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in memoriam

Rob Fulton
Robert “Rob” Fulton, III, the Desert Studies
Center’s longtime site manager, passed away
last summer in an auto accident while driving
to his mountain residence in Idyllwild, CA.
He contributed to the Desert Studies program
for nearly two decades, welcoming arrivals
and coordinating rooms, facilities, and meals.
Rob first visited the Desert Studies
Center (DSC) in fall 1979, when he was
starting his graduate studies at California
State University, Fullerton. As a member
of the student group that volunteered for
weekend work parties, he helped restore
many buildings. He completed his M.S. thesis
in plant biology, (“Reproductive ecology of
Agave deserti Engelm (Agavaceae) in the
absence of coevolved bat pollinators”), but
took pride in knowing as much about the
flora and fauna of the desert as about the
geology, meteorology, and human history. In
1986 he was hired as the full-time resident
caretaker. A year later, he became site
manager, and stayed for the following 31
years.
Apart from Rob’s enormous impact on the
infrastructure and operations of the DSC,
he touched the lives of thousands of visitors
over the years. He taught through the Desert
Studies extended education program and
was an encyclopedia of “desert knowledge”
for any student, researcher, or member of
the public that stepped through the Center’s
doors. Rob will be missed.
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Exploring ends of eras in the eastern Mojave
Desert: the road log
D. M. Miller, W. G. Spaulding, R. E. Reynolds, J. P. Calzia, M. E. Wells, R. J. Fleck, and S. Baltzer

with contributions by K.B. Springer, J.S. Pigati, G. Wilkerson, O.T. Rämö, R. Housley, C.J. Davidson, A.T. Calvert, B.A. Swanson,
and S.J. Caskey

The 2019 Desert Symposium theme addresses several ends of eras and of physiographic regimes. (1)
Climatic—end of the Pleistocene “glacial” era and the nature of postglacial climates; (2) Quiescent
western North America—end of the Paleozoic platform sedimentation and beginning of thrust
faulting and plutonism; (3) Expansive pediments—end of the broad high area from Halloran to the
New York and Castle Mountains; and (4) mining—end of the hard-rock mining of the 1800s and early
1900s.
We will address the transition from the Pleistocene to the Holocene and the nature of early Holocene
environments in terms of changes in animal and plant communities and water availability, principally
by study of marsh and lake deposits. In addition, we will evaluate cave sediment and packrat or
woodrat middens (Neotoma spp.) that show different systems’ responses to the transition at higher
elevations. Included will be the effects of Late Quaternary climatic changes on the biota of isolated
high mountains, including changes in the biogeography (vertical zonation) of these “sky islands.”
We will also discuss numerous hard-rock mines of the last century, most of which are abandoned
relics with vanishing historical features. The fascinating history of transportation, which centered
around the mines, will be revealed. Featured will be one mining trend that has outlasted the rest: rareearth element (REE) mining at Mountain Pass.
Just as the complex nature of climate change at the end of the Pleistocene remains a subject of debate,
the ends of other geologic eras are not perfectly defined. Sediment was laid down in shallow seas off
the west margin of a continent that resembled western North America for much of the period from
~800 to ~240 Ma. The result of this remarkable era was an extremely thick blanket of limestone,
dolomite, and sandstone, now visible in many of the numerous mountain ranges of the area. The
end of this era was concluded by colliding tectonic plates west of the continent, initiating nearly 200
million years of mountain building including continental-scale thrust faulting and magmatism. These
were the classic Sevier and Laramide orogenies.
Following thrust faulting, a poorly understood Paleogene era of quiescence resulted in eroded,
subdued mountains and broad expanses of pediment cut into rock. This era ended with a period of
crustal extension in the middle Miocene. This extension is manifested in the area of Shadow Valley as
extensional basins formed west of the Clark Mountain Range. Later faults in the Ivanpah Valley area
created basins and uplifts at a time that may have been driven by initiation of the San Andreas fault
system and its inboard distributed deformation.
Notes: (1) The road log gives both cumulative and stop-to-stop mileage. (2) The road log also
provides GPS locations for many key points along the route. GPS data are in the UTM coordinate
system, zone 11, and use the NAD 83 (WGS 84) datum.

Day 1
Carpooling is mandatory on Day 1 to minimize
congestion. At several stops there is little room available
for turn-arounds. If we have too many vehicles, it will
not be possible to access these stops safely. Make carpool
arrangements at the symposium on Friday or Saturday.
The trip requires high clearance or 4WD vehicles. Bring
an extra spare tire and plan accordingly.
Convene at the Desert Studies Center with a full tank
of gas, water, snacks, and protection from sun and wind.
Note: part of this day’s route is within Mojave National
Preserve where special use permits are often required for
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field trips with more than a certain number of vehicles or
visitors.
What we will see: Day 1
We will take a route over the Halloran and Mountain
Pass summits as well as through two adjacent valleys,
Shadow Valley and Ivanpah Valley. The emphasis will
be on Miocene to the most recent structural evolution
of this topography, along with a few digressions into the
paleogeology associated with mines and older thrust belts.
We also will examine how this modern topography
provides elevation gradients that offer variation
in environmental conditions for plant and animal
7
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communities of the desert. Because ecosystems are
arrayed along these environmental gradients, we can
more precisely compare modern with past conditions by
examining fossil records at different elevations, as well as
groundwater discharge deposits in the valleys that actually
reflect recharge in the surrounding mountains. The fossil
records in these wetland and lake deposits, as well as from
cave and packrat midden records, provide views of the end
of the Pleistocene and non-linear transition to climatic
and environmental conditions more typical of today.
Drive north to Interstate Hwy 15 and enter eastbound to
Baker.
0.0 (0.0) Drive north from DSC, passing springs with
Holocene histories (Miller and others, 2018).
1.4 (1.4) SLOW through curves.
1.8 (0.4) SLOW through curves. Proceed north to I-15.
4.2 (2.4) Road bears sharp left (W).
4.6 (0.4) Road bears right (N). The Blue Bell mine to the
north has produced specimens of more than 97 different
mineral species and is the type locality for 5 mineral
species (Wise, 1996; www.mindat.org). Adams and others
(this volume) describes recent findings in the mine and
Missen and others (this volume) describes tellurium
distributed in alluvial fan sediment near the mine.
4 .7 (0.1) TURN RIGHT (E) and enter I-15 northbound
toward Baker.
5.4 (0.7) Pass through freeway road cuts that expose late
Cenozoic conglomerate flanked by strands of the Soda–
Avawatz fault (Miller and others, 2017).
9.8 (4.4) Pass the west Baker exit.
11.0 (1.2) Pass the central Baker exit and under SR 127/
Kelbaker Road.

24.6 (0.2) Pass Halloran Springs on the right. The spring
is located at the Halloran Transfer Fault (Jennings, 1961;
Reynolds and others, 1996). Note that north-striking
arkosic sandstones dip about 45 degrees east in this listric
normal fault block. Proceed NW to road fork.
24.9 (0.3) Junction with Francis Spring Road. Take left
(W) fork, Halloran Spring Road.
25.2 (0.4) STOP 1-1A. [599630 | 3916580] Stop at a
prominent black outcrop of pyroxene andesite on the left
side of the road (12.8 Ma, Wilshire, 1991; Reynolds and

23.5 (12.5) Move to the
right lane and prepare to
exit at Halloran Springs
Road.
23.7 (0.2) EXIT at
Halloran Springs offramp.
23.9 (0.2) Stop at Halloran
Springs Road [600482 |
3915025]. TURN LEFT
(N). Cross over the
freeway and continue
north, crossing utility lines
and a few washes.
24.4 (0.5) Pass a large
tamarisk tree on the left
(W) side of the road.
8

Figure 1. Geologic map of the Halloran area, after Davis and others (1993). Basement rocks consist
of Proterozoic gneiss and Mesozoic granite. Note the position of andesite near the base of Miocene
sedimentary sections. The Halloran transfer fault is proposed to account for similar stratigraphy
southwest of Halloran Summit and west of Stop 1A
2019 desert symposium
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system and turquoise ends abruptly at a paleowater table
(Greenwood, 1984).
Gold mines were the first to interest Europeans. The first
evidence of gold mining in the Halloran Spring area is
provided by a 1902 miners’ map of the desert. This map
shows “Hyten’s” at the site of James Hyten’s Wanderer
Mine, and the ‘’Mammoth” just southeast of Halloran
Springs (Vredenburgh, 1996c, p. 137).

Figure 2. Examples of turquoise collected from Turquoise
Mountain. R.E. Reynolds photo.

Calzia, 1996.). This outcrop is probably a shutter ridge
composed of andesite. The andesite strikes N50W and is
interpreted as being in a drag fold along the left lateral
Halloran Transfer Fault that bounds one part of the
Shadow Valley extensional terrane (Reynolds and Calzia,
1996). Metamorphic rocks are exposed along the south
side of the transfer fault (Fig. 1).
Look one-half mile west and northwest across Bull Wash
at the north-striking outcrops of pyroxene andesite.
This same orientation and type of andesite are found
on the south side of the Halloran Transfer Fault (and
I-15) about 5.7 miles to the east, a short distance west of
Halloran Summit. The distance between the north and
south outcrops indicates the amount of offset on the fault.
Filling of Shadow Valley basin is described by Reynolds
(1993), Fowler and others (1995), Friedmann and others
(1996), and Reynolds and Calzia (1996). The time of basin
filling, based on K-Ar dates, was from 13.4 – 8.5 Ma
(Fowler and others, 1995). The earliest basalt flow capping
basin fill deposits in the Cima upland is dated at 7.5 Ma
(Turrin and others, 1984, 1985).
Shadow Valley had a depocenter prior to being filled with
west-moving landslide deposits. This early basin contained
the Peach Spring Tuff (18.8 Ma) and siltstone that
contained fossil water reeds, wood, and rodents (Reynolds
and Calzia, 1996; Friedman, 1996).
View NNW of Turquoise Mountain and the nearby
turquoise mines of West Camp, Middle Camp, and
East Camp. The Turquoise Mountain area has been
the subject of gemstone mining for at least 1,000 years
(Vredenburgh, 1996c; Reynolds, 2005; Hull and Fayek,
2013). The turquoise deposits of Turquoise Mountain
were mined by Native Americans and distributed to the
Ancestral Puebloan of the San Juan Basin in northwestern
New Mexico; the Virgin River Ancestral Puebloan in
the Moapa Valley, Nevada and southern Utah; and the
Fremont in central Utah (Hull and Fayek, 2013, p. 196).
These deposits are in tabular zones that range in size from
a few hundred feet deep and a few inches wide to many
hundreds of meters wide. They formed by supergene
enrichment and weathering of a porphyry copper
2019 desert symposium

Almost all of the past producing mines are hosted by
the Cretaceous Teutonia quartz monzonite of Hewett
(1956) and Miller and others (2007). The gold deposits
are encircled in a general fashion by copper deposits. The
turquoise gemstone localities (Fig. 2) are north of the gold
deposits on an east-west trend and are generally separated
from them by a dike-like mass of Proterozoic gneiss.
RETRACE along Halloran Springs Road to its junction
with Francis Spring Road.
26.0 (0.5) STOP 1-1B [600124 | 3916375] Stop near the
junction of Halloran Spring Road and Francis Spring
Road. View east of the dark-capped hill one mile distant.
The dark material consists of blocks and gravel of
pyroxene andesite dumped across the Halloran Fault as
the two andesite layers were separated by faulting.
Look 2 miles ENE at the basalt flows capping the ridges.
Although these basalts are now on ridge tops, the original
flow was in drainage bottoms. This is an example of
“topographic reversal.” Rocks deposited in low areas
now form the high areas. The lava flows approximate the
topography and drainages of the Halloran-Cima upland
during the Pliocene. The ridge top basalts in view range
from 4.76 to 4.24 Ma (Turrin and others, 1984, 1985). The
oldest flow (farther south) is 7.5 Ma, and many flows are
less than 1 Ma (Turrin and others, 1985). The composition
of the basalt lavas vary through time (Jessey and
Reynolds, 2007). The older basaltic trachyandesite flows
are 7.5–3 Ma. The younger trachybasalts are 1 Ma to early
Holocene. This 7.5 million years of volcanism indicates
that there was an extended pattern of alkaline volcanism
beginning in the waning stages of Miocene detachment
and continuing to the Holocene. Compositional variation
in the different volcanic units reflects progressively
deeper levels of partial melting. The compositional
sequence progressed from the early eruption of shallow
crustal rhyolite and trachydacite, to the later eruption
of lower crustal trachyandesite, to mantle-derived
trachybasalt. The eruptions became more basaltic, and less
differentiated with time.
Source rocks of Pleistocene basalts in Death Valley and
Cima Volcanic Field, CA
Calzia, J.P.1, and Rämö, O.T.2
U.S. Geological Survey, Menlo Park, CA 94025; 2Dept
Geosciences and Geography, Geology and Geophysics Research
Program, University of Helsinki, Finland
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Figure 3. Plot of geochemical data for basalts of Death Valley and the Cima area.
Pleistocene basalts of Death Valley include Shoreline
Butte, split Cinder Cone, and Ubehebe Craters. 1.6
Ma basaltic trachyandesite at Shoreline Butte overlies
Plio-Pleistocene Funeral Formation in the Confidence
Hills, is characterized by numerous shorelines(?) of
120-180 ka Lake Manly, and includes several isolated
basalt outcrops to the north along Highway 178.
Trachybasalt at Cinder Cone includes scoria and
numerous volcanic bombs, some with inclusions
of Mesozoic granite. Similar volcanic deposits are
overlain by ca. 12 ka gravels along the eastern front
of the Black Mountains. These volcanic deposits,
plus the absence of Lake Manly deposits in and
around them, suggest Cinder Cone is older than
12 ka but younger than 120 ka (J.R. Knott, personal
commun., 2015). Paleomagnetic data of phreatic and
phreatomagmatic deposits as well as trachybasalt
from 13 craters (including the oldest and youngest
craters) suggest Ubehebe Craters erupted over a
brief time period at 2.1 ka. Sr and Nd isotopic data
from Cinder Cone (0.7073, -8.0) and Ubehebe Craters
(0.7074-0.7079, -9.6 to -11.1) suggest that Pleistocene
basalts of Death Valley were derived from an ancient
lithospheric mantle source, not the asthenosphere
(Fig. 3).
Farmer and others (1984) divided basalt flows in
Cima volcanic field into three groups based on age,
neodymium (Nd) and strontium (Sr) isotopes, and
whole rock chemistry. Group 1 consists of <1.0 Ma
nepheline-normative trachybasalt characterized by
εNd of +9-10 and Sri 0.7029-0.7030. Group 2 consists
of 5-6 Ma basalts characterized by εNd of 5.7-7.5, and
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low heavy are earth elements (REE) concentrations.
Group 3 consists of 6.5-7.6 Ma basalts with εNd=5.16.5, and high light REE concentrations. Farmer and
others concluded that Group 1 basalts were derived
from small degree(s) of partial melting of garnetbearing mid-ocean ridge basalt (MORB) source rocks.
Groups 2 and 3 were derived by smaller degrees
of partial melting, or by partial melting of mafic
subcontinental mantle lithosphere.
Leventhal and others (1995) reported that all
basalts in the Cima volcanic field contain mafic and
ultramafic xenoliths. They divided these xenoliths
into chromium (Cr)-diopside spinel, Cr-websterite,
green-pyroxene gabbro, norite, and websterite, and
Al-augite gabbro and clinopyroxenite. The greenpyroxene xenoliths are most common, yield internal
Rb-Sr and Sm-Nd isochron ages of 66±35 and 87±22
Ma (respectively), and have similar Nd but different
Sr isotopic values than the host basalt flows. These
data suggest that the xenoliths are derived from
a MORB source but are not comagmatic with the
basalt flows. Combined, chemical and isotopic data
from Pleistocene basalts and xenoliths suggest
that mafic magmatism pre- and post-dates-- but
was not syntectonic with--crustal extension in
the Death Valley and Cima volcanic field area; the
source of the Pleistocene basalts varied between
old subcontinental mantle lithosphere and
asthenosphere.

Many other topics could be discussed here, and have been
described in previous field trips to the area. One topic
2019 desert symposium
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is that the youngest basalt flow, a source of uncertainty
when K-Ar dates were relied upon because it is so young,
was securely dated by two methods. The flow is about
10,000 years old on the basis of cosmogenic and varnish
microlamination dating (Phillips, 2003; Liu, 2003).
Another important contribution made by studies in this
area is the quantification of the rates of landscape change.
Dohrenwend (1988, 1991) and Dohrenwend and others
(1984) evaluated downwearing of the pediment and other
materials upon which the basalt lava flows lie. Because
the basalt erodes at extremely slow rates, the lowering of
the surface adjacent to the flows yields downwearing rates
as a function of the ages of multiple flows. As we drive
toward Halloran Summit, look to the north and estimate
how much the surface has lowered since the flows were
emplaced.
BEAR RIGHT (S) toward I-15.
26.4 (0.4) Pass Halloran Springs.
26.9 (0.5) Cross over the interstate.
27.0 (0.1) TURN LEFT (E) onto eastbound I-15 toward
Halloran Summit.
28.7 (1.7) View NE across I-15 at sediments under basalts
that dip 20 degrees east. These are part of the Cima Block
to the south that has tilted less than the Halloran Block to
the north. This suggests that the Halloran Transfer Fault
lies to the north of these shallow dipping sediments.
29.9 (1.2) Pass the Telegraph Gold Mine on the right (S)
side of I-15.
31.8 (1.9) Pass pyroxene andesite at 2:00 on the south side
of I-15. This Miocene volcanic flow strikes north-south
and, being the same age (12.8 Ma, Wilshire, 1991) and
composition as the N-S striking flow west of Stop 1A,
suggests 5.7 miles of left lateral offset on the Halloran
Transfer Fault.
32.9 (1.1) Pass under the overpass at Halloran Summit.
View northwest of Clark Mountain, Mohawk Ridge, and
the Mescal Range. View southeast of Cima Dome, one of
the granitic blocks tilted eastward (Fig. 19, Reynolds and
others, 1996) by normal faulting due to accompanying
movement on the Kingston Range–Halloran Hills
detachment fault that runs north and south along the
western front of Kingston Peak, Clark Mountain and the
Mescal Range (Reynolds and Calzia, 1996; Friedmann and
others, 1996; Fowler and others, 1995).
34.5 (1.6) I-15 narrows by one lane ahead.
35.7 (1.2) White sediments on the north side of I-15
contain the 7.9 Ma Rush Valley ash according to
tephrochronology studies by Andrei Sarna-Wojcicki and
Elmira Wan (written commun., 2019). The view ahead
is of Shadow Valley Basin and the white sediments are
Valley Wells ground water discharge (GWD) sediments.
2019 desert symposium

