
small chips. Subsequently a jackhammer 
was used, and it was possible to fairly 
quickly remove large pieces of concreted 
shell rich sandstone. Over two dozen 

blocks, most over a foot long and up to a half-foot thick 
or more were broken off the boulders in the field. A lot of 
the material in the boulders was the concreted molds of 
clams and snails, often with a white chalky decomposed 
original shell layer on the surface. When preparing the 
specimens, a diluted 1:10 glue and water solution was 
dripped over the surface to preserve the shell material in 
place, which could otherwise be rubbed off by handling. 
Sometimes a surface sculpture was present on the white 
calcium carbonate shell layer, and the glue and water 
solution served to preserve this. It is advisable that a 
dilute polymer (1:10 or thinner polymer to acetone of 
“watery” consistency) hardener such as Vinac or Paraloid 
B-72 be applied over these specimens to seal the soft 
white calcium carbonate material in place. Several 
other shell fossils were preserved with the original 
shell material naturally converted to a dark amber 
colored calcite crystal material. On these specimens, 
surface sculpture is well preserved, and no hardener was 
necessary, because the calcite crystal material was hard, 
not crumbly, as can be the case in some sites where fossils 
are preserved as a crystalline calcium carbonate.

Removal of the fossils from the hard concreted 
material is a tedious, time-consuming process. Using 
an angle grinder is a technique that allows removal of 
fossils from hard matrix blocks. The cutting action of the 
grinder does not create the same damaging vibrations 
as a technique using a hammer or hammer and chisel. 
One day of preparation was used to saw out selected large 
specimens such as Dosinia, Amussiopecten (Figure 2) and 
one long, skinny valve of Solen with an angle grinder. 
Working with a grinder requires careful planning of all 

Figure 2. Amussiopecten vanvlecki collected from RMV Sendero Marketplace. A flat 
pecten species unique to the middle Miocene age Topanga Formation, and generally 
common in Orange County.  These specimens have been cut out of the concreted matrix 
with an angle grinder. Size of specimen tray is 6" x 12."



n. s. rugh | miocene invertebrate fossils ... topanga formation

312 2016 desert symposium

cuts, which is time consuming. Also, the very fine dust 
particles are a health risk without a suction device to 
remove much of this dust. It was opted to use a quicker 
technique of breaking the blocks with a rock hammer for 
all other days of work. An Estwing rock hammer with a 
chisel edge was used. The blocks were broken into smaller 
pieces with firm strikes of the square head. The smaller 
pieces were further broken over a thick steel plate on 
top of a 3 high stack of 12 by six inch by 2.5 foot boards. 
A lot of control can be exercised in breaking the small 
pieces of concreted material with this technique, but it 
is not uncommon for a specimen to break in the middle. 
These broken pieces were carefully glued back together 
with super glue (cyanoacrylate). 

Collection (species) (Table 1)

The collection of invertebrate fossils recovered from 
collecting locality DG0911-2015-1 contained a total 
of at least 77 invertebrate species, the majority of 
which are mollusks, and two vertebrate species. The 
few invertebrate species that are not mollusks include 
Annelid worm tubes and fragments of shells with sponge 
borings (Phylum Porifera). The mollusks include a nearly 
equal quantity of bivalve and gastropod species. The few 
vertebrate specimens recovered include three very small 
requiem shark teeth, and two pieces of a small cetacean 
(probably dolphin) vertebra encased in hard concreted 
sandstone. A sample of the fossils collected from Sendero 

Marketplace (Figure 3) shows the 
concreted nature of the matrix, 
and some of the diversity of small 
species. 

While most species of the 
collection obtained from 
the boulders at the Sendero 
Marketplace site are unique 
extinct Miocene mollusks, it is 
interesting to note that some 
of the species present in this 
collection are very similar to 
species living today. For example, 
the Baby’s Ear snail, Sinum 
scopulosum, and the Wavy Thracia 
Cyathodonta cf. C. undulata, are 
species that live in the subtidal 
environment off the coast of 

southern California today, and yet 
their middle Miocene ancestors 
look almost the same. A few unique 
species were found during the 

preparation of material. Two bivalves were found that 
appear to be unique. One of these appears to be a large 
Periploma species, with low laying concentric ridges, and 
another species appears to be a Chamid bivalve with a 
flat valve and a cupped valve. 

Environment 

The environment in which the fossils were deposited was 
an offshore sandy sea floor, as indicated by exclusively 
sand dwelling burrowing species present including the 
gastropods Sinum cf. S. scopulosum, Olivella ischnon, and 
Terebra cf. T. cooperi and others, and most of the bivalves, 
including Trachycardium topangensis and Dosinia cf. D. 
ponderosa. Though most species indicate a predominately 
sandy bottom, the presence of a few rock dwelling species 
such as top snails (Calliostoma spp.) and the attaching 
bivalves, jewel box clams (Family Chamidae?) and jingle 
shells (cf. Anomia sp.) indicate that a rocky or reef area 
was nearby in the prehistoric environment. Present in 
the collection are many species that belong to genera 
that are found only in tropical regions today, such as the 
Caribbean, tropical Pacific islands, and west Mexico, 
including gastropods Ficus, Scaphander, Pleuroploca, 
and bivalves Arca, Lima, and Dosinia. There is abundant 
evidence from this collection, and the previously 
discussed collection made from RMV Planning Area 1 a 
short distance across the San Juan Creek to the northeast 

Figure 3. A sample of specimen lots collected from RMV Sendero Marketplace, showing the 
concreted nature of the matrix and the diversity of species found.  The large, globular gastropod 
near the center of the photo is the Miocene whelk Brucklarkia oregonensis, a species also found in 
the Astoria Formation of Oregon.  Middle Miocene, Topanga Formation.
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in loosely consolidated sandstone three years ago (field 
site MAR2011-12-15-01) that the marine depositional 
environment of the middle Miocene at Rancho Mission 
Viejo was very tropical.

The Grouard Collection 

Deposit (site, sediment, fauna)

In 1935, Frank and Mabel Grouard made a small 
collection of invertebrate fossils from the surface of an 
exposure of the Topanga Formation from northwest of 
present day Barrett Lane in the community of Panorama 
Heights east of the city of Orange, in the northern Santa 
Ana Mountains. This area is described in Schoellhamer, 
et al. (1984). From an examination of the specimens, 
two kinds of lithology are apparent. Least prevalent is 
a light greenish to orangish tan, compact, well sorted, 
very fine- to medium grained silty sandstone (with a very 
low percentage of medium sand grains). This lithology 
is primarily limited to a collection lot of the turritella 
species Turritella ocoyana (Figure 4). The second 
lithology, present in most of the other species lots is an 
orangish tan, loosely consolidated, poorly sorted, very 
fine- to coarse-grained silty sandstone. Several specimens 
of another turritella species, Turritella temblorensis, 
were collected from this loose, coarse sandstone. The rest 
of the collection from this coarse sandstone consisted 
of a high diversity – several dozen species – of marine 
invertebrate fossil species.

Preparation

Fossil invertebrate shells from the Grouard collection 
have been collected mostly whole from a poorly 
consolidated sandstone. These specimens were preserved 
with the shell converted to a dark brown colored calcite 
crystal material. Specimens were often cracked and these 

had to be carefully repaired with cyanoacrylate super 
glue. However, the structure of the fossil crystalline 
shell material, which tends to be crumbly in some fossil 
collecting localities, was generally solid. Sand with a high 
content of medium to coarse grains was attached to the 
surface of specimens in most specimen lots, covering 
most or all of them, resembling a coating of bread 
crumbs. This surface sand was light in color, but after 
being scraped off during preparation, the surface of many 
of the shell fossils appeared to be a blackish color. A few 
of the specimens had sediment of the more homogenous 
light greenish or orangish tan colored fine sediments 
described above. The Turritella ocoyana and several of the 
moon snails in this collection had this lighter colored, 
fine-grained sandstone inside the apertures, and to a 
small degree on the surface of the shell. Some of the 
bivalve specimens were internal molds of an orangish 
tan, compact, fine-grained sandstone matrix. Many of 
the Turritella ocoyana had a white caliche surface deposit 
on one side of the shell, and a couple of these specimens 
were about half-filled with calcite crystals that had grown 
densely on the inner surface of the shell. 