The rare zeolite mineral faujasite has been recovered from
vesicles in basalt farther north (Wise, 1991).
39.5 (3.8) Pass the Valley Wells rest stop in Shadow Valley.
Look due east into the canyon that contains Antelope
Cave (Reynolds and others, 1991).
41.1 (1.6) Pass Cima Road (S) and Excelsior Mine Road
(N). View north of the Pleistocene white-colored pond
and GWD sediments (Hewett, 1956; Forester and others,
2003; Reynolds and others, 2003; Pigati and others, 2011).
Farther north, the large cottonwood tree marks the site
of the Valley Wells Copper Smelter (Rosalie Post Office,
Vredenburgh, 1996b) and the sole remaining active spring.
Immediately to the south of the interstate and right after
the Cima Road crossing, an early Holocene (10,250 ±
160 14C yr B.P.) “black mat” can clearly be seen in the
exposed section as a ~0.5 m thick, distinctly grey stratum
separating more typically buff GWD (Quade and others,
1995).
44.8 (3.7) View NNE of Mohawk Mine, which has
produced 58 mineral species (Wise, 1989; Wise, 1996).
46.2 (1.4) View ESE into the canyon containing Mescal
Cave (Stegner, 2015).
48.8 (2.6) Pass a truck brake check area. Move to the right
lane.
49.7 (0.9) EXIT at 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.
49.9 (0.2) Stop sign at Bailey Road. TURN RIGHT THEN
IMMEDIATELY LEFT on the paved road and proceed
ESE along the frontage toward “Legendary Kokoweef
Caverns.” We are driving through Early Proterozoic gneiss
outcrops. Here the bedrock is covered by a thick mantle
of gravel containing many rhyolite boulders of Cretaceous
Delfonte volcanics. Where undisturbed, there is a very
well developed blackbrush (Coleogyne ramosissima)
scrub on these slopes. From this point, 0.65 miles to
the southwest is the Mescal Mine, site of an infamous
counterfeiting operation in 1893 (Vredenburgh, 1996d).
50.6 (0.7) Road bears right (S) on Zinc Mine Road (BLM
NN 218) and the pavement ends. In the outcrop at the
turn in the road, the gneiss is cut by young dikes of mafic
and felsic character. Despite intensive efforts, the dikes
have not yielded ages.
51.1 (0.5) Bear left (SSE) at corral.
51.3 (0.2) Pass right turn to a quarry of Middle Proterozoic
syenite and shonkinite (Morton and others, 1991). Curves
ahead! Watch for oncoming downhill traffic.
52.2 (0.9) More curves ahead; watch for oncoming
vehicles.
11
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52.7 (0.5) Top of grade. Stay on road BLM 218, which bears
right (SW). Pass right turn for BLM 235. Here we drive on
an old pediment that descends gently southwest into Piute
Valley. At this point, Mesozoic strata are on our right.
They include Triassic and Jurassic sedimentary rocks and
Cretaceous basalt to rhyolite of the Delfonte volcanics
(~100 Ma, Fleck and others, 1994).
53.0 (0.3) Three forks in the road. Take the farthest
right fork and PARK after crossing the patch of red silt
representing the weathered Chinle Formation.
STOP 1-2. [635545 | 3923080] Park at Chinle Formation.
We are just west of the Kokoweef fault, which here
separates Paleozoic and Mesozoic strata on the west from
Early Proterozoic gneisses on the east (Burchfiel and
Davis, 1971; Evans, 1971; Fleck and others, 1994). One
mile to the east of Stop 1-2 are the Goulder and Doty REE
Prospects. View ESE of Kokoweef Peak, underlain by
Paleozoic carbonate rock. Out of sight (from SE to W) are
Crystal Cave, Kokoweef Cave, Quien Sabe Cave, Antelope
Cave, and Mescal Cave (refer to map in Reynolds, this
volume). The cave deposits contain Pleistocene fossil
remains that allow us to infer past climatic conditions.

remains until the early Holocene (9,850 + 160 14C yr BP at
a depth of 7 meters, Jefferson, 2017).
The fauna from Antelope Cave consists of 54 taxa
(Reynolds and others, 1991) with condor bone dated at 14C
10,080 + 160 yr BP (Jefferson, 2017). Extinct taxa include
small horse, Equus sp., and a large camel, Camelops sp.
Extralimital taxa include marmot, pika, the black bear,
Ursus americanus, and the chub fish, Siphateles (Gila) sp.
Mescal Cave produced 28 taxa (Stegner, 2015), including
the extinct small horse, Equus sp., and extralimital
marmot, pika, and the pigmy mouse Baiomys sp. Dates
span the late Rancholabrean Land Mammal Age into the
Holocene.
Quien Sabe Cave contained a middle Holocene assemblage
(Whistler, 1991), and Crystal Cave has yet to produce
fossils.

The end of the Pleistocene. Records from caves and
from packrat middens provide insight into the changing
conditions in the mountain-top environments we can
see from here. Vertebrate fossils from the caves show that
this expanded archipelago of sky-islands supported both
montane and boreal mammals. Climate change at the end
of the Pleistocene brought the extinction of montane taxa
and constriction of sky Islands, as more recent work is
elucidating that will be discussed at the next stop. Packrat
middens from Clark Mountain were the first to show that
now-relict and highly restricted subalpine forests were
much expanded during Marine Isotope Stages 2 and 3
(~80-15 ka), and formed a nearly-contiguous montane
archipelago extending south from the Spring Mountains
of Nevada to the Providence and Granite Mountains of
California (Mehringer and Ferguson, 1969; Mehringer,
1967, Fig. 38).
As described by Reynolds (this volume), Kokoweef Cave
produced a largely Late Pleistocene fauna of 79 taxa
(Reynolds and others, 1991). This cave is 1.8 miles south
of this stopping point on the flank of Kokoweef Peak.
Extinct megafauna include a small horse, Equus sp., and
a large camel, Camelops sp. Extralimital taxa include
marmot, Marmota flaviventris, the subalpine-alpine pika,
Ochotona, and the chub fish, Siphateles (Gila) sp. The
small-mammal fauna of the last Ice Age contained species
that today only occur in higher, larger mountain ranges to
the north and northwest. Their presence here at and after
the terminal Pleistocene reflects the profound ecological
changes that accompanied the end of the last glacial age.
Kokoweef Cave continued receiving sediment and animal
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slopes greater than 23%. The
steep areas of relief extend over
400 m. Below the steep slopes
are expansive steep (6-8%
slope) alluvial fans that stretch
east to the valley bottom about
1100 m below the pediment
(Figure 3). In contrast, to the
west the pediment merges
gently (slope 4-5%) with
broad, gently sloping (<3%)
alluvial fans leading to the
Shadow Valley about 600 m
below the crest. The actual
mountain crest, about 1700 m
elevation, in this area is highly
asymmetric. Why is there such
a contrast in geomorphology at
the mountain divide?
Clues about the erosional
history of this area lie farther
south along the range crest,
where two smaller pediments
can be found, the northern two
x’s marked on Figure 4. Each
leads east toward a sharply
asymmetric range crest but
they change into a valley in
shape as they approach the
range crest. The southern x
marks a similar valley profile
Figure 4. Geology and physiography of the Ivanpah Valley area, after Hewett (1956), Miller
at
the crest of the range. They
and others (1991), and Miller and Wooden (1993). Major Cenozoic faults are shown as well
may have been eastward
as a few important Mesozoic faults. Most thrust faults of the Mescal and Clark Mountain
ranges are omitted for simplicity. The 1.4 Ga ultrapotassic intrusive suite of the Mountain Pass draining ancient valleys. In
support of this interpretation,
area is shown as black. X – potential paleovalley at the crest of mountains; Bar-and-Ball – on
downthrown side of normal fault; Arrow shows sense of offset on strike-slip fault. Pale yellow
cemented gravel at the
bands near Stop 1-5 show transects along which apatite was sampled by Mahan and others
northern x bears clasts derived
(2012).
from the west, including
metamorphosed Paleozoic
To the WNW is the Mescal Range, with Mesozoic
strata and two kinds of Jurassic granites (Reynolds and
Chinle, Moenave, and Aztec formations and Delfonte
others, 1996). More evidence lies far to the east in the
volcanics (Cretaceous in age; Fleck and others, 1994).
New York Mountains, east of Ivanpah Valley (Fig. 4),
These units underlie the main frontal thrust of this region,
where a broad U-shaped cut into Proterozoic basement is
the Keaney-Mollusk Mine thrust, above which is the
filled with gravels. This feature trends nearly due east and
Cambrian to Devonian Goodsprings Dolomite (Burchfiel
is shaped like a valley; it was interpreted as the Willow
and Davis, 1971; Evans 1971; Fleck and others, 1994). A
Wash paleovalley by Miller (1995). It contains rocks
minor thrust cuts the Delfonte volcanics in the mountain
sourced from an area much like where we are stopped:
we are facing, but it is difficult to pick out from here.
Paleozoic carbonate rocks, Mesozoic sandstone, Delfonte
Volcanics, and granitic rocks. Before Shadow Valley basin
Pediments and mountain evolution. Turn and look up
development, more source areas may have existed. This
Piute Valley to the northeast. This is an excellent example
evidence requires stream transport across what is now
of a pediment, a broad, low-relief surface eroded into
a deep and wide valley, and it indicates that the Mescal
bedrock (in this case, Early Proterozoic gneisses). If
Range and Ivanpah Mountains to the south were part
we drove up this pediment we would see gently rolling
of a high, deeply eroded pediment terrane that drained
topography with scattered rock outcrops poking out on
eastward.
knolls and along low areas. We would reach an eastern
escarpment, an impressive drop into Ivanpah Valley, with
2019 desert symposium
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Later down-dropping to form Ivanpah Valley caused steep
slopes to form along the east side of the asymmetric range
crest. We will discuss these concepts more at stop 1-5 later
today.
RETRACE to the frontage road.
53.4 (0.4) BEAR LEFT (W) at the top of grade. Slow for
down slope.
54.4 (1.0) Slow. View NNW of Clark Mountain and rare
earth mine workings.
55.0 (0.6) Bear right at corral.
55.3 (0.3) TURN LEFT on the paved frontage road.
56.1 (0.8) Stop at Bailey Road. TURN LEFT (S) to open
area and park.
56.2 (0.1) STOP 1-3. [633510 | 3925810]. We have stopped
across from the active workings of the Mountain Pass
mine, a major producer of rare-earth elements. We will
discuss many topics here.
The end of the Pleistocene. A diverse large-mammal
fauna frequented this region during the Pleistocene;
along with horse and camel other herbivores included
the Columbian mammoth (Mammuthus columbi) and
several species of ground sloth. Based on his analysis of
mummified Shasta ground sloth dung (Nothrotheriops
shastense) from Gypsum Cave in the Lake Mead area,
Philip Munz suggested that the present, high-elevation
flora of Mountain Pass (ca. 5,000 ft elevation) is analogous
to the Late Pleistocene vegetation near Lake Mead (ca.
1600 ft; Laudermilk and Munz, 1938). With the discovery
of packrat middens as a source of detailed paleobotanical
data (Wells and Jorgensen, 1964), Clark Mountain was
chosen as the first high-elevation habitat to explore
using the newly developed paleoecological technique
(Mehringer and Ferguson, 1969).
This initial work established that there was subalpineconifer woodland on the mountain during MIS-2, and
now work by Rhode and others (this volume) expands on
those initial findings. Ten late Pleistocene woodrat midden
samples dating between ~46–21 cal ka (calibrated age in
thousands of years) were collected and analyzed from a
cave on Clark Mountain; additional Holocene-age samples
were collected from a second shelter nearby. The late
Pleistocene middens are dominated by bristlecone pine,
with rare to limited amounts of limber pine and white
fir. Comparison with the pine’s modern distribution on
nearby Mt. Charleston in the Spring Mountains suggests
that it grew 920–1200 m lower than it would occur
today (if Clark Mountain were high enough). Climatic
tolerances of bristlecone pine indicate that climate was
substantially cooler with greater effective moisture during
the late spring and summer than today. The middens
appear to be correlated with periods of enhanced flow
14

of the Mojave River, marked by highstands of Lake
Manix and (subsequently) Lake Mojave. The Holocene
middens document the development of modern pinyonjuniper woodland with evidence of enhanced summer
precipitation during the early Holocene, ~8.4 cal ka.
Geology of the rare-earth element mine. Recent
mapping by Miller in this area has added to substantial
earlier geologic maps of the overall geology (Hewett,
1956), Middle Proterozoic rocks (Olson and others, 1954;
Haxel, 2007; Castor and Nason, 2004; Castor, 2008), and
thrust belt architecture (Burchfiel and Davis, 1971). Field
guides to the Mountain Pass area are numerous, but the
classic guide on the stratigraphy and structure is Burchfiel
and Davis (1971), and a couple by the Desert Symposium
include Hensher (1996) and Ririe and Nason (1996). The
geologic pattern here (Fig. 4) is that Paleozoic rocks on
the west are faulted against a complex on the east that
consists of Early Proterozoic gneisses that host small
bodies and dikes of Middle Proterozoic ultrapotassic
intrusive rocks as well as carbonatite intrusive rocks. The
Middle Proterozoic rocks (~1400 Ma; Haxel, 2007; Polletti
and others, 2016) are commonly uranium-rich and host
REE-bearing minerals of several kinds. The most enriched
mineral is bastnaesite, which occurs in mineralized
carbonatite rocks of several kinds. This mine has the
world’s richest ore for the light rare earth elements, and a
large reserve despite the relatively small size of the mine.
Main rock types of the 1.4 Ga intrusive suite include alkali
granite, syenite, shonkinite, and carbonatite (Olson and
others, 1954; Morton and others, 1991; Haxel, 2007). Many
of the intrusive bodies show compositional gradations
among these rock types.
Information about each of the major mines in the Clark,
Ivanpah and Mescal Ranges can be found at http://www.
greggwilkerson.com/mine-reports.html.
The host rock for this deposit is Early Proterozoic in age,
~1740 to 1680 Ma (Miller and Wooden, 1994; Polletti and
others, 2016). A wide variety of igneous and metamorphic
rocks have been mapped, all of them metamorphosed
at high grade and smeared out to form NNW-trending
belts in map view. These belts are cut by several faults,
some parallel to the Kokoweef fault southeast of us, and
others striking northwest (Fig. 4); the latter faults were
termed north, middle, and south faults by Olson and
others (1954). These faults are important because they
cut the mineralized intrusions, but the offset parts of
those intrusive bodies have never been found. Except
for the south fault, mapping of the older gneisses makes
clear that offsets on these faults are actually minor, with
offset on the order of a few hundred meters. One way
to reconcile these apparent conflicts is to propose that
the faults existed before Middle Proterozoic intrusive
activity, and the intrusions were in part guided along the
faults and emplaced on one side. By this proposal, later
minor faulting cut the intrusive rocks but probably was
2019 desert symposium
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unimportant in redistributing mineralized rock. The bulk
of the Middle Proterozoic intrusive bodies lie in a huge
Early Proterozoic granodiorite gneiss pluton. Dikes of
mineralized rocks, and one alkali granite body, lie outside
of the granodiorite. It is not clear if the granodiorite
played a role in hosting the Middle Proterozoic
mineralization. Castor (2008) pointed out that other
ultrapotassic intrusions exist in a north-south belt in the
eastern Mojave Desert; locations include the New York
Mountains, Lanfair Valley, and the Piute Range.
Wilkerson (2016) tabulated 24 REE occurrences in the
Ivanpah Mountains, Clark Mountains, and Mescal
Range (Fig. 5). In spite of looking for other deposits like
it throughout southeastern California, southern Nevada,
and western Arizona, the Mountain Pass deposit is the
one and only large rare-earth carbonatite body identified.
There are many barite occurrences throughout the area

south of Highway I-15 on the northeastern slope of the
Mescal Mountains.
Many of the other mines in the Mountain Pass area are
gold, lead, and copper fissure vein occurrences that are
probably Mesozoic or Tertiary in age. Mineralization
localized in the Paleozoic formations followed thrusting
or was introduced contemporaneously with thrusting
(Theodore, 2007).
Cratonic crust and mid-proterozoic ultrapotassic
magmatism in Mojavia –isotopic musings from outside
the box
O.T. Rämö1, and J.P. Calzia 2
1
Dept Geosciences and Geography, Geology and Geophysics
Research Program, University of Helsinki, Finland FI-00014;
2
U.S. Geological Survey, Menlo Park, CA 94025

Proterozoic North America was assembled around
pre-existing cratonic nuclei by
progressive addition of juvenile
volcanic arcs and oceanic plateaus.
This led to an amalgamation of
Proterozoic crustal domains that
become progressively younger
from WNW to ESE (present
day coordinates). Nd isotope
composition of exposed cratonic
rocks of the southern Laurentian
region delineates specific crustal
provinces (Nd provinces 1 – 3)
marked by decreasing depleted
mantle model ages eastwards
(Bennett and DePaolo, 1987). We
have examined cratonic rocks
(granitoids, metamorphic rocks)
from Nd province 1 (Mojavia) in the
southern Death Valley region and
environs as well as the associated
Mountain Pass rare-earth carbonatite
and ultrapotassic rocks using
whole-rock geochemistry and Nd-Sr
isotopes. The Mountain Pass suite
was emplaced into the ca. 1.7-Ga
previously metamorphosed Mojavia
crust at 1425–1375 Ma (Poletti et
al., 2016). The Mountain Pass suite
comprises low- to high-SiO2 silicate
rocks (shonkinite to alkali granite) and
calcio- and magnesiocarbonatites
(Haxel, 2005). Here we model the
sources of the Mojavia crust and
the Mountain Pass igneous suite by
comparison of geochemistry and
initial isotope ratios at 1.4 Ga.

εNd(1.4 Ga) values of the exposed
granitoid and metamorphic rocks
of Mojavia are -9 to -3; these
values correlate negatively with
Figure 5. REE occurrences in the Ivanpah Mountains, Clark Mountains, and Mescal
aluminum saturation index (ca. 1
Range. Geology from Hewett, 1956, Plate 1. Mine locations from USGS MRDS database
to 2.5), calculated from whole-rock
(2011).
2019 desert symposium
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Table 1. Mines in the Mountain Pass area, exclusive of
rare earth element (REE) mines.
Mine Name

Primary Commodity

Upper Rathburn

Copper

Ridge No. 3

Copper

Unnamed

Copper

Horned Toad

Copper

Molycorp. Gold Prospect

Gold

Unnamed Prospect

Gold

Unnamed Prospect

Gold

Mescal Mine

Gold

Unnamed Mine Shaft

Gold

Mountain Pass Mine and Mill

Gold, REE, Cerium

G. A. Fayle

Lead

Unnamed Mine Shaft

Lead

Henry

Lead

Blue Moon

Lead, Copper

G. A. Fayle

Lead, Silver

Wilshire

Lead, Zinc

Ivanpah-Clark Mountain

Silver

Valley Prospect

Silver

Unnamed Prospect

Silver

Agnes

Silver

Blue Moon

Silver

Mollusk

Silver, Gold

Lower Rathburn

Zinc

Carbonate King Zinc Prospect 01

Zinc, Lead, Silver

geochemistry. The increasing enrichment in
aluminum relative to alkalis and calcium reflects
maturation of sedimentary detritus. The increasing
aluminum saturation with decreasing εNd values
is compatible with incorporation of pre-existing
crustal material in the form of sedimentary detritus
during mantle to crust differentiation that led
to stabilization of the Mojavia part of southern
Laurentia (cf. Rämö and Calzia, 1998). Laurentia was
the ancient geologic core of the North American
Continent positioned east of what later became the
Rocky Mountains and other geologic provinces to
the west. The source(s) of the detritus is unknown.
The εNd (1.4 Ga) values for the shonkinites, syenites,
and carbonatites in Mountain Pass range from -4
to -2. They are thus all negative but, on average,
markedly higher than those of the surrounding
Mojavia crust. Values of incompatible elements
of the Mountain Pass silicate and carbonate rocks
are high to extremely high and probably reflect
very low degrees of melting of their protoliths (cf.
Haxel, 2005). Values of compatible elements in the
ultrapotassic rocks show strong depletion from
primary magma compositions (Ni 450 ppm, Mg#
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ca. 80) to strongly fractionated compositions (Ni
<10 ppm, Mg# ca. 20). Quite remarkably, in the
established fractionation window (Mg# 80-20),
the initial εNd values show no change. The εNd
(1.4 Ga) values of -4 to -2 probably register an
ancient subcontinental mantle domain, formed
while Mojavia was stabilized. The Mountain Pass
shonkinites, which represent primary unfractionated
ultrapotassic magmas, and carbonatites have
different initial (at 1.4 Ga) 87Sr/86Sr ratios (0.70780.7089 and 0.7048-0.7057, respectively) and were
probably not derived from identical sources in the
sublithospheric mantle underneath Mojavia.
We will discuss these conclusions, including
evaluating the effects of magmas interacting
with wallrocks as they pass through the crust and
the possible uniqueness of the mantle source for
carbonatite.