Collection (Table 1)

Initially, the collection appeared to be relatively small as 
it was comprised of a couple of large vials and a number 
of small specimen trays, many with unsorted families 
(i.e. family Muricidae). When the small specimens 
were sorted and identified, the collection grew. Close 
to 70 species of invertebrate fossils were identified. The 
collection also contains a couple vertebrate fossils: a large 
portion of a whale earbone and a tiny requiem shark 
tooth. Some of the invertebrate genera are represented by 
a number of species, including nutmeg shells, Cancellaria 
spp., and top snails, Calliostoma spp. The very small 
specimens that were picked from the large vials include 
many small clam species, including species of Glycymeris, 
Varicorbula, Juliacorbula, Acila, Crassinella, Nuculana 
and Nutricola. 

Environment

As in the collections made from the two RMV sites 
described above, the invertebrate species in this site 
indicate that the environment was a sandy ocean sea bed, 
as indicated by many sand dwelling gastropods including 
Polinices andersoni, Olivella ischnon, Oliva californica, 
Terebra cf. T. cooperi (Figure 5), most of the bivalve 
species including Miltha santaecrucis, Dosinia cf. D. 
ponderosa, and Chione temblorensis, and the tusk shells 

Figure 4. The turret shell Turritella ocoyana, an important species 
characteristic of the middle Miocene.  This species also occurs in 
deposits immediately above and below the Topanga Formation.  
Grouard Collection.  Middle Miocene. Topanga Formation
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Antalia cf. A. pretiosum 
and Cadulus sp. As in 
the RMV sites, there 
are also species in the 
Grouard collection, in 
smaller numbers that 
indicate the presence 
of a rocky bottom 
component of the 
Miocene environment. 
Most of these are small 
gastropods that lived 
on seaweed covered 
rocks, including Tegula 
dalli, Littorina sp., a 
couple species of top 
snails Calliostoma spp., 
a number of muricid 
species including cf. 
Chicoreus sp., Typhis 

lampada, and others. Many of the species are of genera 
that only live in the ocean along tropical west America, 
and are extinct in southern California, including 
gastropods Morula granti (Figure 6), Oliva californica, 
and Strombina sp., and bivalves Megapitaria squalida, 
Miltha santaecrucis and Clementia pertenuis.

Discussion
The purpose of this paper is to provide a comparative list 
of the collections made on the Rancho Mission Viejo 
property, south Orange County in 2011 and 2015, and 
of the Frank and Mabel Grourad collection made in the 
northern Santa Ana Mountains in 1935. There is no 
space in this paper to provide a detailed analysis of all of 
the material collected, or to describe them in the greater 
context of the middle Miocene deposits of California. 
However, a few important observations can be made 
about the relationship of some species contained in these 
collections. Each of these collections contains a high 
diversity of around 70 species of fossil invertebrates. All 
of them contain species of genera not present in southern 
California that live today in the Gulf of California to 
tropical central America and beyond to northern South 
America. Some of these species have been noted above 
for each collection site, and also include the gastropods 
Turritella ocoyana (which resembles the living species 
Turritella leucostoma and Turritella anactor of Baja, 
California), Architectonica sp., Ficus sp., and Pleuroploca 
sp., and bivalves, including ark clams Arca and Anadara 

sp., Miltha santaecrucis, 
and the bittersweet 
Glycymeris cf. G. 
maculata (a species 
living in the Gulf of 
California today). 
Most of these tropical 
genera are prevalent in 
the fossil invertebrate 
faunas of the late 
Miocene Imperial 
Group (Rugh, 2014). 
The middle Miocene 
collections also contain 
some tropical genera 
with fewer species 
than are found in 
the tropical ocean 
south of California, 
and include Cypraea, 
Conus, and Terebra. In the Gulf of California, there are 
several species in each of these genera. But similar to the 
Topanga Formation, there is only one species each of 
Cypraea and Conus, and three species of Terebra living 
today in southern California. 

Some families of mollusks in the three collections 
have high numbers of species, including family 
Turritellidae in the Grouard collection, family 
Cancellaridae in the Sendero Marketplace and Grouard 
collections, and family Trochidae (represented by the 
genus Calliostoma) in all three collections. The middle 
Miocene had a very high diversity of Cancellaria species, 
as noted by Addicott (1970). Today, while there is still a 
high diversity of Cancellaria in tropical west America, 
there are only three living species of Cancellarids in 
southern California. While the two areas represented 
by the collections in this study are at opposite ends 
of Orange County, there are a number of species that 
are common to both areas and include the gastropods 
Olivella ischnon, Oliva californica, and Turricula? 
buwaldana, and the bivalves Here excavata, Miltha 
santaecrucis, Trachycardium topangensis, Megapitaria 
cf. M squalida, and Clementia pertenuis. It appears 
that more species of bivalves correspond between the 
collections of southern and northern Orange County 
than gastropods.

The delicate, white fossil invertebrate fossils collected 
from Planning Area 1 and the concreted internal 
mold and calcite crystal fossil invertebrates from the 

Figure 6. A single nice specimen of 
the drupe snail Morula granti in 
the Grouard collection from the 
northern Santa Ana Mountains.  
Similar species are found living 
in tropical west America, and the 
region of Florida and the Caribbean.  
No species of drupe snail lives in 
southern California today. Middle 
Miocene, Topanga Formation

Figure 5. Auger shells Terebra 
cf. T. cooperi from the Grouard 
Collection from the northern Santa 
Ana Mountains.  The more inflated 
form of the two smaller specimens 
and somewhat different vertical 
ribs suggest these specimens could 
be a different species, in genus 
Hastula. Middle Miocene, Topanga 
Formation.
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Sendero Marketplace on the Rancho Mission Viejo 
property in south Orange County are valuable collection 
specimens representative of the middle Miocene Topanga 
Formation. The Grouard collection from the northern 
Santa Ana Mountains in north Orange County is an 
equally valuable collection of this formation. All of these 
collections have a high species diversity, and the species 
present in each collection correlate well with other 
middle Miocene localities in southern California. Little 
fossil material has been collected in southern Orange 
County, so these recent collections from Rancho Mission 
Viejo, and the identification and curation of the Grouard 
collection provide new information about the middle 
Miocene. The soon to be published manuscript by Carol 
Stadum (2016) on the limestone reef fossils of the Lake 
Forest and Laguna Hills region, collected in the 70’s and 
80’s, will further contribute to our understanding of this 
fascinating time period of the middle Miocene, when the 
marine environment of the southern California coast 
was warm and tropical.
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Scientific Name Rancho Mission Viejo
Planning Area 1

Rancho Mission Viejo, 
Sendero Marketplace

Grouard
Collection

Phylum: Annelida: X X

Phylum: Porifera: X X ?

Phylum: Bryozoa

cf. Cellaria sp. X

(encrusting colonial species) X

Phylum: Mollusca

     Class Gastropoda

Diodora sp. X

Tegula dalli X

Caliliostoma cf. C. carsoni X

Caliliostoma sp. A of Addicott cf cf

Caliliostoma sp. B of Addicott cf cf

Calliostoma sp. X

cf. Gibbula sp. X

cf. Turbo sp. ? X

cf. Littorina sp. X

cf. Teinostoma sp. X

cf. Alvinia sp. X

Caecum sp. X

Architectonica sp. X

Turritella inezana X

Turritella kernensis X

Turritella ocoyana X ? X

Turritella temblorensis X

Bittium topangensis X

Vermetidae (or Annelid?) X X

cf. Vermicularia sp. X

Calyptraea cf. C. coreyi X X X

Crepidula cf. C. rostralis X X

Crucibulum cf. C. scutellatum X

Crucibulum sp. X X

Natica cf. N. teglandae X

Polinices andersoni X X X

Sinum scopulosum X X

Trophosycon ocoyana X X

Ficus sp. X

Cypraea cf. emmakingae X X

Trophon cf. kernensis X X

Trophon cf. bartoni X

cf. Chicoreus sp. X

Muricidae (cf. Chicoreus sp.?) X

Ocenebra cf. wilkesana X

Typhis lampada X

Morula granti X

Bruclarkia oregonensis X

Bruclarkia sp. X

cf. Pricofusus sp. X

cf. Siphonalia sp. X

Appendix: Table 1
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Scientific Name Rancho Mission Viejo
Planning Area 1

Rancho Mission Viejo, 
Sendero Marketplace

Grouard
Collection

Antillophos posunculensis X

Antillophos woodringi X

cf. Antillophos sp. X

Mitrella cf. alta X cf.