Pediments and mountain evolution during the
Pliocene-early Quaternary. Take a look around you at the
mountains nearly ringing the Mountain Pass mine area.
Impressive east-facing cliffs mark the Paleozoic carbonate
rocks of the Mescal Range, Mohawk Ridge, and Clark
Mountain Range. East of them is a nearly complete ring
of lower mountains, broken only by the major stream
(Wheaton Wash) that leads east to Ivanpah Valley
and that is traversed by the interstate highway. These
mountains are underlain by the less resistant Proterozoic
gneisses. On the north and south of this ring, pediments
are prominent.
Detailed study of Tertiary and Quaternary gravels in the
Mountain Pass area by Castor (1991) provided evidence
for west-directed stream flow for a series of thick,
coarse-grained gravel deposits with local sources. Castor
interpreted the change upward in this series of gravels,
from Proterozoic sources, to Paleozoic and Mesozoic
sources, as indicating there is horizontal-axis, eastward
tilting of the mountain block. Such tilting would promote
the Paleozoic part of the range as a source for the gravels.
Such a tilt requires a major frontal fault along the west side
of the Mescal Range.
Miller believes that no tilting in the immediate area is
required. If mountain crests closed out eastward around
the valley we stand in, with pediments and other low-relief
landscapes common, the area was probably stable for a
long time. Paleozoic rocks, which erode more slowly than
Proterozoic rocks, may not have formed peaks much
higher than those for the older rocks. When Shadow
Valley began to form with down-dropped blocks west of
here, it lowered base level and initiated aggressive stream
cutting eastward into the now high-standing, low-relief
terrane, eventually cutting a deep canyon that lowered
base level locally and caused extensive erosion. The gravels
represent local fill at the base of steep slopes. Perhaps as
Shadow Valley faulting waned, stream gradients lessened
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d. m. miller, w. g. spaulding, r. e. reynolds et al. | exploring ends of eras in the eastern mojave desert: the road log

as the basins filled, and the local canyon near where the
interstate highway passes westward to Shadow Valley was
backfilled. Later as Ivanpah Valley was down-faulted, the
same process occurred on the east side of the mountain
range, with Wheaton Wash cutting aggressively into the
area where we stand. That erosion along the west side of
Ivanpah Valley remains very active. In simplest terms, the
mountain crest has moved back and forth in response to
down-dropping of adjacent valleys and the consequent
aggressive stream cutting of one mountain flank or the
other.
The Mesozoic thrust belt, end of 600 million years of
quiescence. To the south a layered, west-dipping stack of
Paleozoic strata is well displayed from this vantage point.
At its base lies the Keaney-Mollusk Mine thrust fault
(Burchfiel and Davis, 1971; Fleck and others, 1994). The
thrust places Paleozoic strata over Mesozoic rocks that we
described and viewed at Stop 1-2. To our west, at the end
of Mohawk Ridge, is another stack of Paleozoic strata with
the same thrust fault at its base, but here the thrust fault
overlies Proterozoic gneisses. The south fault of Olson and
others (1954) lies between these different manifestations of
the thrusts; it probably served as a lateral ramp (tear fault)
during late thrusting.
Connection to Ivanpah Lake. While under previous
management, the Mountain Pass Mine used waste
disposal ponds excavated into Ivanpah playa, in the
bottom of the valley to the east. In the late 1990s a series
of toxic and low-level radioactive spills occurred on the
valley floor, where the pipeline carrying the slurry from
the mine had burst. Use of the last of these waste disposal

ponds was curtailed in the early 2000s (Ault and others,
2015). It was during the toxic-spill remediation program
of the late 1990s that scientists from Dames & Moore
found and dated early Holocene lacustrine sediments in
the basin 8 to 10 m above the playa floor. See Knott (this
volume) for a description of older sediment from the
playa. We will examine these sediments at the next stop.
56.3 (0.1) TURN RIGHT (E) on I-15 eastbound onramp.
Caution: Maintain speed and be aware of closing traffic
going down-grade here on the interstate. High-speed, truckheavy traffic makes this stretch of highway more dangerous
than others.
59.6 (3.3) I-15 bends NE.
60.8 (1.2) EXIT at Nipton Road.
61.1 (0.3) [640835 | 3926530] Stop at Nipton Road. TURN
RIGHT (SE) and proceed toward Nipton.
61.4 (0.3) Views across Ivanpah Valley: NE – McCullough
Range and East –Crescent Peak, both underlain by
Proterozoic gneiss; ESE - Castle Peaks and New York
Mountains, where Miocene volcanic rocks lie on
Proterozoic gneisses; SE the high New York Mountains
(El: 7525 ft), underlain by Cretaceous granite (Beckerman
and others, 1982). Note that Ivanpah lake lies in the
northern part of Ivanpah Valley.
Proceed east on Nipton Road. Continue down the steep
Wheaton Wash alluvial fan to Ivanpah Lake (Fig. 3). Pass
through species-rich mixed desert scrub at the highest
elevations on the fan, down through creosote bush desert
scrub and then into the distinctly monotypic saltbush

Figure 6. The Ivanpah basin including the outline of a 10-m deep paleolake modeled on current topography (Spaulding and Sims,
2018). Our route will follow Nipton Road across the southern playa and we’ll stop at Murphy Well.
2019 desert symposium
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(Atriplex polycarpa) vegetation ringing the playa, and
largely covering the southern end of the dry lake.
Nipton Road was built in the 1930s to support the
construction of Hoover Dam. It provided an alternative,
more direct route to the dam site that avoided the Las
Vegas Valley. Unfortunately, culverts were not installed
under the road berm across the playa. Hence, the dense
saltscrub bordering the south side of the road where
runoff ponds and the on-going desertification and
deflation of the playa on the north side of the road. As the
tendency for south-to-north drainage suggests, Ivanpah
playa is not entirely level. Although flat, the southern playa
(Fig. 6) does not maintain a constant elevation. Instead,
it rises to the south. Where I-15 crosses, the playa floor
is at 794 m amsl (above mean sea level). Where we cross
it on Nipton Road, the playa floor is at ca. 800 m amsl.
This gain in elevation continues south of Nipton Road
(Spaulding and Sims, 2018). Perhaps related to this, the
southern playa is not barren, but is instead characterized
by saltscrub–playa mosaic (the dark patterns on the
southern playa floor; Fig. 6).
Paleolake Ivanpah. There is no drainage outlet to this
valley. Ivanpah Lake and, farther to the northeast in
Nevada, Roach Lake, occupy the axial valley floor. No
perennial or even intermittent streams exist in this
watershed, although it includes the highest mountains in
the vicinity (Clark and New York mountains in California,
and McCullough and Potosi mountains in Nevada). The
Ivanpah Valley watershed encompasses almost 2000 km2
(1959 km2; 756 mi2) and the playa lies at relatively high
elevation (794 m; 2604 ft amsl). Therefore, mean annual
precipitation is higher and evaporation rates lower in
this watershed than in most isolated basins in the region.
Despite this, no evidence for substantial pluvial lakes here
was noted before Sims and Spaulding (2017), consistent

with widely accepted hydro-climatic models (e.g. Mifflin
and Wheat, 1979) indicating that hydrographically
isolated basins in the southern Great Basin did not
support pluvial lakes. Figure 6 shows a ~10-m deep pluvial
lake, consistent with recent developed data (Sims and
Spaulding, 2017; Spaulding and Sims, 2018), modeled on
current topography. This latter qualification is important
because it seems that the playa margins may have
extended up to a kilometer farther out, and that regional
episodes of post-glacial alluvial fan progradation of the
(Miller et al., 2010) not only obliterated old paleolake
shorelines, they also changed the shape of the lake floor.
Therefore, the shape of the paleolake portrayed in Figure
6 may not be entirely representative of the paleolakes that
occupied this valley.
As we head down the Wheaton Wash fan you can see
clearly the buff colored Nipton Sand Sheet on the opposite
side of the basin. Its presence may be due more to the
input from the Cima Wash Delta-Fan (‘CDF’ in Fig. 6)
than the playa itself. A large, unnamed wash called for
the sake of convenience Cima Wash drains the north face
of the Mid Hills and the New York Mountains, as well as
the southeastern flank of Cima Dome and the Ivanpah
Mountains. The delta-fan at its mouth covers more than
8 km2 of the Ivanpah basin floor and it is distinctly
asymmetrical, with its western side reaching the edge of
the basin, while its eastern side is eroded back a kilometer
or so from the toe of the bajada to the east (Fig. 7).
64.5 (3.1) Pass Ivanpah Road, which leads to several routes
to the south and to Mojave National Preserve and the
towns of Cima, Kelso, Barnwell, Lanfair, and Goffs.
65.0 (0.5) Note the change in vegetation as we approach
the margin of Ivanpah playa.
65.3 (0.3) Margin of the playa.

Figure 7. Oblique view south showing the axial basin floor south of Nipton Road. li, littoral sediment; lu,
lacustrine sediment. Black areas are dense saltscrub. White arrows point to a shoreline lineament in the
toe of the Mineral Hill bajada (Spaulding and Sims, 2018).
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66.8 (1.5) [649855
| 3925040] SLOW,
TURN RIGHT (S)
and follow the track
heading south ~500
m and park in the
bare area before
you get to the corral
and tank at Murphy
Well. Caution: There
are lots of nails on
the ground near the
old corral and water
tank. Follow the
pre-existing tracks and
use the turn-around
before you get to the
saltscrub surrounding
the water tank.
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67.1 (0.3) STOP 1-4. Murphy Well. [650050 | 3924535]
We’ll take a ~250 m walk south to a low prominence
that affords a decent view of the surrounding terrain.
Depending on the lighting, we may be able to see the low
scarp ca. 1 km away to the southwest that defines the edge
of the Cima Wash Delta-Fan (Fig. 7)
On the shore of Paleolake Ivanpah. The terrain around
Murphy Well includes (a) dense saltscrub occupying the
swales, channels and desiccation cracks (dark areas in Fig.
7), (b) saltscrub hummocks (low coppice dunes anchored
by saltbush), forming a sand sheet in some areas, and (c)
denuded areas (including “li” and “lu” in Fig. 7) exposing
older, lacustrine sedimentary units. The exposed sediment
attributable to Paleolake Ivanpah around Murphy Well
lies 2 to 4 meters above the axial valley floor here, and
~10 m above the dry-lake floor in the vicinity of I-15.
Similar muds exposed on the edge of the Cima Wash
Delta-Fan have been 14C dated at 10,920 ± 150 cal yr B.P.
(Spaulding, 1999). Arroyo headcuts in the immediate
vicinity of Murphy Well expose the upper meter or so of
this unit, and its subhorizontal, finely bedded, laterally
continuous stratification displays the attributes of a
lacustrine sedimentary unit, as opposed to the massively
bedded, calcareous silts of phreatophyte flat groundwater
discharge deposits (GWD) deposits.
On-going deflation at the edge of these barren patches
suggests that ablation of the saltscrub hummock cover
is principally responsible for the exhumation of these
sediments. This eolian mantle appears to be of (very)
late Holocene age, and merits comparison with Unit
G of Haynes (1967) in the Las Vegas Valley, which is
latest Holocene in age (ca. 900–200 14Cyr B.P.). As we
walk across the barren area south of Murphy Well, we
can see that ablation of the overlying sand sheet has
left little in the way of a surface lag beyond burnt-rock
clusters of probable archaeological origin. With careful
inspection of the exposed littoral muds here, one can find
gastropod shells attributable to the amber-snail family
(cf. Succineidae). To the southwest on the edge of the
Cima Delta-Fan this unit also yields subfossil endocarps
of netleaf hackberry (Celtis reticulata). Most hackberry
occurrences in the fossil record of the Mojave Desert are
early Holocene in age (e.g. Jahren and others, 2001)
Elsewhere in northern Ivanpah Valley. Look NNW to
Devil Peak NW of Primm (Stateline) Nevada. Devil Peak
Cave is in a steep slot-canyon on the north side of the
peak. A small cave, developed as a solution cavity in older
fanglomerate, is exposed in profile by down cutting of the
canyon. It produced a Late Pleistocene, Rancholabrean
NALMA fauna of 21 taxa (Karnes and Reynolds, 1993;
Reynolds, 1993; Reynolds, 1995; Rowland and Needham,
2000), including Shasta ground sloth, large camel,
marmot, and vulture. The sloth, marmot, and vulture
were unusual fossil occurrences. As opposed to being
scattered by scavengers, their skeletons were articulated,
2019 desert symposium

and about three-quarters complete. At the same time
that the cave was filling with gravel, aeolian silt, and dead
animals, the canyon itself was filled with gravel to a depth
of 20 feet above present day surface. This allowed the sloth
and other animals to enter, or fall into, the upper opening
of the cave. The remains of a complete vulture and vulture
egg shell fragments suggest that the steep walls of the
canyon were used as a nesting rookery by vultures.
Return to vehicles. RETRACE NORTH to Nipton Road.
67.4 (0.3) Stop at Nipton Road. Watch for cross traffic.
TURN RIGHT (E) toward Nipton.
67.6 (0.2) Approximate east margin of the playa. Note the
abundance of grasses eastward in the piedmont that has
much eolian sand mixed into it.
69.4 (1.8) Nipton Road bears left.
71.8 (2.4) SLOW across railroad tracks and enter Nipton.
Proceed east on Hwy 164 toward Searchlight. Ivanpah
Valley lies between 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).
74.5 (2.7) Cross CA / NV State Line.
75.5 (1.0) Pass 1 Mile Road on the right. Road leads south
to massive fluorite deposits at the Denton Mine used for
flux during iron ore processing. SLOW, prepare for left (N)
turn.
75.7 (0.2) [662925| 3927770] TURN LEFT (N) on Lucky
Dutchman Road toward detachment-related gold mine
and structures.
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76.0 (0.3) Caution – TURN RIGHT in the first in a series
of sharp turns.
76.4 (0.4) STOP 1-5. [662410 | 3928335] Stop before a
large wash.
Strike slip and normal faults, and evolution of Ivanpah
Valley. Hike to the nearby hillcrest. At this location we
have a wide view of Ivanpah Valley and its surrounding
mountains (Fig. 4). Close by, on the north, is the high
McCullough Range with its Proterozoic gneisses. Downfaulted farther west is the Lucy Gray Range and its similar
gneisses. Turning to the northeast, the low pass dividing
the crest of the McCullough Range from the New York
Mountains to the south is visible, south of which the
New York Mountains crest is highlighted by Crescent
Peak and craggy volcanic rocks at the Castle Peaks,
and farther south lie the high New York Mountains.
The northern New York Mountains are underlain by
Proterozoic gneisses (except for the Miocene volcanic
rocks of the Castle Peaks), and southern, high mountains
are underlain by Cretaceous Teutonia batholith rocks
(Beckerman and others, 1982). Farther south, Ivanpah
Valley closes out as a high pass at the town of Cima, west
of which is the low, rounded Cima Dome. Northward
from Cima Dome are ranges already discussed today—
Ivanpah, Mescal, and Clark Mountain ranges. North of
the Clark Mountain Range is the south end of the Spring
Mountains.
Ivanpah Valley stretches from the south end of the
Spring Mountains south to near Cima (Fig. 4). The valley
is noticeably S-shaped, undergoing a bend in the area
immediately west of Stop 1-5. The lowest part of the valley,
marked by Ivanpah Lake playa, is restricted to the north
half of the valley and lies near the center of that part of
the valley. Interpretation of gravity data indicates that the
deep sedimentary basins do not match with the lowest
part of the valley, but rather lie a short distance south of
the road we took across the valley, and near to the outcrop
in the foothills of the New York Mountains.
Several faults are present in Ivanpah Valley but none
fully match the valley’s physiography. From oldest
forward, the Kokoweef fault (Burchfiel and Davis, 1971)
and its counterpart in the New York Mountains, the
Slaughterhouse fault (Burchfiel and Davis, 1977), are
Mesozoic in age and are important because they are
offset left-laterally about 12–14 km under the valley floor
(Carlisle and others, 1980; Swanson and others, 1980).
The Ivanpah fault of Hewett (1956) lies northeast of the
Kokoweef and may also be Mesozoic. Hewett extended
it as a concealed fault under Ivanpah Valley from the
southern Spring Mountains, where it cuts Paleozoic
rocks, to the New York Mountains. However, Miller and
Wooden (1993) showed that the fault is minor in the
New York Mountains where it cuts Proterozoic gneiss
and Miocene volcanic rocks, suggesting that the two
20

were not connected. Several faults cut Miocene volcanic
rocks, dropping fault blocks toward Ivanpah Valley. The
McCullough fault and faults at Juniper Spring in the New
York Mountains offset volcanic rocks by ~ 6 km and ~100
m, respectively (down to the west). There may be more
normal faults but they do not have surface expression
elsewhere in the valley, particularly along the west side of
the valley. If steep, linear gradients in the gravity data for
the valley are taken as normal faults, a few lie along the
west side of the valley. They strike nearly north and are
distinct from the Mesozoic faults that strike northwesterly
(Fig. 4).
The youngest faults are the Stateline and Nipton faults;
these are strike-slip and form a conjugate pair. The leftlateral Nipton fault strikes northeast, passing down the
center of the southern Ivanpah Valley, and offsets the
Kokoweef fault (Fig. 4). The Nipton fault cuts Miocene
volcanic rocks and Pliocene gravels. The Stateline fault
is right-lateral, strikes northwest along the NevadaCalifornia state border, and cuts Quaternary materials. It
may have as much as 30 km of offset (Guest and others,
2007) although the constraints on offset are not of high
quality. We will discuss this topic more on the second
day of this trip. Mahan and others (2012) proposed that
the small, deep basin expressed by gravity data, which
lies southwest of our location at this stop, formed at the
junction between the two strike slip faults. Miller and
Wooden (1993) had mapped the Nipton fault as throughgoing, requiring that the Stateline fault terminated
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against the Nipton fault. They also showed that young
gravels forming two small basins lay near the intersection
of the two strike-slip faults. Also in this location, the
steep mylonitic foliations of the Proterozoic gneisses
change to shallow west-dipping orientations and near the
young gravels, the mylonite is overlain by cataclasite and
breccia. These features are similar to detachment faults
of metamorphic core complexes. The modelled basin of
Langenheim and others (2009) was used by Mahan, in
conjunction with U-Th(He) dating of rocks in the New
York Mountains, to argue that a 2.5-km deep basin
formed during the Pliocene as the New York Mountains
were uplifted as a result of strike-slip fault interactions.
The new, denser array of gravity stations of Denton and
Ponce (2017) allow a refined model of the basin, which is
supported by logs of deep boreholes (Calzia, 1991). Along
with a Pliocene (~5.0 Ma from tephrochronology) age for
gravel deposits like those we stand on, the refined basin
model points toward Pliocene basin development under
the piedmont where we stand as well as part of the south
end of Ivanpah Lake area.
If this area where the faults intersect is the most recently
active, why are the mountains elsewhere higher than the
northern New York Mountains and what controls the
shape of the valley elsewhere? We speculate that a gravitymodelled normal fault west of the Lucy Gray Mountains
controls the northern valley. This part contains only
a shallow, 1.2-km deep basin. The western side of the
northern basin may also be controlled by a normal fault
(down to the east). The southern end of Ivanpah Valley
gradually shallows southward and steep gravity gradients
are lacking, suggesting that a few small faults at most are
present under that part of the valley.

others, this volume) indicated that the Thor property
had a different depositional setting for rare earth
enrichment than that of Mountain Pass. U-Pb dates
also indicated that the rare earth deposition at
Thor is older (1.6 Ga) than the rare earth deposit at
Mountain Pass (1.4 Ga). In addition to the primary
rare earth enrichment of the area, calculated ages
for Thorianite suggest that secondary events likely
contributed to alteration of rare earth bearing
minerals. Early mineral alteration may have coincided
with the intrusion of 1.1 Ga diabase dikes and later
alteration possibly took place during the intrusion
of the Cretaceous Crescent Peak stock. As far as
Thor being economically feasible as a rare earth
deposit, more exploration efforts would need to be
undertaken in order to identify additional rare earths.
This study, which gives insight as to the complexity
of understanding rare earth deposits, demonstrates
alternatives to the Mountain Pass occurrence.