Strombina sp. X

Nassarius cf. harrellensis X

Nassarius cf. smooti X X

Nassarius sp. X

Pleuroploca sp. X X

Oliva californica X cf. X

Olivella ischnon X X X

cf. Olivella sp. X

Cancellaria cf. circumspinosus X

Cancellaria cf. galei X

Cancellaria cf. keenae X

Cancellaria cf. ocoyana X

Cancellaria pacifica X

Cancellaria sp. X X

Conus hayesi ? ? X

Conus owenianus X X X

Terebra cf. T. cooperi X X X

cf. Megasurcula sp. X

Turricula? buwaldana X X

Ophiodermella temblorensis X

Knefastia cf. garcesana X X

Turridae? X X

Pyramidella sp. X

Acteon sp. X

Bulla cf. B. cantuaensis X X

Scaphander jugularis X X

Acteocina sp. X X X

     Class Bivalvia

Solemya sp. X

Acilia cf. castrensis X X

Nuculana sp. X X X

Anadara obispoana X

Anadara sp. X

Arca sp. X

Glycymeris cf. maculata X

Glycymeris cf. septentrionalis X

Glycymeris sp. X

Mytilus cf. M. hamlini X X

Amussiopecten vanvlecki X X

Leptopecten andersoni X X

Pectinidae X

Lima sp. X

Spondylus sp. X

cf. Anomia sp. X

Crassinella sp. X X X

Here excavata X X X
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Scientific Name Rancho Mission Viejo
Planning Area 1

Rancho Mission Viejo, 
Sendero Marketplace

Grouard
Collection

Lucinisca cf. N. nuttalli X X

Parvilucina sp. X X

Miltha santaecrucis X X

cf. Aligena sp. X

Diplodonta harfordi X X X

cf. Kellia sp. X X

Chamidae? X

Trachycardium topangaensis X X X

Trigonicardia cf. granifera X X

Nemocardium sp. X

Tivela cf. stultorum X

Nutricola sp. X X

Megapitaria cf. squalida X X X

Saxidomus cf. vaquerosensis X

Clementia pertenuis X X

cf. Clementia sp. X

Dosinia cf. ponderosa X X X

cf. Dosinia sp. X

Chione cf. temblorensis X X X

Compsomyax sp. X

Spisula cf. albaria X X

Florimetis sp. X

Macoma aff. M. albaria X X

Macoma copelandi X X

Tellina (small species) X X

Tellina (large ridged species) X X

Tellina sp. X

Tellinidae? X

Gari sp. X X

Semele sp. X X X

Tagelus clarki X

Solen cf. S. gravidus X X

Veneroida X

Juliacorbula sp. X

Varicorbula sp. X

Panope abrupta X

cf. Mytilimeria sp. X

cf. Periploma sp. X

     Class Scaphapoda

Antalium cf. pretiosum X X

Cadulus sp. X X

     Class: Crustacea

Megabalanus sp. X

Fam: Balanidae X

      Vertebrata

Fam: Carcharhinidae X X

Fam: Myliobatoidea X

Order: Cetacea X X



3192016 desert symposium

A short history of the Desert Symposium: 
LMFTAACE, MDQRC, MDQRS, DRS, DS

George T. Jefferson,1 and Fred E. Budinger Jr. RPA2

1 Colorado Desert District Stout Research Center, 200 Palm Canyon Drive, Borrego Springs, California 92004
2 Archaeologist. 7010 Barton Street, San Bernardino, CA 92404

Introduction
The 2016 annual Desert Symposium (DS) is the 30th 
anniversary of the “First Annual Lake Manix Arm 
Chair Field Trip and Air Conditioned Expedition 
(LMFTAACE)” group (Adams pers. comm. 1989). 
What follows is a brief history of how we moved 
from that informal gathering through some growing 
pains; everyone had trouble remembering what the 
unpronounceable MDQRC stood for, to our present DS 
Zzyzx meetings. The initial intent of that first meeting 
was to provide an opportunity for discussion among 
researchers interested in the Pleistocene of the Mojave 
Desert (Budinger pers. comm. 1985, Appendix 1). 
Besides, during the summer months no one really wanted 
to do field work anyway.

In the summer of 1985, Bob Adams and 
friends organized an ‘Air Conditioned Arm 
Chair Field Trip’ to share information about 
current work in the Mojave Desert. From this 
informal meeting in the recreational room 
of Bob’s apartment grew the Mojave Desert 
Quaternary Research Center. The second 
“Arm Chair” session (Appendix 2, 3) was held 
at the George C. Page Museum of Rancho La 
Brea Discoveries in Los Angeles, followed by a 
series of meetings in which the Mojave Desert 
Quaternary Research Center [MDQRC] was 
organized and an advisory board and steering 
committee was formed. By 1987, with the 
support of the San Bernardino County Museum 
and its Association, MDQRC became a formal 
organization, headquartered at the Museum in 
Redlands. —from Jefferson and Adams (1996), 
celebrating the 10th anniversary.

Over the past 30 years the MDQRC and Symposium 
morphed into the DS. In 2001 the meetings moved from 
the San Bernardino County Museum (SBCM) to the 
Desert Studies Center at Zzyzx.

History
In June of 1985, Fred Budinger sent me the following 
letter: 

I am sounding out people about the possibility 
of holding a discussion group/research strategy 
session (bull session) on Manix Basin geology, 
geomorphology, archaeology etc. The summer 
is too hot for field work but it might be a good 
time to get together and discuss who has done 
what, who is planning to do what, etc. I’m 
thinking of just a small group ---- Sunday, 
August 25.” (Budinger pers. comm. 1985). 

This first meeting was hosted by Bob Adams, and as 
I recall there was a tub full of cold beers available as 
needed. The meeting was well attended by both students 
and professionals from a spectrum of schools, museums 
and government agencies (Adams 1985, Budinger pers. 
comm. 2015).

About 0.00005% of the Quaternary has passed 
since the informal get-together last August. 
This time the locale for the air-conditioned 
expedition is the Page Museum and the date 
is Saturday, August 23rd; the time 9:00 A.m.” 
(Adams and Budinger pers. comm. 1986). 

The second meeting was held in the classroom at 
Page Museum. Quite unfortunately we didn’t have the 
tub of cold beers. I am now convinced that this had 
something to do with deciding that the group should be 
more organized, have a board or steering committee and 
a program for the next meeting, and present papers and 
publish the proceedings. We also decided to meet closer 
to the desert than in Los Angeles or Bob’s place in the 
San Fernando Valley, and selected the San Bernardino 
County Museum as a suitable location. The SBCM 
offered its facilities (see Greismer below), and The Friends 
of Calico also made space available at the Calico Early 
Man Site for a field studies center, equipped with maps 
and library materials.
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Also in 1985, Bob Reynolds organized the Cajon Pass 
to Manix Lake: Geological Investigations Along Interstate 
15 field trip (Reynolds, 1985). In many respects this 
SBCM Association Special Publication was the precursor 
to the present DS publications. It included a descriptive 
road log with stops written by Bob and a collection of 
invited papers on relevant sites and topics. Bob’s 1985 
trip and paper served as a pattern for the fledgling group, 
and our DS volumes still follow this format. A second 
field trip volume: Geology Around the Margins of the 
Eastern San Bernardino Mountains, followed in 1986 
(Kooser and Reynolds 1986). Three years later a field 
trip was added to the annual meeting program of the 
MDQRC.

Our third meeting, in 1987, was held in the 
SBCM auditorium and was called the Mojave Desert 
Quaternary Research Symposium (MDQRS). For the 
first time, we had a program and participants presented 
actual research papers, not just the informal results of 
the past season’s field work. The proceedings of that 

meeting, with the theme of Quaternary History of the 
Mojave Desert, were published in an SBCM Quarterly. 
The topics ranged from geology to paleontology and 
archaeology, and the presenters ranged from students 
through seasoned professionals from institutions 
scattered across California.

In 1987 the organization was officially named the 
Mojave Desert Quaternary Research Center. As Allen 
Greismer, then Director of the SBCM, outlined at the 
first formal gathering in 1987, the goals of the MDQRC 
were: 

1. To organize and hold at the Museum 
an annual formal symposium each spring, 
preferably the third week of May. 2. Organize 
and hold an annual workshop and field trip 
each fall, site to be determined annually. 3. 
To provide tangible resources in the form of 
cooperative collections, library, site files, and 
limited facilities (laboratory/office space). 4. To 
offer the potential for publication of research 

in both a semi-popular 
and scholarly format. 5. 
To provide a computerized 
listing and storage for 
unpublished literature in all 
relevant disciplines including 
field notes, photographs, 
and indexes of aerial 
photographs.

At that time the MDQRC 
consisted of a secondhand 
4-drawer file cabinet located 
in Bob Reynold’s office in the 
basement of the Museum.

By 1988, we had attracted 
folks from out-of-state, and had 
merged with the biannual Anza-
Borrego Desert Foundation 
symposium on the Value of the 
Desert. We also added an evening 
speaker (Harris 1988), and a 
second day of talks.

In 1989, following Bob 
Reynolds’ 1985 template (Kooser 
and Reynolds 1986, Reynolds 
1989), a field trip road log and 
associated papers were added 
to the annual symposium Mojave Desert Quaternary Times 1985
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publications. This appeared as a separate SBCM 
Association Special Paper, prepared in conjunction 
with the MDQRS. The Abstracts and Proceedings of 
the meeting were still in a separate SBCM Association 
Quarterly. The proceedings (see 1990 MDQRC/
MDQRS Program) averaged about 30 presented papers. 
Registration for the two day meeting in 1990 was $5.

In 1993 the MDQRS and the Desert Studies 
Consortium Symposium (DSCS) meetings were jointly 
held at the SBCM and co-sponsored. This worked well 
for both groups. The DSCS had met in conjunction 
with the Southern California Academy of Sciences. 
The Academy meetings focused on marine topics, not 
the desert. The name of this new conference was the 
Desert Research Symposium (DRS). Meetings were 
held under this name until 2000, when it was shortened 
to the Desert Symposium (DS). By this time the group 
had expanded to include not only archaeology/history, 
geology, and paleontology but also all of the biological 
sciences.

Bob Adams died in 1995, 10 years 
after the first “Arm Chair” meeting 
(Jefferson and Adams 1996). In his 
honor, the DS instituted the Bob and 
Bobbe Adams Award for the Best 
Student Paper. The award was first 
presented at the DS in 2004 (Presch 
pers. comm. 2015). It is unfortunate 
that none of our biology students 
have followed up on Bob’s ground 
breaking research into the ecology 
of the elusive Subterranus mojavensis 
(Adams 1989).

The year 2000 was a time of 
change, and not just to the new 
century. Transition from SBCM 
to the California Desert Studies 
Consortium, Desert Studies Center 
at Zzyzx had been under discussion. 
Gerry Sherba of California State 
University San Bernardino, Bill 
Presch of California State University 
Fullerton and the newly appointed 
Director of the Desert Studies Center 
at Zzyzx, and Bob Reynolds of LSA 
worked together that year, setting up 
plans to move the DRS to the heart of 
the Mojave Desert at Zzyzx. Planning 
and logistics for the meeting, then 

reaching an attendance of 100+ participants, was 
ongoing in 2000. This was the last year that the group 
met at the SBCM.

The first meeting of the new DS was held at Zzyzx in 
2001. Since that time, the organization has continued to 
grow, and recent attendance numbers are challenging the 
Zzyzx facilities. Maybe we should start selling admission 
tickets? At 335 pages, the 2015 DS Field Guide and 
Proceedings was more than ten times the early page 
count and over twice that of most of the more recent 
editions.

Throughout the history of the MDQRC/DRS/DS, 
USGS geologists have conducted mapping projects in the 
Mojave Desert, and have participated in the symposiums 
and field trips on a regular basis. The DS and particularly 
Bob Reynolds’ efforts are now legendary. “This has 
inspired USGS geologists to help and lead field trips, 
organize themes for the talks, and help guide the DS, by 
contributing two members to the Steering Committee” 
(Miller pers. comm. 2015).

2nd Annual Meeting Announcement
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Memorable events and stories

“The 2008 trip to Blythe and Salton Sea started 
with a stop near Amboy, which was up rough 
roads to an outcrop of the Bouse Formation. 
[From there to Blythe] a total 
of 9 flat tires resulted (but of 
course none for yours truly, 
who led that trip stop and 
warned folks not to spin their 
tires on the sharp rocks). 
We limped to Blythe [a few 
long after dark], with some 
folks using a wrong-size spare 
from someone else’s vehicle... 
anything with the right 
number of lug nuts because 
it was the 2nd flat for that 
vehicle. The Blythe tire shops 
open Sunday morning had 
lots of business” (Miller pers. 
comm. 2015). 

In defense, Bob replies “I always encourage 
desert travelers to carry two spare tires.” (Reynolds 
pers. comm. 2015).

On a more personal note, an evening 
presentation by Ted Fay on the history of the 
Tonopah and Tidewater Railroad (T&TRR) cost 
me tens of thousands of dollars. Inspired by Ted’s 
talk, I now have (still a work in progress) a model 
railroad patterned after the T&TRR in a stand-
alone building behind my garage.

Dave Miller recalls: 

The 2015 trip, late in the afternoon of Day 
1, I led a stop that involved driving down 
a major wash south of Alvord Mountain. 
We posted guards at tortoises encountered 
along the route, and found several more out 
foraging near where we stopped to walk along 
outcrops. A total of 7 were seen in an area of 
perhaps 4 square km. For several desert lovers, 
it was their first sighting and for all it was a 
record number in such a small area on a single 
day.” (Miller pers. comm. 2015).
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Appendix 2. Desert Symposium, the start

Prehistory of what is today the annual Desert 
Symposium at Zzyzx

Fred E. Budinger, Jr., RPA
Archaeologist, 7010 Barton Street San Bernardino, CA 92404

During my tenure as the Site Curator at the Calico 
Early Man Site, I met people who were interested 
in desert studies of various disciplines. Many were 
geologists; others were zoologists and botanists. I often 
told them that they should contact such-and-such a 
person, who shared very similar interests. The idea 
evolved that there should be a way and a venue to gather 
together professional and avocational scholars for a 
“beer-and-pretzel” gab-fest. I was thinking of old-time 
college bull sessions, not organized and not the formal 
annual meetings of the Southern California Academy 
of Sciences. I was already working with people from 
Caltech, USGS, and USC etc. I was always impressed 
at how eager they were to share their knowledge and 
enthusiasm about features and phenomena peculiar to 
the central Mojave Desert.

The first person I told was R. A. “Bob” Adams. Bob 
had driven into the Calico Site one very rainy winter 
day. He had been washed out of his studies in Afton 
Canyon. We talked for hours about Calico per se and 
other interesting features in the area, especially those of 
Quaternary age. Bob continued coming out to Calico, 
especially in calmer weather. After about a year or so, I 
told Bob about my idea of inviting other “Desert 
Rats” to an informal bull session. Bob, who had 
studied geology at UCLA, until studies were 
interrupted by WWII (during which he worked 
as an aerial photo interpreter) was immediately 
interested in such a gab-fest.

My idea was to pick a month that was too hot 
for field work and have an “air-conditioned” field 
trip. My growing Rolodex file at Calico already 
held many names of people who might consider 
getting together – as long as it wasn’t formal 
and constraining. Bob suggested that he could 
probably get the use of the recreation building 
at his apartment complex in Encino. I quickly 
agreed to the venue. Most of the folks I had 
thought of inviting were from the LA–Orange 
County and Inland Empire areas. Attracting 
them to a large building with air–conditioning 
would be easier than getting them out to Barstow 
(during the hot summer). I worked up a mailer 

and selected names for a first mailing list. We would 
meet in August 1985 in Encino.

The “bull session” came off well. Attendance was 
good. People got to know each other. They shared 
particulars of their individual disciplines. It wasn’t a 
free for all. We spoke one at time, but interrupted with 
questions and comments freely. We all recognized the 
value of interdisciplinary perspectives. I was pleasantly 
surprised at how major scholars spoke to the lesser 
accomplished attendees. All were true educators. They 
were not put off that some in attendance were still 
young and without long resumes of publications. It was 
wonderful. It was much more than I had envisioned in 
my mind’s eye.

We could have talked all night, but that wasn’t 
practical, given individual schedules. I proposed that 
we meet again the following year. Most agreed. The 
following year Bob Adams couldn’t get the use of his 
rec-room. The gathering was hosted by George Jefferson 
at the Page Museum, La Brea Tar Pits in L.A.

The third year, we moved out to the San Bernardino 
County Museum. We had big plans to establish a center 
(library) and name it the MDQRC (Mojave Desert 
Quaternary Research Center). 

After being at the San Bernardino County Museum 
for many years, MDQRC was moved to Zzyzx (Soda 
Springs) and renamed the Desert Symposium, with 
the administrative help and management of Cal State 
Fullerton, especially Bill Presch.