RETRACE to Hwy 164.
77.0 (0.6) Stop at Hwy 164. Look for oncoming traffic.
TURN RIGHT (W) toward I-15.
78.2 (1.2) CA / NV border. Proceed west toward Nipton.
80.6 (2.4) Slowly enter Nipton and cross over Union Pacific
Railroad tracks.
87.5 (6.9) Pass Ivanpah Road heading south to Lanfair
Valley.
90.9 (3.4) Cross over I-15.

Mines of the area. Lead and silver mines at Crescent Peak
yielded turquoise (Morrissey, 1968; Castor and Ferdock,
2004.). When turquoise was rediscovered in 1889, Native
American stone hammers, anvil stones, and pottery were
present.
The Thor REE property
Suzanne Baltzer, Dr. Robert Housley, Dave Miller
The Thor property prospect pit is located
approximately 5 miles SW of Crescent
Peak Quarry (approx. 36o 26’05” N, 115 o
08’48” W; elevation 4740 ft).
In 2012 Elissa Resources undertook an extensive
exploration drilling program looking for rare earth
elements in the New York Mountains of southern
Nevada. They were specifically looking for what are
known as the “heavy” rare earths. Field mapping,
geochemical, microprobe and SEM analysis of the
rare earth bearing minerals indicated locally high
concentrations of rare earth elements within the
area. Features within the REE-bearing minerals
such as zoning, alteration and exsolution seemed
to indicate a complex geologic history influencing
rare earth enrichment. The study (see Baltzer and
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91.0 (0.1) TURN LEFT (W) and enter I-15 southbound.
95.8 (4.8) Pass Bailey Road at Mountain Pass.
104.3 (8.5) EXIT at Cima Road, the bottom of Shadow
Valley. Pass through a thick sequence of layered, white
groundwater discharge (GWD) deposits.
104.6 (0.3) Stop at Cima/Excelsior Mine Road. TURN
RIGHT (NW). Proceed NW to first major pipeline road.
105.0 (0.4) TURN RIGHT (E) on pipeline road.
105.1 (0.1) Enter white GWD deposits.
105.5 (0.4) In the wide area, turn caravan around, and
head west to Stop 1-6.
105.9 (0.4) STOP 1-6. [619990 | 3923655] PARK. Examine
stratigraphy of late Pleistocene GWD deposits near the
pipeline. These GWD deposits have produced an extensive
assemblage of mollusks, snakes, geomyid, heteromyid,
and cricetid rodents (including Onychomys and
Symmetrodontomys), microtine rodents, canids and felids,
small horse, pronghorn, llama, large camel, mastodon,
and mammoth. The locations of the fossils are only partly
tied to the recent stratigraphy and dating of the deposits
(Pigati and others, 2011). Fossils are described by Reynolds
and Jefferson (1971, 1988).
Valley Wells, CA
Kathleen B. Springer, Jeffrey S. Pigati
U.S. Geological Survey, Denver CO

Background. During the late Pleistocene, emergent
groundwater supported persistent and long-lived
desert wetland ecosystems in many of the valleys
and basins in the American Southwest. Desert
wetlands are represented in the geologic record
by groundwater discharge (GWD) deposits, which
are also called spring or wetland deposits. These
sediments contain information on the timing and
magnitude of past changes in water-table levels, and
therefore are an important source of paleohydrologic
and paleoclimatic information. The GWD deposits
at Valley Wells are spatially extensive, covering ~4.5
km2, and contain evidence for multiple episodes of
high water-table conditions.
The light-colored sediments at Valley Wells were first
interpreted as Pleistocene lake deposits by Hewett
(1956) and later mapped as such by Evans (1971).
Subsequent paleontological investigations recovered
the remains of small invertebrates, rodents,
ungulates, and proboscideans, as well as a mix of
terrestrial and freshwater gastropod shells (Reynolds
and Jefferson, 1971; Reynolds and others, 1991).
Despite the prevalence of terrestrial fauna, these
studies held to the lacustrine interpretation, which
persisted until Quade and others (1995) suggested
the deposits at Valley Wells likely were related to
groundwater discharge processes. Both Scott (1996)
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Figure 8. (a) Top panel, view to the northwest of sediments of
member E that are inset into the older and topographically
higher sediments of member D; (b) Bottom panel, green silty
clay of bed D1 overlain by marl and a hard carbonate cap of bed
D2 .
and Pigati and others (2011) later concurred with this
interpretation.
Since these publications, significant advancements
have taken place with respect to our understanding
of the stratigraphy, chronology, and hydrologic
interpretations of GWD deposits in the southern
Great Basin and Mojave Desert. In the Las Vegas
Valley, for example, Springer and others (2015; 2018)
identified 17 different informal units within the Las
Vegas Formation that collectively span more than
500,000 years and represent distinct periods of
groundwater discharge (Fig. 7). Importantly, these
researchers showed that wetlands in the valley
waxed and waned in response to global climatic
perturbations in near lockstep with independent ice
core and speleothem records, supporting the use of
GWD deposits as a highly resolved paleohydrologic
proxy. Concurrent with this work, and using Las
Vegas as a linchpin, Springer and Pigati (unpublished
data) have investigated GWD deposits at sites
throughout the region, including Valley Wells, and
found that the sedimentary sequences are consistent
and strikingly similar to those in Las Vegas.
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Table 2. Equivalent units of the Las Vegas Formation present at
Valley Wells (VW)
Member

Bed

Age (cal)

Present at VW

Bed E2c

10.63 - 8.53 ka

Bed E2b

11.22 - 11.10 ka

--

Bed E2a

12.90 - 11.70 ka

yes

Bed E1d

13.69 - 13.37 ka

--

Bed E1c

14.12 - 13.95 ka

--

Bed E1b

14.59 - 14.27 ka

--

Bed E1a

16.10 - 14.96 ka

--

Bed E0

23.04 - 18.16 ka

yes

Bed D3

25.85 - 24.45 ka

yes

Bed D2

31.68 - 27.58 ka

yes

Bed D1

37.44 - 34.18 ka

yes

Bed B3

45 - 40 ka

yes

Bed B2

55 - 45 ka

yes

119.6 (5.9) Pass Halloran Springs off ramp.

Bed B1-wet

76 - 68 ka

--

Bed B1

100 - 55 ka

yes

122.2 (10.6) EXIT at East Baker off ramp to refill gas tank
and obtain sunscreen and snacks for Day 2.

Member A

undifferentiated

300 - 155 ka

yes

Member X

undifferentiated

> 500 ka

--

Member E

Member D

Member B

yes

clay with abundant terrestrial gastropod shells that
were deposited between 38 and 35 ka based on
radiocarbon and infrared stimulated luminescence
(IRSL) dating. Bed D2 consists of marl and the hard
carbonate cap. The marl previously yielded an
IRSL date of ~28 ka, and a close examination of the
sediments just below the carbonate cap reveals
abundant pods of Mn-oxide that have replaced
organic matter. Overall, Springer and Pigati
(unpublished data) found the equivalents of at least
ten different units of the Las Vegas Formation within
the sequence of GWD deposits at Valley Wells (Table
2).

Retrace west to Excelsior Mine Road.
106.3 (0.4) Stop at Excelsior Mine Road. Look both
directions for oncoming traffic. TURN LEFT (S) toward
I-15
106.6 (0.3) TURN LEFT (W) onto I-15 southbound.
Proceed past Baker to Zzyzx DSC.
113.7 (7.1) Pass Halloran Summit off ramp.

124.3 (2.1) Pass central Baker off ramp.

Ages of units from Springer et al., 2018.

At the stop. Looking northwest from this vantage
point, several units are present within view,
including the bluffs of member D and the younger
sediments of beds E2a and E2c, which are inset into
the older deposits (Fig. 8). The deposits of member
D represent marshes and wet meadows that
prevailed here during full glacial times. Following
a drop in the water table and significant erosion
that occurred after the last glacial maximum, water
tables rebounded to form localized marshes during
the Younger Dryas climate event. The Younger
Dryas event is represented at Valley Wells by bed
E2a deposits that date to between 13.0 and 11.6 ka
and consist of olive-green silts and clays overlain by
organic-rich horizons, or “black mats.” In turn, these
deposits are often covered by the tan silt of bed E2c,
which contains gastropod shells and tufa, and is the
result of a younger, short-lived discharge event that
occurred during the early Holocene.
On the southwest side of the road, member D
sediments are exposed at station 17 of Pigati and
others (2011) (Fig. 5b). At this location, the deposits
at the base of the outcrop previously yielded a single
IRSL age of ~53 ka and are correlative with bed B2 in
Las Vegas, but are now covered by slumped material.
Above this, bed D1 consists of pale olive-green silty
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130.5 (6.2) Exit at Zzyzx off ramp.
130.8 (0.3) Stop at Zzyzx Road. Watch for vehicles. TURN
LEFT (S).
135.5 (4.7) Zzyzx DSC.
End of Day 1. What did we see?
Much of Day 1 dealt with Neogene events, such as
pedimentation and ensuing destruction of stable old
pediments by extension and strike-slip faulting that
created basins. We learned that the highland of the Clark
Mountain and Mescal ranges was once more extensive,
and subsequently modified by first extensional faulting on
the west to form Shadow Valley basin, and then second by
strike-slip faulting on the east to form Ivanpah Valley.
We also saw lake deposits and GWD in currently arid
valleys. These deposits recorded Pleistocene and early
Holocene periods that were much wetter than is typical
of the Mojave Desert today. We discussed biotic changes
associated with the Pleistocene-Holocene transition, as
revealed by fossil plants and animals recovered in caves
and packrat middens high in the Mountain Pass area.
These observations are relevant for evaluating future
resiliency of many species that occupy the ‘sky islands’ of
the higher mountains of the desert.
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Day 2
Carpooling is mandatory on Day 2. We will return to
your individual vehicles that will be parked at DSC (or
Baker). We recommend the same carpool arrangements
from Day 1. If you wish to depart to Las Vegas or points
north, you may wish to leave the trip before returning to
DSC; in this case, coordinate rides so that your riders can
jump in with others to return to DSC. All personal items
must be removed from DSC rooms on Monday morning
and rooms must be left clean. Fill vehicles with gas on
evening of Day 1.
The trip requires high clearance or 4WD and skill in
driving in loose sand and mud. Bring an extra spare tire
and plan accordingly.
Convene at the Desert Studies Center with a full tank
of gas, water, snacks, and protection from sun and wind.
What we will see: Day 2
Today we will loop through basins and ranges north of
the area we visited on Day 1. We will revisit themes of the
first day, in particular the timing of mountain uplift, and
Late Quaternary environmental changes. We will address
in more detail the history of the Miocene Shadow Valley
basin and discuss more of the evidence for large offset on
the Stateline fault. We will also have more emphasis on the
Mesozoic thrust belt: its architecture and timing for some
of the thrusting.
0.0 (0.0) Drive north from DSC and enter I-15 northeast
bound to Baker. Pass springs with Holocene histories.
1.4 (1.4) Slow through curves.

31.5 (1.6) The freeway narrows ahead. View ahead is of
Shadow Valley Basin and white sediments are the Valley
Wells GWD sediments we visited yesterday.
35.3 (3.8) Pass Valley Wells Rest Stop. Move to the right
lane and prepare to exit.
36.9 (1.6) Exit Cima Road (S) and Excelsior Mine Road
(N). Valley Wells GWD sediment is ahead and on the left.
STOP 1-6 from Day 1 can be visited now, if time did not
permit on Day 1.
37.1 (0.2) Proceed north on Excelsior Mine Road.
37.5 (0.4) Pass under powerline.
38.0 (0.5) Road bears right (E) at reverse junction.
38.5 (0.5) Pass right turn toward a large cottonwood
tree marking the site of the Valley Wells Copper Smelter
(Rosalie Post Office, Vredenburgh, 1996a) and the
remaining active seep.
39.0 (0.5) Pass a right turn to Valley Wells cemetery.
39.9 (0.9) The paved road bears north around a lobe of
Miocene fanglomerate mapped as Shadow Valley basin fill
(Freidman, 1966; Reynolds and Calzia, 1966). Continue
north on Excelsior Mine Road.
42.6 (2.7) Water tank on right.
43.0 (0.4) Pass a right turn to Pachalka Spring, County
Road 20913.

1.8 (0.4) Slow through curves. Proceed north to I-15.
4.2 (2.4) Road bears sharp left (W).
4.7 (0.5) TURN RIGHT (E) and enter I-15 northbound
toward Baker.
5.4 (0.7) Pass through freeway road cuts that expose late
Cenozoic conglomerate flanked by strands of the Soda–
Avawatz fault.
9.8 (4.4) Pass the west Baker offramp.
11.0 (1.2) Pass the central Baker off ramp, and under SR
127/Kelbaker Road.
24.0 (13.00) Pass Halloran Springs offramp.
29.9 (5.9) Pass Halloran Summit offramp. 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 westward movement on
the Shadow Valley–Halloran Hills detachment fault
(SVHHDF). The surface expression of the SVHHDF that
runs north-south along the western front of the Mescal
Range and Clark Mountain and north to Kingston Peak
(Reynolds and Calzia, 1996; Friedmann and others, 1996;
Fowler and others, 1995).
24
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45.4 (2.4) Cross over utility right-of-way dominated by the
Kern River Pipeline.
45.8 (0.4) Pass under Intermountain Power Line. Proceed
NNW on Excelsior Mine Road. Headwaters of Kingston
Wash are on the left (W) and drain westerly toward Salt
Springs along Hwy 127.
49.4 (3.9) STOP 2-1 [614930 | 3941185] TURN RIGHT at
Junction onto Kingston Road, which leads NE to Mesquite
Lake and Sandy Valley. Views north and west of the
Kingston Range and Shadow Valley.
Geology and geochronology of Shadow Valley Basin
and the granite of Kingston Peak
Calzia, J.P.1, and Rämö, O.T.2
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Shadow Valley Basin formed above the Kingston
Range-Halloran Hills detachment fault (i.e., a
supradetachment basin structurally above the
KRHHD=KHDF in the map, Figure 8) between 13.4
and ca 5 Ma (Davis and others, 1993, Davis and
Friedmann, 2005). Sedimentation in the basin was
influenced by a number of tectonic factors including
the corrugated geometry of the KRHHDF and its
breakaway zone, the emplacement of the granite
of Kingston Peak through the detachment fault,
contemporaneous faulting of basin fill, and latestage folding associated with sinistral strike-slip
faulting in Kingston Wash.

the south. Displacement of the upper plate is a
minimum of 1.5-2 km SW in the Kingston Range,
and 5-9 km SW to W in Shadow Valley Basin at the
latitude of Mesquite Pass (Burchfiel and Davis, 1988).
Differential extension between the two domains is
accommodated by strike-slip and normal faulting as
well as oroclinal folding (Fowler and others, 1995).
Friedmann (1999) divided fill in the Shadow
Valley Basin into four members separated by
unconformities. Volcanic activity, primarily andesite
and rhyolite, is concentrated in Members I and II.
Megabreccias and rock-avalanche deposits occur
in Members I, II, and IV, and glide blocks occur in all
four members but most dramatically in Members
II and III. Sedimentological evidence indicates
rapid subsidence of the basin during Members
I-III; more than 400 paleocurrent measurements
show dominant east to west direction of sediment
transport. Gypsiferous lacustrine deposits
between 11 and 10 Ma indicate an arid to semi-arid
environment late in the sedimentary history of the
Shadow Valley Basin.
Member I consists of 600–900 m of (oldest to
youngest) carbonate breccia, andesite to dacite
flows, and two sequences of mafic volcaniclastic

The KRHHDF is the easternmost Tertiary low-angle
normal fault in the Death Valley extended terrain.
D. Foster Hewett first recognized this fault, which
he called the “Kingston Thrust,” as a significant and
laterally continuous Tertiary structure unrelated
to nearby Mesozoic compressional structures.
In the Kingston Range, the fault descends both
stratigraphically and structurally to the west, and
cuts folds related to the Mesozoic Winters Pass
Thrust to the east. The hanging wall consists of thin
sheets and blocks of rocks ranging from Precambrian
crystalline basement to Miocene sedimentary and
volcanic rocks. Near its eastern limit (aka breakaway
zone), the hanging wall is extremely attenuated by
faulting; to the west the hanging wall is thicker and
more coherent. In the Shadow Mountains (SM in
the figure) to the south, the KRHHDF carries rocks of
Precambrian and Paleozoic age in the hanging wall,
and Tertiary sedimentary and volcanic rocks in the
footwall.
The KRHHDF is synmagmatic with a 13.4 Ma
hypabyssal sill near Mesquite Pass (Davis and
others, written commun., 1992), and is cut and
deformed (overturned to the north) by the granite
of Kingston Peak. When the granite of Kingston
Peak intruded and “pinned” the KRHHDF (Davis and
others, 1993), extension and sedimentation ceased
to the north of Kingston Wash, but continued to
2019 desert symposium

Figure 8. Geologic map of the Shadow Valley basin. HH,
Halloran Hills; CM, Clark Mountain; SM, Shadow Mountain;
MP, Mesquite Pass; KPP, Kingston Pass pluton; KR, Kingston
Range.
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breccia separated by lacustrine clay, silt, and
limestone interbedded with a porphyritic andesite;
the porphyritic andesite is characterized by flowaligned plagioclase phenocrysts and is locally
known as the chicken-track andesite. The upper
volcaniclastic breccia is overlain by andesitic tuff
breccia interbedded with rhyolite ash.
The age of Member I is enigmatic. It is younger
than the 13.4 Ma sill in Mesquite Pass. Calzia (1990)
reported K-Ar dates of 11.6 and 11.1 Ma from rhyolite
and basalt breccias near the top of Member I.
However, rhyolite ash yielded a 40Ar/39 date of 13.1 Ma
(Friedmann and others, 1996), and the chicken-track
andesite yielded a K-Ar date of 14.1 Ma (new decay
constants applied to the 13.7 Ma date of Bell, 1971)
from the same area. Friedmann and others noted
that these volcanic rocks yield similar dates as 16.4
to ca. 12.1 Ma (Calzia, 1990; Dixie Hambrick, written
commun, 1988) volcanic ash and flows in the Resting
Springs Formation north and east of the Kingston
Range. Perhaps the 13.1 Ma rhyolite ash and 14.1
Ma chicken-track andesite are allochthronous and
were faulted or slid into Shadow Valley Basin prior
to deposition of Member II. What is certain is that
Member I is younger than 13.4 Ma and older than
Member II.
Member II is 600–1,000 m thick and consists of
lacustrine deposits overlain by fanglomerate
deposits. The lacustrine deposits include
approximately 400 m of siltstone and claystone, thick
conglomerate lenses interbedded with lacustrine
silty mud, and minor fine volcaniclastic material.
The siltstone and claystone are locally interbedded
with thin lenses of sand and muddy debris flows;
minor cross bedding, oscillation ripples, channels,
and occasional animal footprints suggest that
water was often shallow and never deep. The thick
conglomerate lenses include large-scale
cross stratification and abundant soft
sediment deformation at their base; they
are interbedded with and overlain by
matrix-rich conglomerate with abundant
basal slumps as well as local sole marks,
and probably represent fan delta
deposits. The volcaniclastic material is
approximately 60 m thick and includes
clasts of the 14.1 Ma chicken-track
andesite.
Fanglomerate deposits in Member II
include large carbonate glide blocks
and medium-grained cross-bedded
sandstone (Fig. 9). The carbonate glide
blocks are overlain by hornblende
andesite tuff; biotite and whole-rock
samples of this tuff yield K-Ar ages
of 12.3 and 12.5 Ma, respectively (R.
Miller, written commun. to Calzia, 1994).
However, Friedmann and others (1996)
reported 40Ar/39Ar ages of 12.0 Ma from
ash at the base of Member II, as well as
11.8 and 11.4 Ma ash beds below and
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above, respectively, the glide blocks. Needless to
say, enigma(s) regarding geochronology of Shadow
Valley Basin continue!
Member III consists of at least 500 m of fluvial
sandstone and conglomerate, laminated
mudstone, coarse-grained sandstone, and ≥300
m of volcaniclastic sandstone and conglomerate
that interfinger with playa deposits to the south.
Braided stream channels, vertically accreting bars,
and overbank deposits occur above an angular
unconformity (<10⁰ dip) with Member II; these
channels locally include gravels with clasts derived
from cratonic rocks exposed at Mesquite Pass
as well as Mountain Pass. Friedmann and others
(1996) reported a 10.8 Ma ash at the base, and
conglomerate with boulders of granite of Kingston
Peak at the top of Member III.
Member IV consists of fanglomerate deposits
characterized by cobbles and boulders “the size
of Volkswagens” of the granite of Kingston Peak.
Scott and others (1988) reported 10.3 Ma andesite is
tectonically interbedded with these fanglomerate
deposits, and they are overlain depositionally by
9.4 Ma (V. Frizzell, written commun., 1985) tuff in
lacustrine deposits near China Ranch.
Spectacular glide blocks in Members II and III
include (from east to west) Proterozoic gneiss
and Crystal Spring Formation intruded by 1.1 Ga
diabase at Shadow Mountain (SM on Figure 8), as
well as Paleoproterozoic gneiss locally overlain by
Neoproterozoic Noonday Dolomite and Cambrian
Bonanza King Formation (both near SMS on Figure
8). Gneissic glide blocks are 8 km long, ≤200 m thick,
and cover 8-9 km2; we estimate ca. 25 km of WSW
runout on glide blocks with “Noonday over gneiss”
based on the nearest authochthonous source of this
contact in the Mesquite Mountains. Glide blocks

Figure 9. Photograph of thin-bedded sandstone sandwiched by carbonate breccia
sheets. Note barrel cacti on opposite wall of canyon for approximate scale.
2019 desert symposium
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aplite facies. Aplite dikes and quartz
veins are common in all three
facies; rhyolite porphyry dikes and
mafic xenoliths are common only in
the feldspar porphyry and quartz
porphyry facies.
Biotite and hornblende from the
feldspar porphyry facies yield
concordant K-Ar dates of 12.1 and
12.4 Ma, respectively. Incremental
heating of hornblende from the
same sample yielded 40Ar/39Ar
plateau and total fusion ages of
12.4 Ma. The concordant K-Ar dates
and 40Ar/39Ar ages indicate that the
granite of Kingston Peak is middle
Miocene (Calzia, 1990).

Figure 10. Geochemistry of intrusive rocks of the Shadow Valley area.
of Bonanza King Formation are ca. 3 km long, 50 m
thick, and overlie sand, gravel, and conglomerate
of Member III that dip 15⁰–20⁰E. Davis and others
(written commun, 1992) favor N-NW transport of the
Bonanza King glide blocks because 1) slickensides
on the base of the block trend N8⁰-13⁰W and plunge
gently north, and 2) the overlying sediments include
clasts of cratonic rocks and Tapeats Sandstone.
Combined, these data suggest a source region to
the east-southeast and therefore a paleoslope with a
western component.
Structures within Shadow Valley Basin consist of a
series of NE- to NW-striking normal faults as well
as nearly E-W folds that plunge east. The normal
faults cut the Shadow Valley basin into five panels.
The faults dip 45⁰-75⁰ W, with 0.5-3.5 km of dip-slip
separation. Domino-style rotation between these
faults produced 15⁰ to 25⁰ eastward tilting of the
Shadow Valley strata. Cross-cutting relations indicate
faulting was initiated after deposition of Member
III, and during deposition of Member IV; Member
IV strata generally overlie tilted Member I through
III strata with angular discordance. East-west folds
plunge 10⁰-40⁰E to SE and involve Members II and
III; their axes are buried by Member IV. Fowler (1992)
concluded that folding pre-dates or is synchronous
with the normal faults.
The granite of Kingston Peak forms an elliptical
batholith, 14.6 km long and 10.5 km wide, in
the southwest half of the Kingston Range. This
hypabyssal granite intrudes gneiss and the lower
member of the Crystal Spring Formation, was
emplaced at a depth of 3.5-4.0 km based on
stratigraphic reconstruction, and is divided into
(oldest first) feldspar porphyry, quartz porphyry, and
2019 desert symposium

Initial Nd isotopic values (εNdi) of
the granite of Kingston Peak (Fig.
10) vary from -5.5 to -7.7; initial
87
Sr/86Sr (Sri) values vary from 0.7059
to 0.7126. These data suggest that
the granite of Kingston Peak is
more juvenile (larger εNdi, lower
Sri) than Cretaceous plutons of the
Mojave Desert and southern Death
Valley region; its isotopic values
fall approximately halfway between Cretaceous
granitoid rocks of the southern Death Valley/Mojave
Desert region and the Sierra Nevada/Peninsular
Ranges batholiths. The former presumably include
a source with a major cratonic component whereas
the latter are mixtures of continental (cratonic)
and mantle materials mingled during Mesozoic
convergent processes. Since the granite of Kingston
Peak is located in a cratonic environment, its rather
juvenile isotope composition probably reflects
extension-related post subduction hybridization
related to invasion of mantle melts in the lower crust.

54.1 (4.4) Caution. Slow through curves. Watch for
oncoming vehicles.
55.3 (1.2) Slow; curves ahead.
55.4 (0.1) [617380 | 3949930] Winters Pass. Continue
toward Mesquite Lake. SLOW for steep downhill with
sharp curves.
55.9 (0.5) Kingston Road bears right.
56.8 (0.9) SLOW. TURN LEFT (WNW) onto side road
BLM NN 429. Park away from traffic on Kingston Road.
STOP 2-2 Winters Pass Thrust fault. [617840 | 3952060]
Walk east to Kingston Road and best view spot.
The Winters Pass thrust fault is one of the westernmost
thrusts, and structurally highest, of the stack that can be
mapped from the Mescal Range to here and also eastward
and northward to the Spring Mountains (Burchfiel and
Davis, 1971). It carries plutonic rocks in the hangingwall
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attempts were made in the district between 1861 and
1893 to produce lead. From 1893 to 1898 interest centered
largely in the gold-bearing deposits. In 1898 the Yellow
Pine mill began processing copper ores. In 1905 the
railroad between Los Angeles and Salt Lake City was
completed (the current UPRR that passes through
Ivanpah Valley) and in that year oxidized zinc minerals,
heretofore ignored, were identified by T.C. Brown. The
district’s proximity to the railroad in northern Ivanpah
Valley at Jean facilitated mine developments as did the
re-evaluation of zinc resources. A narrow-gauge railroad
from Jean to Goodsprings and the Yellow Pine mine were
built in 1910. More lead and zinc mines were opened
during WWI. Between 1902 and 1930, cyanidation
extracted more gold and silver from the ores. There was
some renewal of activity during WWII, but by 1964 most
of the mines were dormant (Hewett, 1931, 1956; Longwell
and others, 1965).
The mine districts of the southern Spring Mountains,
Clark County, Nevada were included in the Potosi,
Yellowpine, and Goodsprings districts. The area has a
diverse economic geology. Commodities historically
produced there include (number of deposits) antimony
(1), cobalt (3), copper (37), flagstone (1), gold (19), lead
(41), perlite (1), platinum (2), radium (1), silver (4), stone
(2), uranium (7), vanadium (2), zinc (60), and zinc-lead
in a few places and at exposures of its correlative, the
Pachalka thrust, west of Clark Mountain, those rocks are
dated as late Jurassic in age (Walker and others, 1996).
Folded rocks below that thrust are intruded by a pluton
that is undeformed, and that pluton is also late Jurassic,
indicating that last significant thrusting is of that age.
Return to vehicles and retrace to Kingston Road. Stop and
look for cross traffic. TURN LEFT (NE) and proceed NE
on Kingston Road toward Mesquite Playa.
60.4 (1.6) Enter Mesquite Valley. View north of Charleston
Peak; Potosi Peak is NE, Spring Mountains are ENE,
Table Mountain basalt flow (12.3±0.6 Ma) is east, Devil
Peak is southeast. Note Stateline Pass, the gap in the
skyline to SSE, where the young Stateline fault crosses
the mountains. The many roads that subdivide Mesquite
Valley were made by developers planning to sell lots to
starry eyed investors (Hensher, 2000a, b).
Southern Spring Mountains (Goodyear, Yellowpine, Potosi)
Mining District

Refer to Wilkerson (this volume) for a more detailed
description of the economic geology of the area. Some
of the minerals in the southern Spring Mountains were
known to Native Americans and Spanish explorers. In
1856, the district was explored by Nathaniel V. Jones
under direction of the Church of Jesus Christ of Latter
Day Saints. Early efforts at smelting were unsuccessful.
In 1861 the Potosi mine was developed and sporadic
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Figure 11 a, b. Views of Mesquite Lake and a yardang on the
southeast side of the playa (W.G. Spaulding photos).
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(97). The district is dominated by lead-zinc deposits
that are hydrothermal replacements in dolomitized
limestone, mainly of the Bird Spring and Monte Cristo
formations. Where a series of thrust faults have been
displaced by high-angle faults, ores generally formed at
the intersection of these two fault groups as flattened pipes
(Albritton and others, 1954). The district has a porphyry
type mineralogic zonation (Wilkerson, this volume). The
lead was originally Proterozoic (1.7 Ga, Vikre and others,
2011). Partial melting of those Proterozoic rocks led to
remobilization of the lead/zine which re-precipitated
as Mississippi-Valley type deposits on the flanks of a
paleo basin in pre-Carboniferous time. Then these ores
were subject to eastward-directed thrusting during the
Sevier and Laramide orogenies to form a thrust complex
in southern Nevada which is now represented by rocks
of the El Dorado, McCullough, and Spring mountain
ranges. Late Triassic granite porphyry intrusions brought
precious metals into the district and also re-mobilized the
older zinc-lead deposits for a second time. Following that,
Miocene extension and associated low-angle detachment
faulting took this assemblage and spread it out between
Nevada and the Inyo Mountains, California. Uplifted and
exposed to the elements, the sulfide deposits weathered
to form oxidized orebodies (anglesite, hydrozincite,
wulfenite). The consequence of this geologic history is that
we now have a relic porphyry system overprinted on older
replacement deposits for which detachment has severed
the upper from the lower portions of the porphyry system.
Those lower missing parts of the porphyry system may
be found somewhere to the east, perhaps in the mining
districts of the McCullough and El Dorado mountains.
62.5 (2.1) SLOW as we pass Two Hawk Road. Pavement
starts.
62.6 (0.1) TURN RIGHT (E) on dirt Palm Road toward
JEDCO Gypsum.
63.2 (0.6) Proceed straight east at cross streets. SLOW
when passing houses to keep dust down. Road bears left
(NE).
63.9 (0.7) Road bears right (SE).
65.0 (1.1) TURN RIGHT (S) on Mesquite Pass Road.
Proceed south to JEDCO gypsum extraction operation.
65.1 (0.1) Slow through curves. Proceed south.
66.0 (0.9) Pass diagonal cross road.
67.0 (1.0) TURN LEFT (E) toward gypsum operation.
67.5 (0.5) STOP 2-3 Mining at Mesquite Lake playa.
Approximately [625815 | 3954950] JEDCO Gypsum
operation. Bedded gypsum in this part of Mesquite Lake
playa is being mined for production of drywall. Nearly
pure gypsum is removed from the playa bed and piled to
dry out, after which it is sized and shipped.
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Retrace to Mesquite Pass Road.
68.0 (0.5) TURN RIGHT (N) on Mesquite Valley Road.
70.1 (2.1) TURN LEFT (W) on Palm Road toward
Kingston Road. SLOW past residences to reduce dust.
72.5 (2.4) Stop at Kingston Road, which to the NE is
renamed as 6th Street. Watch for cross traffic. TURN
RIGHT (NE) toward Sandy.
Sandy Valley. The Nevada State line runs through
Mesquite or Sandy Valley (the latter is most used by
locals). The settlement of Sandy has long been known
for the libertarian leanings of some of its residents. The
legendary Col. Bo Gritz lived in Sandy Valley during
the time when he tried (unsuccessfully) to intervene
between law enforcement and Randy Weaver during
the Ruby Ridge standoff in northern Idaho. In the
summer of 1986, Jay Quade and Geof Spaulding found
the following sign on the door of the only general store in
Sandy Valley: “Leave your guns and knives in your truck.”
The high water-use pivot irrigation in this valley is mostly
for turf grass and is allowed only on the California side of
the border. Water-use laws in Nevada preclude this sort
of groundwater use for high water-consumption crops in
most groundwater basins.
73.1 (0.7) Pass (Kingston) Ranch.
73.6 (0.5) Cross Brookmore Street.
75.8 (2.1) Welcome to Clark Co., Nevada.
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76.6 (0.8) Pass Beech Avenue on right.
76.9 (0.3) Pass Jade Avenue on left.
77.1 (0.2) Kingston Road bears right (E).
77.3 (0.2) TURN LEFT (N) on Commanche Street.
77.7 (0.4) Watch for cross traffic. TURN LEFT (W) on
Quartz Avenue.
79.2 (1.5) Pass Mojave Street.
80.1 (0.9) TURN RIGHT (N) on Osage Street.
81.1 (1.0) TURN LEFT on Nickel Avenue.
81.6 (0.5) TURN RIGHT (N) on Papago Street.
82.1 (0.5) TURN LEFT (W) on Marble Avenue.
83.1 (1.0) TURN RIGHT (N) on Cicchi Street.
84.1 (1.0) TURN LEFT (W) on Gold Avenue.
84.6 (0.5) TURN RIGHT (N) on Shoshone Street.
85.1 (0.5) TURN LEFT (W) on Diamond Avenue.
85.6 (0.5) TURN RIGHT (N) on Tuskegee Road.
86.0 (0.4) Cross Borax Street.
86.7 (0.7) Pass Basalt Street on right.
87.1 (0.4) SLOW for left turn. Watch for oncoming traffic.
TURN LEFT (W) onto dirt road to Black Butte Mine.
Drive west for 200 feet. TURN SHARP LEFT (SSW) and
precede SSW.
87.5 (0.4) TURN SHARP RIGHT (NNW) at acute
intersection and proceed northerly. Cross GWD deposits.
An introduction: Quaternary history and
environmental context with emphasis on Mojave
Desert paleosprings

The Mojave Desert is a largely arid region where
precipitation in the valleys rarely exceeds 5 inches
annually, and spells of more than a half-year without
rain are common. Desert scrub is the prevailing
vegetation type, with saltbush (Atriplex spp.)
species dominating the carbonate- and salt-rich
substrates of the valley floors, and creosote bush
(Larrea tridentata)–white bursage (Ambrosia dumosa)
scrub on the gravelly substrate of the alluvial
fans extending down to the axial basins from the
surrounding mountains. Above about 3,200 feet
elevation yucca become increasingly important
components of the desert scrub, and creosote
bush and white bursage are parts of more diverse
shrub assemblages. Cool-temperate desert scrub
above about 4,500 feet elevation is dominated by
blackbrush (Coleogyne ramosissima) with Joshua-tree
(Yucca brevifolia) and Mojave yucca (Y. schidigera)
visually the most prominent members of this plant
community. Above about 5,500 feet elevation
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woodland becomes increasingly common, first
dominated by juniper alone (Juniperus californica;
J. osteosperma) and then at higher elevations by
juniper and piñon (Pinus monophylla) together with
an understory of black sagebrush (Artemisia nova).
Woodland vegetation is sparse to absent in the
moderate height mountains of the area, such as the
Kingston and Nopah ranges, but it is present in high
mountains, which support ponderosa pine and white
fir (Pinus ponderosa and Abies concolor) in canyons
and on protected slopes above 7,000 feet elevation.
Since the first Europeans crossed the forbidding
desert separating the Colorado Plateau from
Coastal California, travelers, as well as historians and
naturalists, have been aware of the importance of
valley bottom oases through this country, where
perennial discharge from artesian springs offered
surcease from the brutal aridity of the Mojave Desert.
The springs of Moapa, Las Vegas (Spanish for the
meadows, referring to the wet meadows adjacent
to spring orifices), the Pahrump Valley, and Tecopa
were also the site of Southern Paiute villages and
were crucial in their subsistence practices as well as
serving as a residential focus. Between the valley
bottoms and the foot of the surrounding mountains
is a waterless landscape. Ephemeral washes and
other erosional features that form during infrequent,
torrential storms have little relevance to day-to-day
survival in the Mojave Desert. Reliable perennial
water sources such as the valley bottom springs
provide a rare source of free water (as opposed to
moisture bound in soils and the flesh of animals and
plants), critical to the survival of larger animals as well
as humans in the region.
Many valley-bottom springs of the northeastern
Mojave Desert are considered to be artesian because,
at least historically, they were typified by modest
to vigorous discharge, indicating appreciable head
pressure. This head pressure is a consequence of the
confined nature of the regional Paleozoic carbonate
aquifer, which is a saturated zone hosted largely
within permeable Paleozoic carbonate rocks that
dominate the geology of the region.1 Precipitation
falling on the adjacent high mountains, most notably
the Spring Mountains, provides recharge through
these carbonate rocks to the regional aquifer that
is measured in many thousands of acre-feet per
year. The amount of recharge, plus the elevational
gradient from recharge to discharge in a confined
aquifer sealed by hundreds to thousands of feet
of alluvium and fanglomerate2, provides the head
pressure at the artesian springs.
During the last glacial age, which extended from
about 85,000 to 10,000 14C yr BP3, the climate of
the Southwest was much different than that of the
1 The Carboniferous to Permian Bird Spring Formation alone presents
more than 18,000 feet of stratigraphic thickness in the vicinity of the
Spring Mountains
2 Lithified alluvium that commonly comprises most of the bajadas at
depth in this region
3 Ages reported here are provided in radiocarbon years before present
(BP). The reader is cautioned that, particularly for the terminal
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present. The vast alluvial fans supported sagebrush
steppe, perhaps with abundant bunch grass,
and the surrounding mountains were covered
with expanded forest and subalpine woodland.
Increased precipitation due to altered storm tracks,
and lowered evaporative loss in a colder climate,
led to much greater recharge to the confined
aquifers than at present, and the direct results were
vastly expanded wetlands in the valley bottoms
(e.g. Springer and others, 2018). These expanded
wetland habitats were densely vegetated and
captured considerable (tens of feet of accumulation)
thicknesses of eolian silt, carbonate-rich to start
with but further infused with calcium carbonate
(CaCO3) by groundwaters in the phreatic zone that,
coming as they do from the Paleozoic carbonate
aquifer, are supersaturated with respect to calcite.
At the end of the last glacial age, recharge to the
Paleozoic carbonate aquifer declined drastically
and many valley-bottom oases shrank dramatically
or collapsed altogether. The spring areas became
denuded as riparian vegetation died off, and with
postglacial desertification progressing, few plants
other than species of saltbush could gain hold on
these carbonate-rich silts. The resulting white to
buff badlands indicating ancient spring deposits are
many times the size of those in Shadow Valley, and
they extend over many square miles in Pahrump, Las
Vegas, and the Amargosa valleys.
Regional physiographic setting and paleoclimatic
trends. Progressive desertification during the
Quaternary (the last ca. 2.6 mya) led to the
development of the current, biogeographically
defined Mojave Desert. However, it is important to
note that warm-desert environments typical of the
present have been the exception rather than the rule
over at least the last 0.7 million years. Interglaciations
like the current Holocene (the last ca. 14,000 cal
yr) last for relatively brief periods of time while
glaciations endure for tens of thousands of years.
During each of these glacial cycles, global climate
and terrestrial environments changed radically.
Instead of warm-desert scrub, during the last Ice Age
the Mojave region was occupied by steppe shrubs
and coniferous woodland.
Periods of maximum recharge to the aquifer, and
hence maximum discharge of the valley bottom
spring habitats, appear to be generally coincident
with glacial stages (although there was an exception
during the last deglaciation), and drying and spring
extinction coincident with hot, dry interglaciations.
Geological and environmental setting. In terms of
human ecology, due to its aridity the Mojave Desert
possesses a very low carrying capacity, with few and
low-quality resources scattered widely across an arid
landscape. In the desert environment harvestable
resources are famously restricted to certain times
(seasonally distributed, and only during favorable
years), and certain habitats (e.g., seed grasses in
Pleistocene, large differences exist between the radiocarbon and the
sidereal calendars.
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the sand sheets, mescal (Agave utahensis) on the
lower montane slopes, piñon (Pinus monophylla)
in the higher mountains). In between there are
vast bajadas and desert basins where, for most
of the year and in most years, there are no plant
resources in harvestable amounts, and only small
vertebrates (rodents, lagomorphs, and some of the
larger hepetofauna) as reliable prey. Moreover, the
relative abundance of small vertebrates in the desert
is tightly linked to vegetative productivity. Near
the oases and better-watered arroyos, vegetative
productivity is greater and small mammal density
is accordingly higher. Vegetative productivity in
marshy environments is several orders of magnitude
(in grams of carbon fixed per unit area) greater
than that of desert scrub, and resource availability
varies accordingly. The fact that these well-watered
habitats are separated by many tens of miles of
arid desert scrub imposes an extreme ecological
heterogeneity on the landscape. It can best be
paraphrased as “A few areas (and some seasons)
are very important.” Therefore, springs have been
important to Native American groups in the area
and continue to be important as relative islands of
biotic productivity and habitat diversity in what is
otherwise an ocean of low-productivity, relatively
homogenous desert scrub.
Phreatophyte flats and spring discharge areas. A
range of habitats is produced by one spring system
that varies from the spring pools and stream
channels associated with the actual discharge
orifice, to wet meadow, to dry meadow or what is
commonly termed in this region the phreatophyte
flat. Phreatophyte flats are areas where the ground
surface is generally dry, but the soils are saturated
at shallow depth and the vegetation is relatively
dense and tall. The identification of different
environments in areas of spring discharge is
important to understanding the geological record of
these systems. Phreatophyte flat deposits comprise
wide areas of massively bedded, carbonate rich silts
that contain common to abundant tufa concretions.
These concretions are the result of calcium carbonate
precipitation in the soils zone as groundwater, supersaturated with respect to calcite, reaches shallow
depth. Tufa nodules, frequently pseudomorphic
after roots and insect burrows, are common on
deflated surfaces developed on old phreatophyte flat
deposits.
Phreatophyte flats are considered to be accretionary
landforms where vegetation and soil conditions are
conducive to the accumulation of desert loess, as
well as fluvial sediment. Springs with their dense
riparian vegetation trap so much desert loess that
mounds of earth accumulate, and the term “spring
mound” is applied to these constructional features.
The eponymous Mound Spring in Pahrump Valley
is an example (Lundstrom and others, 2002). Spring
orifices, whether they are located on spring mounds
or not, are also typified by massive ledges of lithoid
tufa. Thus, even though actual discharge orifices are
rarely located, the proximity of lithoid tufa ledges
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indicates a former discharge area, with associated
hydric environments likely to have occurred nearby,
such as spring-fed pools and stream channels.
Cultural materials are rarely, if ever, encountered in
the older (>8,000 yr B.P.) paleospring deposits of
the Mojave Desert. This is in stark contrast to, say,
southeastern Arizona, where early Holocene and
terminal Pleistocene alluvial sequences have yielded
a relatively well-documented Early Archaic and
PaleoIndian archaeological record. However, surface
finds along the ancient shorelines of pluvial lakes in
the Mojave and southern Great Basin deserts clearly
indicate human presence during this time. Therefore
similar-age paleospring deposits in Pahrump Valley
should yield important archaeological records, but
they do not.