The Lake Manix Task Force. This drawing by Dan Taylor summarized the 
mid-1980s perceived state of knowledge about the Pleistocene record of the 
central Mojave Desert. It first appeared in The Friends of Calico Newsletter and 
was adopted by Bob Adams and others, and a later version includes a pennant, 
attached to the ladder, titled The Lake Manix Task Force.
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Repeat photography and secondary 
succession: Ballarat, CA

Shayna Avila
California State University, Fullerton, Department of Geological 
Sciences; shaynaavila@csu.fullerton.edu
(Advisors - Drs. Darren Sandquist and Jeffrey Knott)

Ballarat, CA, is a ghost town located at the base of the 
Panamint Mountains in Death Valley National Park. The 
city was founded in 1896, as a mining town with a post 
office and numerous buildings. Most operations stopped 
in 1917. Repeat photography is used to view geological, 
and ecological changes over time. Repeat photography 
can be used to document plant population changes. 
Desert environments are one of the best areas because 
of the uninterrupted vistas. We found one undated 
photograph of Ballarat and used background topography, 
geologic features and repositioned people to replicate the 
historical photograph. The tripod position was recorded 
and photographed. The time, date, weather conditions, 
and plant types were recorded. The original view is to 
the northeast. The shadows extend to the south and east 
indicating that the photograph was taken when the sun 
was to the north and west or during a spring/summer 
afternoon. There are no plants visible in the scene. The 
repeat photo was taken on January 8, 2016 (winter) at 
3:00 pm, on a clear day with few clouds. The only remains 
of the buildings are foundation remnants. Plants visible 
where the buildings originally were include salt bush 
(Atriplex canescens canescens), iodine bush (Allenrolfea 
occidentalis), and creosote bush (Larrea tridentata). Our 
observations show that secondary plant succession at 
Ballarat over the last 99–116 years is dominated by salt 
bush. Geologically, there is no evidence of erosion.

The importance of surficial geology in 
invasion and establishment of Sahara 
mustard1 

Kristin H. Berry1, Timothy A. Gowan1, David M. 
Miller2, and Matthew L. Brooks3

U.S. Geological Survey, 1Riverside, CA 92506; 2Menlo Park, CA; 
and 3Oakhurst, CA

African mustard, better known as Sahara mustard 
(Brassica tournefortii) in the Southwest, is a non-native 
forb that has rapidly invaded the western Sonoran and 
Mojave deserts. The species is of concern to ecologists 
and land managers because of its high potential to 
transform ecosystems and to damage habitats of 
threatened and endangered species. We studied invasion 
and establishment of B. tournefortii in the Chemehuevi 
Valley of California and developed predictive models 
for invasibility and establishment. Both during initial 
invasion and after establishment, significant predictor 
variables of Sahara mustard densities were surficial 
geology, proximity to highway and axial valley ephemeral 
stream channels, and number of small ephemeral stream 
channels. The axial valley ephemeral stream channel was 
the most vulnerable of the variables to invasions. Overall, 
this mustard rapidly colonized and quickly became 
established in naturally disturbed areas, such as stream 
channels, where geological surfaces were young and soils 
were weakly developed. Older geological surfaces (e.g., 
desert pavements with soils 140,000 to 300,000 years 
old) were less vulnerable. Early control is important 
because Sahara mustard can colonize and become well 
established across a valley in 20 years.
1Parts of an abstract drawn from Berry KH, Gowan TA, Miller 
DM, Brooks ML. 2014. Models of invasion and establishment for 
African Mustard (Brassica tournefortii). Invasive Plant Science and 
Management 7:599-616.
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New surficial geologic mapping reveals 
change from Pleistocene dextral strike-
slip to Holocene transpression along the 
Soda–Avawatz fault zone, eastern Mojave 
Desert 

Andrew J. Cyr
U.S. Geological Survey, Geology, Minerals, Energy and Geophysics 
Science Center, 345 Middlefield Road MS973, Menlo Park, 
California 94025

The Soda Mountains, eastern Mojave Desert, CA, expose 
Precambrian and younger rocks that have been uplifted 
by Mesozoic and Cenozoic faulting and unroofing. In 
the eastern Soda Mountains, adjacent to Soda and Silver 
Lake playas, faulting includes several roughly parallel, 
NW-striking sub-vertical faults that offset Tertiary and 
Quaternary alluvial sedimentary deposits. This ~4-km 
wide zone of deformation, the Soda–Avawatz fault zone 
(S–AFZ) is considered to be the eastern most expression 
of the Eastern California Shear Zone (ECSZ). Previous 
work has used the displacement of upper Miocene(?) 
alluvial strata to infer dominantly dextral strike slip. 
However, slip rates during late Pleistocene and Holocene 
time remained unconstrained.

New detailed surficial mapping of the piedmont 
areas to the north, east and south of the NW-trending 
eastern spur of the Soda Mountains demonstrates that 
late Pleistocene (unit Qia2, ~70-120ka) deposits have 
been tilted and faulted, whereas latest Pleistocene (Qia1, 
~20-40 ka) and Holocene (Qya4, ~9-14 ka) deposits 
have been uplifted and incised. 

At the northern end of the S–AFZ, Qia2 surfaces 
have been back tilted by faults such that the topographic 
gradient is opposite to the paleoflow direction, whereas 
along the eastern piedmont that abuts the S–AFZ Qia2 
surfaces have been dextrally offset by up to ~130 m. This 
implies maximum a slip rate of 1–2 mm/yr.

 Younger Qia1 and Qya4 units are not offset by faults. 
Instead, along the eastern piedmont theses surfaces 
exhibit decreasing vertical separation from NW to SE 
along the NW-striking eastern Soda Mountains front. 
Additionally, Qya4 alluvial surfaces in the southern 
piedmont are deeply (>5 m) incised, with wash valley 
walls having wine glass-shaped cross sections. Together 
these observations indicate that Qia1 and younger 
alluvial surfaces have been recently tilted and incised. 
One possible model is SE-directed progressive uplift 
related to transpressional folding along the S–AFZ.

These observations indicate a transition from 
dominantly strike-slip displacement along the S–AFZ 

prior to Qia1 time, followed by transpressional folding. 
This implies that either dextral slip along this part of 
the ECSZ has moved to a different structure, such as 
the Bristol Mountains fault zone to the SE, or that 
deformation along this portion of the ECSZ has changed 
from strike slip to fault-related folding above a blind 
thrust.

The Whipple Mountains saguaros
Ramona Daniels1 and Jared C. Carse2

1Bureau of Land Management Needles California m1daniel@blm.
gov (presenter); 2Rockwall Texas  jared.carse@gmail.com (poster)

In 2008, the BLM’s internal Lower Colorado River 
Working Group was concerned about the health of 
the Giant Saguaro (Carnegiea gigantean) Unique Plant 
Assemblage (UPA) which exists within the management 
area of two Bureau of Land Management (BLM) offices; 
BLM California Needles Field Office (NFO) and BLM 
Arizona Lake Havasu Field Office (LHFO).  

It was felt that these spectacular symbols of the 
Sonoran Desert were failing to reproduce in California 
because their major pollinator, the federally endangered, 
lesser long-nosed bat, had disappeared from the region in 
the 1990s. In addition, it was believed that the saguaros 
were being further affected by human impacts such as 
target shooting, Off-Highway Vehicle (OHV) use, and 
illegal harvesting for private use in landscaping. Both 
offices agreed that this interesting plant and its location 
inside California needed further study and protection.

Therefore, an Off-Highway Motor Vehicle Recreation 
(OHMVR) Division Grant to address research and 
restoration of the giant saguaro in California’s Whipple 
Mountains was developed. Both BLM offices discussed 
sharing responsibility and completing the project as 
a collaborative effort to (1) inventory the location 
of isolated stands which may occur throughout the 
Whipple and Turtle Mountain Wilderness Units; (2) 
identify other locations on BLM lands inside California 
where they may grow; (3) determine possible pollinators; 
and (4) restore unauthorized OHV routes to accelerate 
natural restoration processes.

In 2009, the NFO obtained the State of California 
OHMVR restoration grant. The project was split into 
two parts. The first part of the project was to research, 
locate, and record saguaro plants within the the Whipple 
and Turtle Mountain area, to identify immature species 
(less than 20 year of age), to collect species information 
for each plant, to identify nurse plant, to observe plants 
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during bloom cycle to identify pollinators, and to collect 
data on areas in need of restoration. These surveys 
would also assess further needs related to the health and 
reproduction of the plant species.

Desert renewable energy détente: the 
DRECP and the Amargosa Basin

Patrick Donnelly
Amargosa Conservancy, Shoshone CA 92384

Over the past decade, utility-scale solar has become 
an increasingly visible element of California’s energy 
system. In particular, the lands of the California desert 
have become highly valued for their robust levels of 
solar insolation and solar energy production capacity. 
Like many other modes of energy production, however, 
utility-scale solar entails significant environmental 
externalities, in particular to wildlife, habitat, and desert 
residents. Thus many utility-scale solar proposals, in 
particular on public land, had been met with significant 
resistance by environmentalists and desert residents.

The Desert Renewable Energy and Conservation 
Plan (DRECP) is a multi-agency, landscape-scale 
attempt to facilitate large amounts of renewable energy 
development in the California desert, in an effort for 
the State of California to meet its ambitious Renewable 
Portfolio Standard production goals, while balancing 
such production with compensatory conservation 
designations. 

The Amargosa Basin has been a flashpoint for the 
discussion about utility-scale renewable energy over the 
past several years, with project proposals such as Hidden 
Hills Solar Energy Generating Station, Iberdrola’s 
Silurian Valley Solar and Wind Project, and the Soda 
Mountain Solar Project meeting significant opposition. 
Home to a vibrant watershed and numerous endangered 
species, strong advocacy from community members 
and NGOs resulted in the designation of nearly every 
acre of the Amargosa Basin as National Conservation 
Lands in the DRECP. This presentation will discuss the 
mechanisms of public participation and environmental 
review in the DRECP, assess its relative efficacy at 
achieving its stated goals, and make suggestions for 
future implementation of the designations entailed 
therein.

Life in the Mojave: Wyatt Berry Stapp 
Earp

Walter Feller, walter@aeve.com
Wyatt Earp was 16 when his family moved from Iowa 
to San Bernardino, California. Coming through the 
Mojave they ran out of provisions, their horses became 
weak, and the Indians were bold if not menacing. That 
was Wyatt’s introduction to the land in which he would 
spend much of his life.

Settling in Colton, Nick Earp spoiled his boys and 
like just about any influential person, he kept his boys 
out of jail. That may well have been where Wyatt and 
his brothers became acquainted with how much money 
could be earned in law enforcement. In those times, law 
enforcement could pay very well. When he left home, he 
gained a reputation as a lawman and developed nefarious 
side enterprises along the way—he was a hustler. There 
is speculation that the events started with a woman, but 
whatever circumstances led to 30-seconds in Tombstone, 
in what became known as the shootout at the O.K. 
Corral, set the course of the rest of Wyatt’s life.

From these stories maybe we think we know Wyatt. 
Many thought him a hero, many thought him a killer. 
He wished people could just let it all go. He resented 
being defined by the Tombstone days, which were just a 
couple years in his long life. He didn’t want to be thought 
of as a bad man. Vindication is what he was after. But too 
many people other than him were making money from 
his name by dredging up and remaking the stories.

He wandered for a while, and brought home a small 
fortune from Alaska. Coming back south, he spent some 
time in Tonapah, Nevada, with brother Virgil. Wyatt 
spent years of his life in the Mojave. Here and there he 
would prospect and file some claims. He and his wife, 
Sadie, seemed to favor the eastern Mojave near Parker, 
Arizona, and in particular, his Happy Days Mine. 
During the hot desert summers he would move in to Los 
Angeles where he could pick up some work as a movie 
consultant, or maybe as has been speculated, do some 
con.

In this presentation we look at Wyatt’s life without 
the drama and attempt to see the man behind the legend.
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Status and challenges for the 
endangered Mojave-endemic Amargosa 
vole1

Janet Foley
School of Veterinary Medicine, University of California, Davis.
1320 Tupper Hall, Davis CA 95616, jefoley@ucdavis.edu

The Amargosa vole (Microtus californicus scirpensis) 
is a highly specialized desert rodent endemic to the 
Amargosa Basin and the isolated springs associated with 
the Amargosa River near Tecopa. Since its discovery 
in the late 1800s, the species has been exterminated 
from its type locality (Shoshone, CA) and only a few 
hundred exist now in Tecopa and at a captive breeding 
facility in Davis, CA. The vole is inbred with limited 
genetic variability, has minimal genetic flow among 
subpopulations, is the target of intense predation, and 
is subject to potentially catastrophic disease epidemics. 
Here I review the substantial recent research on vole 
status including population viability models, response 
to habitat stressors associated with climate change and 
other anthropogenic impacts, and various other threats. 
I also describe activities underway to help recover the 
species. 

It takes a village to raise a vole
Tanya Henderson 
Stewardship Program Manager, Amargosa Conservancy (tanya@
amargosaconservancy.org)

The Amargosa vole is a critically endangered rodent 
endemic to the spring fed marshes of the Amargosa 
Basin in the Northern Mojave Desert. One of the most 
promising ideas from recent agency efforts to save the 
species is the reintroduction of the vole to its historic 
range in Shoshone, California, eight miles north of its 
extant habitat in Tecopa. Because the extant habitat 
is confined to isolated patches of habitat within a 
single marsh system, the vole is highly vulnerable to 
disturbance events. Creation of habitat in Shoshone 
provides the opportunity to create a lifeboat population.

In the century or so since the vole lived in Shoshone, 
however, habitat conditions have changed dramatically. 
Thus the reintroduction of the vole to Shoshone requires 
a collaborative approach to conservation. The Amargosa 
Conservancy, a small conservation non-profit, is working 
with a private landowner, agencies, universities, and 
other non-profits to restore this habitat. This process 
includes gathering information about historic conditions, 
assessing current habitat types for restoration potential, 
organizing collaborative planning sessions, “re-setting” 

the habitat by clearing existing vegetation, recontouring 
land, promoting and outplanting three-square bulrush 
and adapting plans on-the-fly as obstacles present 
themselves. Limited resources need to be deployed 
creatively to ensure restoration objectives are met within 
limited budgetary constraints.

This talk will detail the planning efforts, initial forays 
into the on-the-ground restoration, and reflections on 
collaborative conservation in a diverse, multi-stakeholder 
partnership. Restoring habitat in Shoshone for the 
Amargosa vole is a remarkable opportunity to rescue 
a species while demonstrating a novel approach to 
endangered species conservation on private lands. 

History, distribution and conservation 
of the Mohave ground squirrel 
(Xerospermophilus mohavensis)

Ed LaRue
Circle Mountain Biological Consultants, Inc., P.O. Box 3197, 
Wrightwood, CA 92397, (760) 964-0012, ed.larue@verizon.net 

Discovered in 1886 in Lucerne Valley, San Bernardino 
County, California and formally described in 1889, 
the Mohave ground squirrel (MGS; Xerospermophilus 
mohavensis) is the only California-endemic squirrel 
species. It has the smallest known range of the 
three ground squirrel species with which it is 
sympatric, including white-tailed antelope squirrel 
(Ammospermophilus leucurus), California ground 
squirrel (Otospermophilus beecheyi), and round-tailed 
ground squirrel (Xerospermophilus tereticaudus). The 
species is known from only San Bernardino, Los Angeles, 
Kern, and Inyo counties, up to approximately 1,700 
meters (5,600 feet) elevation, west of Mojave River. The 
area of the geographic range is approximately 20,000 
km2. 

The earliest distributional studies were conducted by 
Wessman (1977) and Aardahl and Roush (1980). Results 
of protocol trapping surveys required by the California 
Department of Fish and Wildlife since 1988, live-
trapping surveys by Leitner beginning in 2000, camera 
surveys by Leitner and Delaney beginning in 2009, and 
volunteer efforts since 2010 suggest that the occupied 
range has been reduced since 1993. Today, projects up to 
five miles beyond the 1993 range boundary are subject 
to protocol trapping surveys of three five-day periods 
between mid-March and mid-July.

Most of what we know of MGS ecology and natural 
history has come from studies by Recht in Los Angeles 
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County in the mid-1970’s and by the Leitners in 
the Coso Range of China Lake Naval Air Weapons 
Center beginning in 1988. Radiotelemetry by Harris 
and Leitner has documented home range and juvenile 
dispersal. Matocq and Bell have carried out extensive 
genetics research. A current study is underway to 
determine the extent of hybridization between MGS and 
round-tailed ground squirrels, where they coexist west of 
Barstow.