87.8 (0.3) Cross dirt track bearing SW-NE.
88.2 (0.4) At ”Y” intersection, TAKE LEFT FORK (WSW)
and drive 350 feet toward wash. Cross gravel wash and
exit heading west.
88.3 (0.1) Road crosses fanglomerate and bears right
(NW).
88.4 (0.1) STOP 2-4. Black Butte Mine. [617090 |
3971080] (Fleck and others, 2017). Park on desert
pavement and walk north (0.1 mile) to mine workings.
Geology and timing of megabreccias at Black Butte
vs Devil Peak, NV, and relation to the Stateline Fault
System
Calzia, J.P.1, Fleck, R.J.1, and Rämö, O.T.2

U.S. Geological Survey, Menlo Park, CA 94025; 2Dept of
Geosciences and Geography, Geology and Geophysics Research
Program, University of Helsinki Finland FI-00014
1

Guest and others (2007) concluded that Paleozoic
carbonate megabreccias and tectonically
interbedded volcanic rocks at Black Butte were
derived from the Devil Peak magmatic center during
the mid Miocene and displaced 30±4 km on the
right-lateral Stateline Fault System (SFS). Results of
our studies generally support this conclusion, but
new age data and geochemistry raise questions on
the timing.
At Black Butte, allochthonous Paleozoic carbonate
megabreccias and Miocene volcanic rocks, including
trachydacite vitrophyre, tectonically overlie and
deform authochthonous sedimentary and volcanic
rocks of the Miocene Resting Springs Formation.
Carbonate megabreccias at Black Butte consist of
limestone and dolomite from the Mississippian
Monte Cristo Formation and possibly from the
Cambrian Bonanza King Formation and Devonian
Sultan Limestone along with a rare quartzite from an
unknown unit. Three samples of tuff overridden by
these megabreccia sheets yield a weighted mean
40
Ar/39Ar age of 12.81±0.03 Ma, placing a maximum
age on emplacement of the megabreccia. Guest and
others (2007) and D. Hambrick (written commun.,
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1988) confirm these results with zircon U/Pb and
K-Ar biotite ages of 12.84±0.3 Ma and 12.8±0.3 Ma,
respectively. 40Ar/39Ar ages on biotite and plagioclase
from a vitrophyre block within the overriding
megabreccia yield a mean 40Ar/39Ar age of 13.18±0.06
Ma (Fleck and others, 2017). These results indicate
that the vitrophyre blocks incorporated within the
megabreccias formed a minimum of 190 ka prior to
subsequent emplacement over the Resting Springs
Formation.
The Devil Peak magmatic center includes the Devil
Peak rhyolite stock surrounded by the Devil Peak
banded rhyolite sequence, according to Walker
and others (written commun. 1981). These authors
describe the banded rhyolite sequence as consisting
of (in stratigraphic order) a basal conglomerate
of black perlite in a white ash matrix, lower flowbanded black rhyolite with abundant flow folds,
flow-banded red rhyolite with local flow breccias,
and an upper flow-banded black rhyolite similar to
the lower black rhyolite. They describe units of this
sequence as interbedded with several megabreccia
deposits of Mississippian Monte Cristo and Devonian
Sultan formations with lesser amounts of Ordovician
Mountain Spring and Cambrian Bonanza King and
Nopah formations in the area of the Devil Peak
stock. Zircon from this stock yields a U/Pb age of
13.3±0.2 Ma (Guest and others, 2007, spl 11-51-2).
Guest and others (2007) also report a U/Pb age of
13.6±0.5 Ma (spl 11-50-2) on zircon from rhyolite
ash in the banded rhyolite sequence. Walker and
others (written commun., 1981) suggest that the
megabreccia sequence formed during west-directed
2019 desert symposium
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collapse of the Paleozoic sedimentary and Miocene
volcanic section in response to uplift and tilting
during emplacement of the Devil Peak rhyolite
stock. The present distribution of the carbonate
megabreccia and rhyolite sequence at Devil
Peak suggest a 3–4 km W-SW-directed runout of
the megabreccias (Guest and others, 2007). If as
suggested by Guest and others (2007) and supported
by Fleck and others (2017), megabreccia deposits
emplaced at Black Butte were once contiguous
with those at Devil Peak, a right-lateral offset of
30±4 km along the SFS would be indicated. The
timing required by the ages of vitrophyre within
the megabreccia and volcanic tuff in the overridden
Resting Springs Formation raises questions about

Figure 12. Geochemistry of volcanic rocks of the Mesquite Lake area.

the cause of failure of the carbonate section and
involvement of magmas at Devil Peak.
Although all of the igneous rocks studied are
middle to late Miocene in age, whole-rock major
and trace element data (Fig. 11) indicate that the
ca. 13.2 Ma trachydacite vitrophyre at Black Butte
is chemically distinct from studied samples of the
Devil Peak banded rhyolite sequence and Devil
Peak rhyolite stock. These rocks have relatively
similar REE patterns (Fig. 12), nearly constant and
equal total alkali (Na2O+K2O) concentrations, and
different SiO2 concentrations that range from ca.
68-75 percent. It is plausible that these rocks have
a common source and were fractionated by minor
fractionation of a LREE
phase (e.g. monazite).
For example, the Black
Butte vitrophyre could
represent a more
primitive magma
of the Devil Peak
system, being lower
in SiO2 (68.5%) and
higher in LREE (La/
YbN=22) with a slightly
weaker Eu anomaly.
The Sr budget of
these rocks, however,
does not favor any
major plagioclase
fractionation. The
Black Butte vitrophyre
contains 235 ppm Sr,
similar to 214–250
ppm Sr in rhyolite
west of Devil Peak
stock and discounting
significant plagioclase
fractionation. Rhyolite
east of the stock has
77–100 ppm Sr.

Figure 13. REE and related element plots for volcanic rocks of the Mesquite Lake area.
2019 desert symposium

In hope of resolving
these chemical
questions, we sampled
the 13 to 14 Ma Sultan
Volcanics, located 6 to
8 km NW of the Devil
Peak magmatic center.
Trachyandesite/
trachydacite in the
Sultan Volcanics
(ca. 60% SiO2) are
strongly enriched
in the LREE (La/
YbN=27 [Lanthanum
divided by chondritenormalized Ytterbium]
and could, in principle,
be related to igneous
rocks at Devil Peak
by being their
primitive magma that
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fractionated. Assuming a bulk
partition coefficient of 3 and
continuous removal of some
phases by fractionation, the
very high Sr values in our two
samples of Sultan Volcanics (ca.
1,250 ppm) are likely to be too
high for a feldspar-dominated
fractionate to have depleted Sr
to the values observed at Devil
Peak (down to ca. 80 ppm).
Our data indicate that the
Sultan Volcanics are chemically
distinct from vitrophyre at
both Black Butte and Devil
Peak. The absence within the
region of a source of Black
Butte Paleozoic carbonate- and
Miocene vitrophyre-bearing
megabreccia alternative to
Figure. 14. The approach to the dark Miocene megabreccia at Black Butte is through
Devil Peak indicates the need
groundwater discharge deposits at 2780 ft. elevation. J. Reynolds photo.
for further investigation of the
such as snowberry (Symphoricarpos sp.). These conditions
age and chemical variation within both areas. Better
are consistent with increased effective moisture during
definition of the range of these variations should
the summer half-year and increased early Holocene
permit resolution of remaining issues.

Early Holocene Packrat Middens from Black Butte. In
1986 Jay Quade and Geof Spaulding identified outcrops
in Black Butte as a good place to test the thesis that,
during periods of discharge at neighboring paleosprings,
packrat middens from the nearby rock shelters could
document expansion of hydric habitat, if such occurred.
Unfortunately, most of the cavities at Black Butte proved
to be devoid of older packrat middens, with the exception
of just two. Like the middens from Clark Mountain
discussed earlier by Rhode and others (this volume),
they dated over a relatively narrow span of time, from ca.
10,670 to 9460 calibrated (cal) yr B.P.
As described in Spaulding (this volume), these early
Holocene packrat middens show that, even by ca.
9500 cal yr B.P., postglacial or “modern” vegetation
conditions had not been achieved. Desert scrub was
the characteristic vegetation, but in terms of species
composition it was different than today’s. Missing were
today’s dominant plant species, such as creosote bush
and white bursage (burrobush; Ambrosia dumosa), were
rare or (usually) absent. And some mesophytic species
persisted at elevations lower than they currently are found.
Comparing migrational rates of species with similar
climatic tolerances, Spaulding (this volume) argues that
the anomalous nature of early Holocene desert scrub was
in large part due to migrational lag (the intrinsically slow
dispersal rate of some plant species, relative to the rate of
climate change).
Despite the confounding effects of migrational lag, it’s
still possible to draw paleoenvironmental inferences
from the Sandy Valley plant macrofossil assemblages.
Optunia species (prickly-pear and cholla) were more
widespread on the slopes, as well as mesophytic shrubs
34

monsoons or tropical storms (Spaulding and Graumlich,
1986; Miller et al., 2010). Disturbance-adapted shrubs,
such as rabbitbrush (Chrysothamnus nauseosus) and
snakeweed (Xanthocephalum microcephala), suggest
vegetation adapted to churned soils during accumulation
of the oldest samples, dating to ca. 10,650 cal yr B.P. And
while woodland did persist into the early Holocene in
some deserts (Van Devender and others, 1987), the pollen
spectra from these middens show even lower frequencies
of arboreal pollen in the early Holocene assemblages
than in the modern. This is consistent with the idea that
post-Pleistocene desertification of lower elevation (<1500
m) habitats occurred earlier in the Mojave Desert than in
deserts farther south and east (Koehler and others, 2004).
By the time these packrat middens accumulated in the
early Holocene, woodland had retreated to much higher
elevations.
Retrace to Tuskegee Road.
89.1 (0.7) At acute intersection, TURN SHARP LEFT
(NNE). Proceed to Tuskegee Street.
89.5 (0.4) TURN RIGHT (E) 200 feet to Tuskegee Street.

89.6 (0.1) Tuskegee Street. STOP. Look for cross traffic.
TURN LEFT (N) toward Hwy 160.
89.7 (0.1) Road bears right (NE).
90.4 (0.7) Proceed through intersection. Tuskegee Street is
renamed Pahrump Road. Continue NNE toward Hwy 160.
92.8 (2.4) Road bears left, then right.
94.9 (2.1) Pahrump Road bears slightly right (NE). Cross
under pole line.
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97.6 (2.7) Pahrump Road crosses pole line roads.
100.3 (2.7) Cross wash and a trace of the Old Spanish Trail
(Rolf, 1991).
100.5 (0.2) Stop at two-way divided Hwy 160. Watch
oncoming traffic from both directions. When clear and
safe, cross east bound lane and TURN LEFT (W) toward
Pahrump.
103.4 (2.9) Hwy 160 bears right (NW).
111.5 (8.1) Tecopa Road (Old Spanish Trail Highway) is
ahead. Move into the left lane and prepare for a left turn.
Watch oncoming traffic.
111.6 (0.1) When clear, TURN LEFT across east-bound
lane and proceed southwest on Tecopa Road.
Landforms and habitat complexity along the Stateline
Fault System
As one drives west towards the bottom of Pahrump
Valley on the Old Spanish Trail Highway (OST; known
as the Tecopa Road to old timers), the terrain to
the west appears regular and unbroken before the
mountains. This is a false impression because, right
at the edge of the valley floor, there is a pronounced
set of fault scarps that face west and are hidden
from view. As we approach this area, it is most
easily picked out by the prominent coppice dunes
that occur along the fault zone. These are primarily
honey mesquite (Prosopis juliflora) clones that have
taken root in the shallow groundwater that occurs
in the vicinity of the fault zone, and that anchor
the sand dunes. This area is roughly parallel to
the California-Nevada state line and is part of the
Stateline Fault System (SFS). In 2010 through 2013 a
number of environmental studies were conducted in
the vicinity to support the licensing application of a
solar-electric generation facility immediately to the
west, in California. The following essay was extracted
from a confidential report prepared at that time
for concerned land management agencies and the
California Energy Commission.

distributed. Along the OST transect the relative
elevational gain at the headwall of Scarp 1 is the
lowest (in part thanks to roadway design), while
relative uplift associated with Scarp 2 is more than
three times greater (ca. 129 feet vs. ca. 37 feet; Table
3).
Mesquite coppices and sand dunes. Groundwater
need not be emergent to have strong effect on local
environments along these valley-margin scarps. And
eolian capture by vegetation is a process that not
only relates to the accumulation of carbonate-rich
silts (chiefly during the Pleistocene) nearer spring
orifices, but also to the more recent, Holocene-age
sand dunes uniquely placed along the fault scarp
lineaments of the SFS. Shallow groundwater
supports the mesquite clones that anchor the
sand dunes along the fault scarps, and it appears
likely that these mesquite coppices are usually one
genetic individual (one clone) per dune. Despite
the aridity of the northern Mojave Desert, sand
dunes are relatively scarce across the landscape,
and the mesquite-coppice dunes (often shortened
to just “coppice dunes”) are among the most
singular landforms in the vast, relatively flat plains
represented by these valley bottoms. Frequently,
springs or shallow wells lie nearby, because both are
associated with shallow groundwater. Stump Spring
lies along the SFS just a mile or so south of the OST.
Mesquite die-back likely leads to deflation of coppice
dunes, as sand is entrained in the prevailing wind
and blown elsewhere. It is unlikely that under the
current geomorphic regime there exists enough
mobile sand to replace that which is blown off a
devegetated dune. However, the dynamics of sand
dunes in the SFS are complicated to the extent
that widespread colonization of the dunes by an
exotic annual grass (Schismus sp.) appears to lend
some stability to dune faces that lack, or have lost,
a mesquite cover. During field reconnaissance
Mormon-tea (Ephedra nevadensis) and creosote bush
clones were also observed anchoring smaller sand
hummocks and dunes. But, other than mesquite,
Schismus grass appears to play the most prominent
role anchoring dune surfaces that may otherwise be
exposed to deflation.