The MGS was listed as Rare in 1971 and Threatened 
in 1984 by the California Fish and Game Commission. 
In 1995 and again in 2011, the U.S. Fish and Wildlife 
Service denied two petitions for federal listing. In 
2006, the Bureau of Land Management designated a 
Mohave Ground Squirrel Conservation Area including 
6,988 km2 of public lands. CDFW’s 2015 Draft MGS 
Conservation Strategy should be released in 2016.

Monitoring lessons at the Lynx Cat 
Mountain Mine, San Bernardino County, 
California

Edward L. LaRue, Jr.* and Sharon Dougherty
Circle Mountain Biological Consultants, Inc., P.O. Box 3197, 
Wrightwood, CA 92397;  ed.larue@verizon.net

Tortoise protective measures identified in state and 
federal regulatory documents issued in June 2015 for 
sand and gravel extraction for construction of Highway 
58 between Barstow and Hinkley were implemented 
at the 56.7-acre Lynx Cat Mountain Mine site and 
3.4-linear mile access road located five miles northwest 
of Hinkley, in the Superior-Cronese Desert Wildlife 
Management Area, San Bernardino County, California. 
Between 9/23/2015 when preconstruction surveys 
were performed and 10/23/2015 when construction 
monitoring activities were completed, seven biologists 
observed 14 Agassiz’s desert tortoises (Gopherus 
agassizii), 4 of which were handled 10 times to remove 
them from harm’s way. We believe that the clumped 
aggregation of tortoise sign through the center of the 
site was due, in part, to concentrations of Pleuraphis 
rigida, which was consumed by at least three tortoises 
during these late-fall monitoring activities. Protective 
measures implemented to prevent tortoises that exhibited 
sustained fence-walking behavior from over-heating 
included installation of PVC shade structures, diligent 
biological monitoring, and physically moving tortoises 
to known burrows when temperatures exceeded 
approximately 32°C. Below-ground egg shell fragments 

suggesting successful hatching were found in 5 of the 
35 tortoise burrows excavated from the 27.25-acre 
impact area at the mine site and 13.75-acre impact 
area along the access road. No tortoises were found 
in 4,120 rodent burrows excavated from the mine site 
and access road, although two hatchling tortoises were 
observed, including one found in a rodent burrow during 
preconstruction surveys. Adult tortoises precluded 
from active burrows within the fenced mine site were 
observed combating on two occasions, copulating on 
one occasion, and crawling beneath a vehicle on one 
occasion. Clearance surveys and diligent monitoring 
of vegetation brushing, topsoil collection, and bedrock 
outcrop removal confirmed that no tortoises were injured 
or killed during authorized activities.

Factors affecting the thermal 
environment of Agassiz’s desert tortoise 
(Gopherus agassizii) cover sites in the 
central Mojave Desert during periods of 
temperature extremes2

Jeremy S. Mack1, Kristin H. Berry1, David M. Miller2 
and Andrea S. Carlson1

U.S. Geological Survey, 1Riverside, CA, and 2Menlo Park, CA
Agassiz’s desert tortoises (Gopherus agassizii) spend 
>95% of their lives underground in cover sites that 
serve as thermal buffers from temperatures, which can 
fluctuate >40 °C on a daily and seasonal basis. We 
monitored temperatures at 30 active tortoise cover sites 
within the Soda Mountains, California, from February 
2004 to September 2006. Cover sites varied in type and 
structural characteristics, including opening height and 
width, soil cover depth over the opening, aspect, tunnel 
length, and surficial geology. We focused our analyses 
on periods of extreme temperature: in summer, between 
July 1 and September 1, and winter, between November 
1 and February 15. Using multivariate regression 
tree analyses, we found cover site temperatures were 
largely influenced by tunnel length and subsequently 
opening width and soil cover. Linear regression 
models further showed that increasing tunnel length 
increased temperature stability and dampened seasonal 
temperature extremes. The distribution of cover sites 
was limited by the surficial geology. Characteristics 
associated with caliche and consolidated gravel caves, the 
types most strongly associated with persistence and also 
with tunnel length, were strongly cemented old alluvial 
fan deposits and Miocene sandstone and conglomerate. 
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These substrate materials apparently are durable enough 
to resist collapse and yet sufficiently friable for digging. 
Cover sites in colluvim and alluvial fan deposits with 
little or no soil development were observed to be less 
persistent and prone to collapse. Climate change models 
predict increased warming for southwestern North 
America. Cover sites that buffer temperature extremes 
and fluctuations will become increasingly important for 
survival of tortoises. In planning future translocation 
projects and conservation efforts, decision-makers should 
consider habitats with terrain and underlying substrate 
that sustain cover sites with long tunnels and expanded 
openings for tortoises living under temperature extremes 
similar to those described here or as projected in the 
future.
1Parts of an abstract drawn from Mack JS, Berry KH, Miller DM, 
Carlson AS. 2015. Factors Affecting the Thermal Environment of 
Agassiz’s Desert Tortoise (Gopherus agassizii) Cover Sites in the 
Central Mojave Desert During Periods of Temperature Extremes. 
Journal of Herpetology 49:405-414.

Surface geomorphology and vegetation 
analyses on three alluvial fans at Zzyzx, 
CA

Justine Perez, Teresa Cabrera Vera and Anthony 
Mistretta (advisors - Drs. Darren Sandquist and 
Jeffrey Knott)
California State University, Fullerton, Department of Biological 
Science and Department of Geological Sciences

Alluvial fans are among the most common geomorphic 
landforms of the Mojave Desert; the mosaic of sediments 
along mountain fronts provides variable resource 
availability for perennial plant species. The objectives 
of this study were to update geomorphic maps of three 
alluvial fans located west of the Desert Studies Center, 
Zzyzx, CA, and to include an analysis of perennial plant 
cover and diversity on these fans. We hypothesized that 
younger fan substrates would support greater perennial 
plant biomass and higher plant density than older 
substrates. Three substrate ages were identified on each 
fan (Qf2, Qf3, Qf4) and there was no apparent evidence 
of the shoreline features previously described on these 
fans. Among the three fans, no significant differences 
were found for vegetation measures, however across 
fans there were consistent vegetation differences due to 
substrate age.  Older Qf2 lobes had the greatest species 
diversity. Total plant density was significantly greater on 
the youngest substrate (Qf4); however, vegetative cover 
did not differ significantly across the three substrate 

ages.  Mean plant volume for the dominant perennial, 
Larrea tridentata, was significantly lower on the oldest 
substrate (Qf2) than on the younger two substrates. We 
propose that spatial and temporal variation of water 
distribution among the substrate types contributes to the 
observed differences of plant size and density, but that 
water stress overall constrains transpiration surface area, 
resulting in convergence of plant cover among surface 
ages. In contrast, differences in perennial plant diversity 
may accrue over time as soil and nutrient accumulation 
increases.

Evidence for post-glacial lakes in the 
Ivanpah Basin

Douglas B. Sims1 and W. Geoffrey Spaulding2

1College of Southern Nevada and 2CH2M, Inc.
The Ivanpah drainage basin ends in two playas, Ivanpah 
Dry Lake to the south, and Roach Dry Lake to the 
north. They are separated by an alluvial sill, presently 
occupied by the casino and retail complex of Primm, 
NV (Stateline, CA). The margins of Ivanpah’s dry lakes 
present no apparent evidence of high-lake stands such as 
wave-cut terraces, long-shore bars, or other evidence of 
standing water well-above the playas. Nevertheless, its 
drainage is large (~1,915 sq km), integrating runoff from 
the highest mountains in the central Mojave Desert. 
Here we present complimentary lines of evidence that 
there were indeed high-lake stands in this basin. Paleo-
chemical proxies including stable isotope ratios, and 
sedimentologic and geomorphic evidence of former 
lacustrine and shoreline habitats have been found, 
some well-removed from the playas. Exhumed beach 
surfaces, shoreline gravels grading to lacustrine fines in 
sections, interbedded lacustrine clays indicating deep 
water well above current playa elevation, and deviations 
in geochemical characteristics of soils upslope from 
the playa, all suggest at least two lake high stands. 
Multiple points converge on Δw values (Δw = water depth 
change relative to current playa floor [794m]) of ~4m 
and ≥7m. The latter would be more than sufficient to 
inundate both Roach and Ivanpah playas by a freshwater 
lake extending from well inside Nevada to well into 
California. Investigations remain in their initial stages, 
but if these high-stands are as young as they seem, then 
one implication of this finding is that such an inundation 
can occur under an essentially “modern” climatic regime.
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Armchair investigation of Bouse 
parameters: A discussion of the Plio-
Pleistocene environment with emphasis 
on southwestern North America and the 
Lower Colorado River

Richard A. VanCuren
Air Quality Research Center, UC Davis, Davis, CA 95616

The purpose of this discussion is to set the larger context 
for the later focus on the development of the Lower 
Colorado River. 

The Pliocene (5.3 - 2.6 Ma) was the last period of 
sustained high temperature in Earth’s history, with 
global temperature about 3° C higher than today. 
Greenland’s ice sheet was 60 percent smaller than today, 
the West Antarctic Ice Sheet was small and unstable, and 
sea levels are variously estimated to have been 10–25m 
higher than today, with consequent shifts in atmospheric 
and ocean circulation.  During this warm period, the 
head of the Gulf of California reached to the vicinity 
of Blythe, and Lower Colorado River began to form.  
Over the ensuing few million years the planet as a whole 
cooled and became more susceptible to astronomically 
driven climate cycles, culminating in the glacial cycles of 
the Pleistocene.

This discussion will begin with a quick overview 
of the paleogeography of the mid Pliocene, and ask 
questions concerning the development of the Lower 
Colorado River Corridor: What mechanisms played 
a part in the development – plate tectonics, tectonism 
(local and upstream), sea level rise (and fall), climate 
cycling, hydrology, and possibly other factors?

A set of focused points or major questions are 
presented keep this discussion on track:
1. The global and regional setting: What were the 

conditions (tectonic, hydraulic, climatic, and 
biotic) in western North America at 4.8 Ma? This is 
coincident with the Pliocene thermal maximum, the 
Hemphillian-Blancan transition, elevated sea levels, 
and presumed redirection of the Colorado river. What 
may have driven the overflow into Black Canyon and 
Cottonwood Valley? Where did the volume of water 
now entering the Colorado flow previously?

2. What was the region like during Bouse time? What 
are the major tectonic, geomorphic, climatic, and 
biotic changes that occurred as the LC developed?

3. How should we interpret the apparent marine-
lacustrine dichotomy in fossils and outcrops of 
the southern Bouse? Is the extreme variability of 

Colorado discharge (both floods and droughts) 
in the historic record a clue to understanding the 
Bouse? How might astronomically driven sea level 
fluctuation as recorded in the MIS 18O data inform 
understanding?

4. What are the major gaps in understanding the LC 
through the late Pliocene and Pleistocene? How 
can these be addressed? What aspects of our better 
understanding of the LC constrain hypotheses about 
regional issues?

5. What does the present understanding of the Bouse 
region suggest for new field work? How can we connect 
this with the Colorado Delta?

Structure of the Clark Mountains, Mescal 
Range and Ivanpah Mountains, San 
Bernardino County, California.

Gregg Wilkerson
U. S. Bureau of Land Management, 3801 Pegasus Dr., Bakersfield, 
CA 93308. gwilkers@blm.gov

The three published bedrock geologic maps within 
the Clark Mountains, Mescal Range, and Ivanpah 
Mountains study area are those by Hewett (1956) for 
the Ivanpah Quadrangle 1:125,000 scale, Evans (1971) 
for the Mescal Range 1:64,500 scale, and Clary (1967) 
for the Eastern Clark Mountains 1:24,000 scale. Dobbs 
(1961) has a geologic map as part of his Master’s Thesis. 
These are compiled and described on-line at
http://vredenburgh.org/mining_history/pdf/gw/

The structure of the study area is dominated by 
westward-dipping layered rocks and westward-dipping 
low angle faults, originally interpreted to be thrust faults. 

Some of these were later determined to be 
detachments. (Reynolds, 1993; Reynolds and Nance, 
1988; Reynolds and Reynolds, 1991; Reynolds, and 
Reynolds, 1995.; Reynolds, and Reynolds, 1996). From 
west to east, the primary faults are:
• Prospect Low Angle
• Pioche Low Angle
• Mequite Low Angle
• Bird Spring Fault
• Mescal Low Angle 
• Aztec Fault – Keystone Fault
• Clark Mountain Normal Fault
• Ivanpah Fault (mostly buried in Ivanpah Valley. 

Hewett, 1956)
• State Line Fault (Hewett. 1956)
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North of Highway I-15, this generalized sequence is 
truncated by the North Fault in the southwestern Clark 
Mountain Range. South of Mountain Pass, the Clark 
Mountain Fault merges with the Mescal Thrust.

These faults give rise to the following generalized 
geologic setting, from west to east:

The geologic history represented in this structural 
interpretation is similar to that deduced in the adjoining 
Goodsprings quadrangle (Hewett, 1931, p. 54). It is 
summarized in Hewett (1956, p, 52) and reproduced 
below:
1. Initial folding of the region.
2. Bird Spring overthrust or detachment involving minor 

normal faults.

3. Contact overthrust, or detachment followed by Potosi 
thrust, and Wilson thrust.

4. Keystone overthrust or detachment, involving minor 
folding, followed by Ironside tear fault, and Puelz 
thrust.

5. Sultan overthrust or detachment, followed by Milford 
thrust, involving minor folding, and Tam O’Shanter 
tear fault.

6. Mescal thrust or detachment.
7. Clark Mountain normal fault.
8. Mesquite overthrust or detachment involving minor 

close folding and minor normal faults.
9. Winters overthrust, or detachment involving minor 

close folding.
10. Intrusion of Teutonia quartz monzonite and 

Kingston Range monzonite porphyry.
11. Early normal faults.
12. Dolomitization and other alterations of limestones.

Using .Pdf Aenza to access maps on 
your cell phone

Gregg Wilkerson,
U.S. Bureau of Land Management, 3801 Pegasus Dr., Bakersfield, 
CA  93308; gwilkers@blm.gov

A series of land status and geologic maps of our field 
trip route have been prepared and georectified for access 
through the Avenza. Pdf Maps cell phone application. 
This application makes your cell phone into a GPS device 
and projects your location on the map as a blue dot.  
That dot moves around on the map as you change your 
location.

You do not need to be within range of a cell phone 
tower for this application to display .pdf maps on your 
cell phone view screen. You can download the map 
through any cell phone application store, or go to  
http://www.avenza.com/pdf-maps

After you have this application, go to this website 
http://vredenburgh.org/mining_history/pdf/gw/
and browse for “Field Trip Maps.”

Click on these maps from within Avenza. They will 
automatically be downloaded to your cell phone. 
Land status with mines
• 01 baker_to_nipton.pdf
• 02 nipton_to_vidal_junction
• 03_vidal_junction_to_needles
• 04_needles_to_cibola
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250K geology maps
• 05 baker_to_nipton.pdf
• 06 nipton_to_vidal_junction
• 07_vidal_junction_to_needles
• 08_needles_to_cibola

Comparative stratigraphy of the Ivanpah 
Mountains, Mescal Range, and Clark 
Mountains, San Bernardino County, 
California

Gregg Wilkerson
U. S. Bureau of Land Management, 3801 Pegasus Dr., Bakersfield, 
CA 93308 gwilkers@blm.gov

Stratigraphic descriptions of the Ivanpah Quadrangle 
(1:125K) were made by Hewett (1956). Within this 
quadrangle, the stratigraphy of the Eastern Clark 
Mountains was made by Dobbs (1961) and of the Mescal 
Range by Evans (1971). The differences between these 
stratigraphic descriptions is summarized in Table 1. 
A detailed comparison and discussion is made in the 
on-line paper “Stratigraphy of the Ivanpah Mountains, 
Mescal Range and Clark Mountains” by Gregg 
Wilkerson posted at
http://vredenburgh.org/mining_history/pdf/gw/
Wilkerson2016_CMI_Structure.pdf
http://vredenburgh.org/mining_history/pdf/gw/
Wilkerson2016_Table01.pdf

Roving the Red Planet: A field geologist 
explores Gale Crater

Dr. Rebecca M. E. Williams
Senior Scientist, Planetary Science Institute

On August 5, 2012, NASA’s Mars Science Laboratory 
rover Curiosity landed next to a ~5 km high mountain in 
northwest Gale Crater. With the most sophisticated suite 
of scientific instruments ever employed to investigate 
the martian surface housed within a small SUV-sized 
rover, Curiosity has been assessing the character of the 
ancient environments based on examination of clues 
contained within sedimentary rocks almost 4 billion 
years old. Modern Mars is a hyper-arid desert, but the 
story preserved in the rock record tells of dramatic 
environmental transitions. In this presentation, Williams 
will discuss latest insights from observations along 
Curiosity’s journey with connections to terrestrial analogs 
including the Mojave Desert of southern California.
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