Three individual faults can be counted along the OST
right-of-way. The west-most fault scarp of the SFS
(Scarp 1 in Table 3), or the last we cross as we head
west, supports the greatest extent of
Table 3. Metrics of a profile along the OST at the east edge of the Pahrump Valley
mesquite which, in turn, anchor the
bolson: From west (valley floor) to east (toe of alluvial fan)
largest and best developed coppice
dune and sand sheet habitat. A simple
Approximate
groundwater-driven interpretation
Distance
Cumulative
Scarp or Other
from E Edge of Elev
height gain
Incremental
of this density is that the water table
Point of Interest
valley (mi)
(ft)
(ft)
gain (ft)
is closest to the surface in the vicinity
of the lowest and west-most fault
East edge of valley floor
0
2,698
0
at California state line
scarp. Farther to the east, the land
rises several times over a relatively
Scarp 1 Headwall
0.35
2,735
37
37
short distance (Table 1), and depth to
Scarp
2
Headwall
1.7
2,864
166
129
water table is proportionately greater.
Scarp 3b Headwall
2.49
2,940
242
76
Hence, while there is a scattering of
coppice dunes farther toward the toe
Gravels of toe of Spring
3.4 to 4.4
2,955 to 2,994
257 to 296
15 to 54
of the bajada, they are more sparsely
Mountains alluvial fan
2019 desert symposium
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Mesquite also occurs in thickets along the arroyos
that cut through the most prominent scarps of the
SFS, as at Stump Spring and Cathedral Canyon.
Since they are incised some tens of feet below
ground surface, the floors of the arroyos are
that much closer to the groundwater table, and
phreatophytic mesquite grows in luxuriant thickets
along these channels. Other riparian plants are
rare today. At Stump Spring, for example, the limbs
of a cottonwood (Populus sp.) tree are scattered
about but no cottonwoods remain alive, and a 2012
reconnaissance revealed only one willow (Salix sp.)
in the arroyo where the spring is thought to have
emerged.
A descriptive geology of the eastern Pahrump
Valley. The genesis and distribution of the landforms
in the SFS are the result of the interaction between
linked climatic and hydrologic processes on a
template provided by largely independent tectonic
events. Of the latter, faulting is the most easily
emphasized, but other modes of crustal deformation
also may be occurring in this valley-bottom setting.
Bulging of relatively small crustal blocks, the downdrop of others, and the erosional and depositional
accommodations made in response are evident on
this relatively young, and in the geological sense
frequently renewed, terrain.
When viewed looking east from the axial valley
floor, the first (west-most) fault scarp along the
SFS appears to be a rather unimpressive line of
higher ground rising behind coppice dunes that
are discontinuously distributed at its foot. The
broken nature of this terrain is attributable not
only to discontinuous fault lineaments, but also to
the erosion that has occurred since the last major
uplift. Scarps have been smoothed, and arroyos
channeling runoff from the east have breached the
high ground in a number of places. Theses arroyos
provide cross-sections though the sediments,
which are displaced upward along the fault scarps,
and these stratigraphic sections in turn provide
valuable opportunities to better understand the
paleoenvironmental and recent geological history of
this complex area.
As the hanging walls of the SFS scarps continued
to rise, the uplifted terrain shed alluvial sediment,
which was deposited to the west on relatively small
alluvial fans. These alluvial fans differ in composition
from the coarse clastic fans of the Spring Mountains.
Rather than Paleozoic limestone, a chief constituent
of the alluvium streaming off the SFS is reworked
eolian sand, most of it likely eroded off the dunes.
Some of this sand is then re-entrained by the wind
to be (re)deposited closer to the SFS as sand sheets,
and perhaps (re)added to dunes as well. Some sand
sheets are limited to areas immediately downwind
of the washes transporting sandy alluvium onto the
bolson. It is likely that this combination of alluvialto-eolian reworking of sand is a continuous process
and may be responsible for the relatively extensive
sand sheet habitat immediately to the west of the

36

western-most fault scarp, and perhaps even for the
maintenance of its associated coppice sand dunes.
The capping geological unit on the hanging walls
of the fault scarps is commonly an alluvium that has
been referred to as the older alluvium of the Spring
Mountains. It is dark in color, carries rock from the
Spring Mountains, and rests unconformably atop
the white to buff outcrops as a relictual mantle. In
areas to the east, it is clear that these sediments
are overrlain by the gravelly toes of the Spring
Mountains alluvial fan. This transgression of alluvium
across older deposits near the valley bottom would
have been correlated with Unit F time (early to
middle Holocene) in the Tule Springs chronology
of Haynes (1967), and likely relates to the early
Holocene stripping event of other authors (see Miller
and others, 2010).
To the west of the SFS in California, alluvial fans
extending off the SFS cover most of the valley floor.
This sand-rich alluvial blanket covers a much older
stratum termed Quaternary basin fill (Qbf). To the
west away from the SFS, the white, carbonate-rich
Qbf is exposed at the surface. The older basin fill
constituting Qbf includes green clay facies and claytufa areas that are likely relict paleospring discharge
and lacustrine sediments. But the sediments of the
valley floor are highly altered, and no fossil material
has yet been encountered. The same or similar
lacustrine units are exposed, and appear much
better preserved, along arroyos cutting through
the SFS about a mile north of the OST. These older
sediments include lacustrine units and some
sediments sufficiently gypsiferous that selenite
crystals are evident in massive lacustrine clays. These
older Pleistocene, and perhaps even Pliocene, basinfill sediments are presumably correlative with the
basin-fill sediments (Qbf) that occur at depth in the
bolson, on the down-dropped side of the fault scarp.
The coppice dunes here are arguably the youngest
landscape feature in the area: If they possess the
same chronology as those in the Amargosa and
Las Vegas valleys, a tenable assumption given the
synchroneity of climatic change at the subregional
level in the Mojave Desert (e.g. Miller and others
2010; Pigati and others 2018), the sand dunes were
established in their current locations between about
5,500 and 4,500 B.P. A long-standing question is
“What came first, the mesquite or the sand dune?”
Current wisdom is that the dunes themselves are
held in place by mesquite coppices and that, without
the mesquite, the dunes would not be stabilized, and
would not accumulate at their current locations. The
first mesquite in the northern Mojave Desert is now
dated to ca. 9,500 cal yr B.P. (Spaulding, this volume)
so a testable hypothesis is the mesquite came first.
Although millennia after the end of the last glacial
age, shallow groundwater habitats during Unit
E2 time were likely much more widely distributed
(Springer and others, this volume).
Differential uplift along fault scarps results in
erosional down-cutting by the drainages that
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channel runoff to the Pahrump Bolson from higher
country to the east. Both the shallower washes
and deeper arroyos frequently support mesquite
thickets, as their floors are incrementally closer to
shallow groundwater than the surrounding terrain.
Major drainages also channel shallow groundwater
runoff downstream from major spring systems, such
as the arroyos that run downhill from Stump and
Hidden Hills Springs4. They end in debouchments
on the bolson floor that are silt-rich and support
dense annual vegetation; hence their dark color
in remote imagery. This is likely where prehistoric
peoples placed hand-dug wells when springs were
not flowing.
Arroyos sometimes appear as clusters in an area that
is possibly experiencing relatively rapid Quaternary
uplift. Less deeply incised washes continue both
up- and downstream from the fault scarps, with
those supporting mesquite thickets easily visible in
remote imagery. Some debouchments appear on
the landscape because gradient is lost in an area,
possibly due to tectonic bulging but certainly due
to choking of the area with fine grained sediment
(exceeding accommodation space).
1. Resource characteristics important to
interpreting the archaeological record. Mesquite
thickets in arroyo and wash bottoms likely provided
an important source of edible pods during
favorable years. Along with the associated dunes
themselves, this productive vegetation would
have supported a relatively high density of small
game. In the Eglington Scarp area in the northern
Las Vegas Valley, silt-rich arroyo in-fills dating to
the last thousand years or less (Unit G of Haynes,
1967) contain evidence of burning of the associated
mesquite thickets. Theories invoking late prehistoric
intensification are brought to mind, and mesquite
thickets are a high-productivity ecosystem that
could be exploited episodically given a persistently
shallow groundwater table. This entire scenario is
precluded for the earliest Archaic and Paleoindian
Periods, however, because mesquite is a postglacial
immigrant into the Mojave Desert, and was absent
from the northern Mojave Desert prior to about 9500
cal yr B.P. (see Spaulding, this volume).
Dunes and sand sheets support high-ranked plant
resources in relatively high density, in discrete areas.
Galleta and rice grass both thrive on sand sheets,
and both are noted in the ethobotanical literature as
being important seed resources. The densest stands
of seed grasses have been noted on dispersed sand
sheets below (west of) the dunes of Scarp 1 (Table 1).
Honey mesquite (Prosopis glandulosa var. torreyana)
produces pods that are rich in sugars, and the flour
made from pulverized pods was a nutritious staple
of Southern Paiute diet. Of course, competition with
the local fauna for the nutritious pods would have
4 Both wash systems are noted in journals of mid-19th century travelers
through the Pahrump Valley on the Old Spanish Trail – Mormon Road,
one regarding shallow wells that could be dug near its mouth, another
for the plentiful forage available, presumably where it merged with a
sand sheet.
2019 desert symposium

necessitated careful attention to the phenology
of the plant, in order to capture the pods at their
ripest but before they are lost to non-human seed
predators. Intensive harvesting of local rodent fauna
by a resident human population may have mitigated
pod loss.
2. Resources in jeopardy. Die-back of mesquite
clones in the Pahrump Valley is extensive, as well
as their elimination for development. Dieback is
normally attributed to groundwater draw-down
due to well-pumping in the Pahrump Valley, a
phenomenon which peaked in the late 1960s and
1970s before the federally mandated restriction
on agricultural pumping was implemented. The
mitigating effect of that restriction can be seen
in well logs from the area, although the increase
in domestic and municipal groundwater usage
accompanying the expansion of Pahrump’s
population into the tens of thousands has recently
served to place further demands on groundwater
resources. Mesquite habitats are rare in this region,
are a concern of land managers, and the potential
antiquity of these clones lends further emphasis to
that concern.
Other riparian habitats that were relatively widely
distributed and stable prior to groundwater drawdown are now largely extinct. The best examples
that remain are Ash Meadows to the north and Corn
Creek Springs at the head of the Las Vegas Valley
to the east. A diversity of riparian habitats also yet
remains along the course of the Amargosa River and
near Tecopa to the west. But they are now scarce in
the Pahrump and Sandy Valleys.

115.3 (3.7) Pass paved road on right (W). Enter the first
patches of white GWD deposits in Pahrump Valley.
117.0 (1.7) Pass paved Cathedral Canyon road on the left
(W).
118.2 (1.2) Cross the dirt track of Old Spanish Trail.
118.7 (0.5) Pass the vicinity of Stump Spring, a watering
stop for traders with mule caravans on the Spanish Trail
as early as 1829. In 1844 John Fremont reported that both
the water and the grass was unreliable — he had to dig
for water for his horses. Later travelers called the spring
aqua escarbada, Spanish for “water that has to be dug
for.” On the other hand, Paiute elders talk about “green
corn and yellow melons” in the irrigated truck gardens
of Stump Spring in the early 20th century. This occurred
during years when there was abundant snowfall on the
Spring Mountains, and therefore increased recharge to
the confined aquifer that emerges here. Urbanization
and agriculture in Pahrump Valley have completely
dried out all surface water at Stump Spring (http://www.
basinandrangewatch.org/Stump-Spring.html, accessed
12/07/2018.
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The age of the Wheeler Pass thrust has recently been
clarified through application of (U-Th)/He zircon
thermochronology of detrital zircons extracted from
siliciclastic sedimentary rocks through the thrust sheet
(Giallorenzo and others, 2018). The zircon (U-Th)/He
thermochronometer has a nominal closure temperature
of 160–190°C, depending on cooling rate, grain size,
and radiation damage (Reiners, 2005). Two paleodepth
transects were sampled, from the Neoproterozoic Stirling
Quartzite to the Devonian Nevada Formation, for zircon.
Zircon (U-Th)/He ages decrease overall with depth, with
enhanced cooling recorded from ca. 160–140 Ma between
Devonian and Cambrian stratigraphic levels. These age
variations were interpreted by Giallorenzo and others
(2018) to record cooling due to enhanced erosion as the
hanging wall was uplifted above a thrust ramp between
160 and 140 Ma.
Mid-altitude sky island flora. Fraga and Mills (this
volume) conducted a floristic survey of the Nopah Range
to document species that are potentially limited to the
mountain block and therefore of concern in the face of
rising temperatures caused by climate change. They will
describe their work and initial results.
Continue southwest on the highway.
The deposit is localized along the Stateline fault. It is a
classic exposure of GWD first studied by Quade back in
the 1980s and mapped by McMackin (2000).
120.0 (1.3) Tecopa Road bears right (W) and is renamed
Old Spanish Trail Highway.
120.2 (0.2) Enter Inyo County, California.
120.7 (0.5) Pass St. Terese Mission on the right.
122.8 (2.1) Enter the community of Charleston View.
126.5 (3.7) Old Spanish Trail Highway bears right.
127.5 (1.0) STOP 2-5. [590810 | 3981335] Pull off the
road on the right at wide dirt area. Here we will discuss
the Miocene to recent transtensional fragmentation of
the Mesozoic fold-thrust belt, and the constraints on the
timing of emplacement of Wheeler Pass thrust sheet and
the geology of the NW Spring Mountains.
In the far distance to the NE, you can just make out the
Neoproterozoic to Early Cambrian siliciclastic rocks that
make up the western flank of the northwestern Spring
Mountains, on the west limb of the Wheeler syncline.
These strata lie in the hanging wall of the Wheeler Pass
thrust sheet. The northwest flank of the nearer hills is
underlain by the Pennsylvanian Bird Springs Formation,
in the footwall of the Wheeler Pass thrust. The thrust has
ca. 6 km of stratigraphic separation and estimates of slip
vary from 12 to 33 km (Burchfiel and others, 1974).
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128.0 (0.5) Crest the divide between the Pahrump closed
basin and drainages leading to Death Valley. Beginning a
gradual descent along the axis of California Valley.
133.0 (5.0) Old Spanish Trail Highway bears right (SW).
SLOW for upcoming left turn.
133.5 (0.5) STOP 2-6. [588210 | 3972800] Turn left on
Mesquite Valley Road and turn around ready to return
to Old Spanish Trail Highway. Look west at Miocene
sediments low against the Nopah Range.
Uplift of the southern Nopah Range, CA
Calzia, J.P. 1, Davidson, C.J. 2, Calvert, A.T. 1, Swanson,
B.A. 1, Rämö, O.T. 3, and Caskey, S.J. 2

1
U.S. Geological Survey, Menlo Park, CA 94025; 2Dept of
Earth and Climate Science, San Francisco State University,
CA 94132; 3Dept of Geosciences and Geography, Geology and
Geophysics Research Program, University of Helsinki, Finland
FI-00014

The Cambrian Bonanza King Formation strikes
NW, dips 30-40⁰ NE, and forms a dip slope on the
east side of the southern Nopah Range, CA. It is
disconformably overlain by the Resting Springs
Formation near the divide between California and
Pahrump valleys, fanglomerate at Emigrant Pass, and
reworked pumice deposits south of Emigrant Pass
along the present-day crest of the range. Carbonate
breccia and freshwater limestone at the base of the
Resting Springs Formation strike NW, dip 30-40⁰
NE, and are tectonically(?) overlain by deformed
lacustrine fine-grained sandstone, siltstone, and
mudstone interbedded with tuff. Well data from
2019 desert symposium
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U.S. Borax test well RS-5 suggest that the limestone
flattens and dips 15⁰ between a drill depth of 552
m and total depth at 610 m (D.L. Crouse, written
commun., 1988). Biotite from the tuff yields a K-Ar
date of 13.6±0.3 Ma (Linda Page, written commun.,
1984); undeformed freshwater limestone is overlain
by 13.8±0.3 latite near Black Butte.

The fanglomerate at Emigrant Pass consists
predominately of poorly-sorted subangular boulders
of the Bonanza King Formation interbedded with a
white lithic tuff. The tuff occurs 10-20 m above the
contact with the Bonanza King Formation (Fig. 14),
strikes NE, dips 35-37⁰ SE, is 0.5 m thick, and grades
up-section from massive white lithic tuff with a
lightly ‘peppered’ appearance caused by volcanic
lithic fragments to laminated finer grained rhyolitic
tuff with few lithic fragments. Sanidine from the
lower massive section of this tuff yields a 40Ar/39Ar
date of 12.7±0.06 Ma (Fig. 13).
Approximately 2 km south of Emigrant Pass, the
Bonanza King Formation is overlain by a single small
outcrop of reworked pumice (Fig. 15) at the crest of
the present-day Nopah Range. The reworked pumice
is moderately well-bedded, strikes N-S, dips 45⁰ E,
and is unconformable to bedding in the Bonanza
King Formation. Pumice fragments are rounded to
subangular and vary from a few mm to nearly 2 cm
in diameter. Sanidine from these pumice fragments

Figure 15. Photograph of tuff at Emigrant Pass. Age from single
grain 40Ar/39Ar analysis is shown in the adjacent plot.
2019 desert symposium

Figure 16. Photograph of pumice bed south of Emigrant Pass.
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discuss the stratigraphy of the Nopah Range and
thermochronometric data that constrain the timing for
passive uplift of the western Wheeler Pass thrust sheet
during slip on the easternmost, frontal thrusts.

Figure 17. Age spectrum for sanidine 331 from pumice bed.
yields a 40Ar/39Ar date of 11.9±0.2 Ma
(Fig. 16, sample 331).

From this vantage point we can view the 7.5 km thick,
tilted panel of the Wheeler Pass thrust sheet exposed
in the southern Nopah Range (Fig. 17). Note that at
this locality the thrust has cut downward to the south
into Precambrian crystalline basement. This exposed
crustal section comprises 2.5 km of Paleoproterozoic
basement, overlain by the Neoproterozoic Noonday
Dolomite, Johnnie Formation, and Stirling Quartzite, the
Neoproterozoic-Cambrian Wood Canyon Formation, and
the Cambrian Zabriskie Quartzite, Carrara Formation,
and Bonanza King Formation. A zircon (U-Th)/He
transect from the base of the basement section to the
Zabriskie Quartzite shows an overall decreasing age with
increasing stratigraphic depth. Two periods of enhanced
cooling represent tectonic activity. Cambrian stratigraphic
levels show earliest Cretaceous cooling, interpreted to
record the tail end of the cooling signal related to uplift
associated with the emplacement of the Wheeler Pass
thrust sheet. In contrast, the Johnnie Formation to
lowermost basement exposures show enhanced cooling
beginning from ca. 100 to 85 Ma, interpreted as cooling

Nearly parallel bedding between
the Bonanza King Formation and
limestone at the base of the Resting
Springs Formation versus discordant
bedding between the Bonanza
King and fanglomerate at Emigrant
Pass suggest uplift and eastward
tilting of the southern Nopah
Range is younger than 13.6-13.8
Ma but slightly older than 12.7 Ma.
Steeper dips in the Bonanza King
Formation vs the overlying reworked
pumice south of Emigrant Pass
suggest tilting (and probably uplift)
continued after 11.7 Ma.

Return to the paved highway and turn
west.
135.5 (2.0) Begin steep ascent of
Nopah Range. Watch for hairpin turns
and oncoming traffic.
136.0 (0.5) Nopah Range crest [584785
| 3971395]. The dirt road on the right
is the Old Spanish Trail. It crosses
Miocene sediment discussed at Stop
2-6. Continue to the west.
138.4 (2.4) STOP 2-7. Southern
Nopah Range. [581200 | 3972215]
Pull off the road on the right to
40

Figure 18. Google Earth oblique view of the southern Nopah Range, showing a tilted
panel of the Wheeler Pass thrust sheet. Eastward tilting resulted from Miocene
extension along a west-rooted detachment fault system. Sample locations are shown
for the zircon (U-Th)/He thermochronology transect of Giallorenzo and others (2018).
They include Precambrian basement (BW-3 to BW-11), overlain by Neoproterozoic
Noonday Dolomite, Johnnie Formation (NR-1 to NR-4), and Stirling Quartzite (NR5
and 6); Neoproterozoic to Cambrian Wood Canyon Formation (NR-7 and 8); and
Cambrian Zabriskie Quartzite (NR-9). The overlying section includes Cambrian
Carrara and Bonanza King formations.
2019 desert symposium
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Grimshaw Lake was
formed when Ed
MINE
COMMODITIES
STATUS
TRS
Latitude
Longitude
Grimshaw, an avid
duck hunter from
Lead, Zinc, Silver,
Tecopa, blocked a
Blue Dick
Copper, Gold
Past Producer
20N 8E Sec. 18 SBM
35.83471
-116.15947
spring-fed stream
Tecopa Pit and Mill
Stone, Dimension
Producer
20N 7E Sec. 09 SBM
35.84999
-116.22416
using part of the
Tecopa Quartzite
Silica
Occurrence
20N 7E Sec. 04 SBM
35.86309
-116.23146
T&T railroad bed
and built a dam
Lead, Copper, Silver,
to create a lake to
Blue Dick
Zinc
Past Producer
20N 8E Sec. 18 SBM
35.83279
-116.15916
attract waterfowl
Gypsum Rock
Gypsum-Anhydrite Past Producer
20N 7E Sec. 26 SBM
35.80609
-116.19166
(Lengner and Ross,
Upper Canyon
2004). Grimshaw
Nitrate Deposit
Nitrogen-Nitrates
Prospect
20N 7E Sec. 27 SBM
35.80439
-116.21306
Lake today is an
Excelsior Pit
Talc-Soapstone
Producer
20N 7E Sec. 10 SBM
35.84389
-116.21306
alkali marsh and a
Amargosa Mine
Talc-Soapstone
Past Producer
20N 7E Sec. 35 SBM
35.78329
-116.20306
watchable wildlife
area: 99 bird
Tecopa Hot Spring
Geothermal
Occurrence
21N 7E Sec. 33 SBM
35.87219
-116.23166
species have been
recognized in the
related to passive uplift of the Wheeler Pass thrust
Shoshone/Tecopa area (ebird.org/hotspot/L109254) North
sheeting during basement duplexing at lower structural
of Tecopa is Shoshone, a historic town with a museum that
levels, during slip on the eastern and frontal thrusts
contains exhibits of local history and natural history and
including the Keystone thrust system (Giallorenzo and
serves as the southern gateway to Death Valley.
others, 2018).
The sediments of Plio-Pleistocene Lake Tecopa abound
Continue southwest on the highway toward Tecopa and
near the road. Volcanic ashes range in age from late
Shoshone (group returning to Zzyzx), or (group returning
Pliocene to Pleistocene: Huckleberry Ridge, 2.02 Ma;
to Las Vegas) retrace back on Old Spanish Trail Highway
Bishop Tuff, 0.77 Ma; Lava Creek, 0.63 Ma (Hillhouse,
to Nevada Hwy 160, then right on NV 160 to Las Vegas
1987). The dated ashes allow development of a
(total driving time est. ~2 hrs to airport- budget 3 for
magnetostratigraphic section for this area which indicates
planning purposes)
that lake sediments were deposited in Lake Tecopa from
2.5 to 0.5 Ma. The ashes contain zeolite minerals and clay
141.7 (3.3) On the right are Resting Spring and the
minerals with potential for industrial uses and there are
beginning of GWD deposits and Lake Tecopa deposits.
many prospect pits for them in the area. Lake Tecopa
144.9 (3.2) Bear right at intersection with Mesquite Valley
drained into Death Valley less than 160 ka (Morrison,
road. A short trip to the left (south) on this road brings
1991). This resulted in the integration of the Amargosa
you to the turnoff for China Ranch Date Farm, a geologic
River from north of Beatty, NV to the Death Valley.
wonder as well as historical and culinary delight. If we
The basin sediments and structure are described in detail
have time we will make a stop here.
(Izett and others, 1970; Larsen, 2008; McMackin, 1997a,
The ranch is said to have been established by a prospector
b; Morrison, 1991; Morrison, 1999; Sarna‐Wojcicki and
from Death Valley who may have been named Quon
others, 1987; Sheppard and Gude, 1968; Woodburne and
Sing or Ah Foo. In 1900 it was claimed by a man named
Whistler, 1991). These sediments contain a sequence of
Morrison, and then went through a series of owners. Date
Late Blancan through Rancholabrean taxa (James 1985;
palms were planted from seed in the 1920s; the ranch
Reynolds 1987; Whistler and Webb, 2005; Woodburne
has also raised figs, alfalfa, cattle, and hogs. In 1970, the
and Whistler, 1991). The most unusual animal from Lake
property was purchased by Charles Brown Jr. and Bernice
Tecopa’s Standing Camel Basin is Capricamelus gettyi,
Sorrells, the son and daughter of area pioneer and longa short-legged camel that looked like a mountain goat
time State Senator Charles Brown of Shoshone. It remains
(Whistler and Webb, 2005).
in these families today (www.chinaranch.com, accessed
150.2 (4.0) Stop at Hwy 127. Watch for traffic. TURN
12/07/2018). A small museum is on site. 197 bird species
LEFT (SW) toward Baker. Latest Pleistocene mammal
have been identified at China Ranch (ebird.org/hotspot/
fossils from large desiccation fractures were recovered
L417888).
from the nearby Shoshone Zoo locality (Reynolds, 1987).
145.6 (0.7) Slow through school zone.
157.6 (6.3) Ibex Summit, elev. 2072 ft. Enter San
146.2 (0.6) Slow through Tecopa (Lengner, and Ross,
Bernardino County. Slow through downhill curves. From
2004). Proceed west on Old Spanish Trail Hwy. Tecopa
this point south to Silver Lake, a Friends of the Pleistocene
Hot Springs road turns right (N) to Grimshaw Lake.
Table 4. Mines in the China Ranch area.
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trip in 2005 described many features that can be seen
from the highway. The road log for this trip and several
accompanying papers are available (Miller and Valin,
2007).

199.1 (1.6) Stop at Main Street. Obtain gas and snacks if
necessary. Proceed south to enter I-15 southbound.

159.6 (2.0) Pass a right turn to microwave. SLOW through
downhill curves ahead.

205.5 (6.3) EXIT at Zzyzx road to retrieve cars from DSC.

165.3 (5.7) Pass a left turn to Dumont Dunes.
167.2 (1.9) Cross the Amargosa River channel. The
braidplain, about 2 miles wide, is equivalent in width to
parts of Kingston Wash.
169.2 (2.0) This drainage leads from the south, where
Kingston Wash and Salt Creek drain an immense basin
before diving through a narrow canyon in the Salt
Spring Hills, visible to your left. The drainage enters the
Amargosa River a short distance to the west (Reynolds,
2018)
169.4 (0.2) Pass the right turn to Harry Wade Road, State
Historical Landmark No. 622, the Harry Wade Exit Route.
In 1849 the Sand Walking Company started from Salt
Lake City en route to the California gold fields too late in
the season to cross the Sierra Nevada. The group of about
100 wagons headed south over the Old Spanish Trail
and some, the “Lost 49ers,” ended up in Death Valley.
Harry Wade found this route for his wagon, and he and
his family rejoined the established Spanish Trail here,
eventually making their way to Cajon Pass (www.nps.gov/
deva/learn/historyculture/the-lost-49ers.htm, accessed
12/07/2018).
170.3 (0.9) Salt Spring parking and rest room on left.
Ahead, GWD lies on both sides of the road.
172.3 (2.0) Hwy 127 bears right (S). View east of Kingston
Peak, Kingston Wash flood plain, and Halloran Hills to
SE.
179.1 (6.8) Silurian Lake playa and the Silurian Hills are
to the east; the Avawatz Mountains are to the west (Brady,
1984; Spencer, 1981).
189.8 (10.7) Powerline at north end of Silver Lake. Late
Pleistocene overflow of Lake Mojave occurred near here,
cutting a steep-sided channel that is partly filled with sand
ramps dating at ~10 ka (Stop 1-1, Miller and others, 2017)
190.9 (1.1) Site of the second Silver Lake town site and the
second Tidewater and Tonopah (T & T) railroad bed.
191.9 (1.0) View east of T&T road bed (Mulqueen, 2001;
Myrick, 1963) along the east side of the highway.
197.5 (5.6) Baker Airport. Slow entering Baker. More
than 200 species of birds have been reported from Baker,
notably at Chet Huffman Park and at the sewer ponds just
south of I-15, where 218 bird species and 19 other taxa
have been reported (ebird.org/hotspot/L418021).
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199.2 (0.1) ENTER I-15 southbound.

End of Day 2. What did we see?
We took a wide loop from Shadow Valley, across Winters
Pass to Mesquite Lake and Pahrump Valley, and then
returned west across the Nopah Range to Tecopa basin
and southward to the Amargosa and Salt Creek drainages.
Many valleys exhibit GWD near their bottoms, including
Tecopa with its immense inactive GWD interbedded
with lake sediment and its thriving modern wetlands. In
Pahrump Valley some GWD are located along the rightlateral Stateline fault. As we saw on Day 1, mountains
ranges are youthful, with late Miocene timing for uplift.
Much older thrust faulting, Mesozoic in age, created
the stacks of carbonate strata in the uplifted mountains.
The thrusting dismembered mineral systems, and then
were superimposed by Cenozoic mineralization, itself
dismembered by detachment faulting.
The region is fertile ground for study of Mesozoic and
Cenozoic faults, including offset of mineralized features
and volcanic centers, as well as thermochronology to
outline uplift histories.
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Introduction

The physical location of 2E on his map is correct and is
corroborated by the caption in an aerial photograph (p.
18).
The best available geologic map of the Blue Bell mine
area (Figure 1) was prepared by Eric Johnson as part of
a bachelor’s thesis project (Johnson, 2005). Many of the
workings are associated with a hornfels unit adjacent to
Triassic rhyolite, Jurassic latite and Cretaceous granite
intrusions. The later, though only exposed locally in the
Blue Bell mine area, forms much of the core of the Soda
Mountains (Jennings et al., 1962). The Jurassic latite dike
(LDI) is a prominent topographic feature that collectors
must traverse when hiking to locality 2D from 2E. The
geology of the Blue Bell area, however, is actually very
complicated and Johnson (2005) acknowledges his map
does not capture all the complexity since small sections
of different rock types appear jumbled together in what
seems like a haphazard arrangement. For example, even
though each small ore pod was on a shear zone and was
associated with limited skarn development, no shear zones
or skarn areas are shown on the map.

The Blue Bell mine consists of a number of small workings
scattered over an area about 1 km in diameter in the
Soda Mountains 8 km northwest of the Zzyzx exit from
Interstate 15 about 12 km west of Baker, CA (T14N, R7E,
Sec. 27 SBM, 35.27389 latitude, -116.22558 longitude). It
was originally prospected and mined for silver during the
1880s. More recently it has been a popular destination for
mineral collectors, since at least the 1960s, because of the
wide variety of well crystallized secondary lead, copper
and zinc microminerals found in the various workings.
Over 98 species have been reported (www.mindat.org).
An overview and early descriptions of the minerals
are presented in Goodwin (1957), Crowley (1979) and
Maynard (1984). Maynard (1984) also established a system
of letter designations (2A-2F) for the workings in which
interesting minerals were found. In his description of
San Bernardino County mines, Wright (1953) noted that
Blue Bell ore, which was largely mined out during a brief
period of renewed activity in 1949 and 1950, contained
galena and chalcopyrite, chrysocolla, malachite,
cerussite, in carbonate gangue. Based on the
presence of secondary zinc minerals, Maynard
(1984) and Crowley (1979) commented that
the primary sulfides must also have contained
sphalerite although that mineral had not
actually been observed.
Recently a number of rare secondary
tellurium minerals have been found in the
dumps of the 2D and 2F pits and the 2B adit
of Maynard (1984) (Marty et al. 2010). These
include bluebellite, dugganite, khinite, kuksite,
mojaveite, pingguite and quetzelcoatlite.
The source of the tellurium has not been
determined. The Blue Bell mine is also the
type locality for 5 species/(Maynard location):
plumbophyllite/(2E) (Kampf et al. 2009),
fluorphosphohedyphane/(2E) (Kampf and
Housley, 2011), reynoldsite/(2E) (Kampf et al.
2012), bluebellite/(2D) and mojaveite/(2F) (Mills
et al., 2014). It is noted that the locations of the
new minerals stated in the previous references
are in error and do not correspond to those in
Maynard (1984). This was a result of confusion
Figure 1. Geologic map of the Blue Bell mine area superimposed on the
1:24,000 quadrangle topographic map (from Johnson, 2005). Mineral
caused by Maynard erroneously describing 2E
occurrences (2A-2F) are from Maynard (1984). Tm=Triassic marble,
as a short shaft and marking it as such on his
Thf=Triassic hornfels, Tr=Triassic rhyolite, LD1- Jurassic latite dike,
map (p. 14), when in fact it is a short tunnel.

LD2=Jurassic dike, Kp=Cretaceous granite, Qal=Quaternary alluvium.
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The 2A adit is located on a shear zone between
rhyolite and hornfels. In the 2A adit a complex sequence
of secondary minerals occurs along fractures in garnet
skarn and adjacent rocks. These include anglesite,
brochantite, caledonite, cerussite, hemimorphite, linarite
and leadhillite. It has been noted that pH-Eh conditions
varied locally and changed overtime in these fractures
resulting in complex intergrowths and replacement of
minerals (Crowley 1979). Polished cross sections were
prepared of a number of these secondary-mineral-lined
fractures in order to get a better understanding of the
sequence of mineral growths. On leaving 2A towards 2E,
the first 30 meters traverses rhyolite, with the rest of the
way being mostly recrystallized limestone with abundant
chert nodules. At 2E the rock appears to be fine grained
hornfels, while above 2E it still appears to be limestone.
Near the back of the 2E adit several small (to 8 cm) pods
of primary sulfides, associated with garnet and diopside,
are exposed in a quartzite layer. Polished sections of three
of these were prepared for the purpose of documenting
the primary sulfides and to search for the primary
tellurium mineral(s). Two polished thin sections of garnet
skarn from the 2D pit were also studied. The 2D pit is
presently only about 2 m deep but in the original patent
a 100-foot-deep shaft is described near this location. This
is consistent with the amount of material on the dump
associated with this pit.

Experimental
Selected samples from the 2E and 2A adits were vacuum
impregnated with epoxy, sectioned with a tile saw, and
ground with successively finer grit SiC paper and given a
final polish with 1 micron diamond paste. These mounts
were carbon coated before being examined in a scanning
electron microscope (SEM). Most mineral identifications
were made using an SEM equipped with an energy
dispersive spectrometer (EDS). Minerals with higher
atomic number (Z) appear brighter in backscattered
electron (BSE) images in the SEM. The gray level in BSE
images, coupled with EDS, can be used to evaluate the
distribution of phases. Additional mineral identifications
were made by Raman spectroscopy.

Sulfide mineralogy
Several small (to 8 cm) pods of primary sulfides are
exposed in quartzite near the back of the 2E adit. Galena
cleavages, probable sphalerite and a brass-colored
sulfide are visually evident. The 2E adit is located on
the north side of the latite dike, about 50 m down
slope of the 2F workings where the tellurium minerals
mojaveite, quetzalcoatlite, and dugganite, as well as 2 still
uncharacterized phases have been found. In polished cross
sections, pyrite was identified as the visible brass-colored
mineral (Figure 2) where it occurred with sphalerite and
galena (Figure 3). Sphalerite and galena occurred in the
pyrite as small blebs to 25 µm.
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Figure 2. Backscatter electron image of sulfide assemblage
including pyrite (Py), sphalerite (Sp), galena (Ga) and grossular
(Gr). Hematite (Hm) is present as elongated stringers in the
pyrite.

Chalcopyrite was not visibly present but was found as
scattered inclusions (to 25 µm) in sphalerite along with
galena and hematite (Figure 3). Of the three samples from
the 2E adit that were sectioned, hessite (Ag2Te) was only
found in one where it was uncommon and occurred as
small (to 25 µm) grains associated with sphalerite and
galena (Figure 4). The hessite is a potential source for the
secondary tellurium minerals quetzalcoatlite, mojaveite,
and dugganite.
All the sulfides from the 2E adit were associated with
various compositions of grossular-andradite, hematite/
magnetite and lesser diopside. Fluorite and fluorapatite
along with a lead oxide/hydroxide chloride (or possibly
phosgenite) were also observed as accessory phases.
In the 2D pit samples, sphalerite and bornite were
identified as the main sulfides associated with andradite.
Hessite was also observed as 5-10 μm grains included in
hematite blades. Tetradymite was detected at the cores of
100 μm - wide masses of oxidized Bi-Ag telluride-sulfides.
Compositions suggestive of partially oxidized acanthite
and emplectite were also observed as minute inclusions in
magnetite/hematite.
Table 1 summarizes the primary sulfides identified
from the Blue Bell mine. Hessite and tetradymite were
Table 1. Summary of primary sulfides identified from the
Blue Bell mine
Loc.

Primary Sulfides–Tellurides–Selenides

2A

galena and chalcopyrite

2B

galena, pyrite and silver metal

2C

sphalerite

2D

sphalerite, galena, hessite, emplectite, bornite,
acanthite, tetradymite, and chalcopyrite

2E

galena, sphalerite, hessite, pyrite, chalcopyrite, and
bornite

2F

sphalerite, galena, kawazulite and acanthite
2019 desert symposium
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Figure 3. Backscatter electron image of sulfide assemblage
including chalcopyrite (Cp), galena (Ga), andradite (An) and
hematite (Hm) inclusions in sphalerite (Sp).

Figure 5. Backscatter electron image of polished cross section
of overgrowths and intergrowths of linarite and bladed
hemimorphite on chrysocolla.

Figure 4. Backscatter electron image of sulfide assemblage
including hessite (Hs), sphalerite (Sp) and galena (Ga).

Figure 6. Backscatter electron image of polished cross section of
layered intergrowths of brochantite, anglesite and chrysocolla
on grossular and goethite.

the only primary tellurides identified in the study. Most
of tellurium-bearing phases have been oxidized into very
fine grained unidentified Bi-Ag-Pb (Te-Se-S) phases.

Secondary Cu-Pb-Zn mineralogy (2A adit)
Polished cross sections of ten layered samples of
secondary Cu-Pb-Zn minerals that formed on fractures
in garnet skarn, were studied. They all exhibited complex
mineral intergrowths, typically layered and often with
voids, forming a layer 0.2-1.0 mm thick. Examples are
presented in Figures 5-7. Hemimorphite typically was
one of the earlier minerals, while cerussite, linarite and
brochantite commonly formed the surfaces of the crusts.
In many instances, however, hemimorphite and linarite
formed multiple layers that appeared at more than one
stage in the growth of the layer. The presence of voids in
some samples implies some earlier phases were dissolved
during the evolution of the coatings. A copper oxide/
hydroxide chloride phase, suggestive of an atacamite
polymorph, was observed in one coating consisting of
chrysocolla and linarite. It was not possible to develop a
2019 desert symposium

Figure 7. Backscatter electron image of polished cross section of
complex intergrowths of hemimorphite, cerussite, fluorite and
linarite on admixed grossular and goethite.

clear paragenetic sequence since some minerals appeared
at multiple stages during the growth of a single-layer,
others did not consistently occur at the same level in the
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layer in different samples and the presence of complex
voids implies other unidentified phases were present. This
suggests that equilibrium was very local and chemical
conditions fluctuated over time. Crowley (1977) also noted
the reversals in crystallization sequences and attributed
them to changes in pH from initial neutral to acidic
conditions followed by a reversal to neutral and then
alkaline environments.

Wright, L.A., et al. (1953) Mines and mineral resources of San
Bernardino County, California: California Journal of Mines
and Geology, California Division of Mines 49(1-2): 64,
tabulated list of mines p. 71, 101.

Summary
As a result of this study, four minerals (hessite,
tetradymite, bornite and emplectite) were identified that
had not been previously been reported from the Blue Bell
mine. Hessite and tetradymite are potential sources of the
rare secondary tellurium minerals in the 2D pit.
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Introduction

Location

This article summarizes what is known about the
stratigraphy, geology, tectonics, and mineral deposits of
the Halloran Hills area. It is the fifth in a series that has
been compiled for the Desert Symposium focusing on
mining geology and history in the Mojave Desert:

The mines and geology in the vicinity of Halloran Springs,
San Bernardino County, were described by Tucker and
Sampson in 1931. Their map is reproduced in Figure 1.
It covers Townships 8 to 11 North and Ranges 13 to16
East, SB B&M. That map covered an area of 613 square
miles and included the Turquoise Mountains, Squaw
Mountains, Silurian Hills, northeastern Soda Mountains,
northern Cowhole Mountains, northern Old Dad
Mountains, and west half of the Club Peak Volcanic field.
This report describes mines in the Turquoise
Mountains, Squaw Mountains, Hollow Hills, and
southern Silurian Mountains in Townships 9 to 11 North
and 15 and 16 East, SB B&M. This study area covers 222
square miles.

•  2015: Cronese, Cave, and northern Cady Mountains
•  2016: Ivanpah Mountains, Mescal Range, Clark
Mountains
•  2017: Bristol and Old Dad Mountains
•  2018: Old Mojave Road
For 2019, compilations have been made for the
northern Halloran Springs and southern Spring
Mountains Mining Districts.
On-line information
A more complete report about the northern Halloran
Springs Mining District along with its maps, tables
and appendices can be downloaded at: http://www.
greggwilkerson.com/northern-halloran-springs-miningdistrict.html or at the following URL links:

Native American development of turquoise
Heizer and Treganza (1944) described the use of turquoise
by Native Americans. They relate that local Indian groups
did not mine turquoise. That was done by “higher cultured
Pueblo peoples from the south (New Mexico and Arizona)
who made expeditions in force to the turquois localities of
California.”

TEXT

https://www.academia.edu/38104140/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_TEXT

TOPGRAPHIC MAP
With PLSS and land ownership data
for Arch E plotter (36”x42”)

https://www.academia.edu/38104747/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_Topographic_Map_with_PLSS_
and_land_ownership_data

GEOLOGIC MOSAIC
For Arch E plotter (36”x42”)

https://www.academia.edu/38104796/Halloran_Springs_Mining_District_
Northern_._San_Bernardino_County_California_Geologic_Mosaic

MINE MAP
For Arch E Plotter (36”x42”)

https://www.academia.edu/38104828/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_Mine_Map

TABLE 1
Alphabetical listing of mines

https://www.academia.edu/38104852/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_Table_1_Mines_list_sorted_
alphabetically

TABLE 2
Listing of mines by commodity

https://www.academia.edu/38104867/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_Table_2_Mines_sorted_by_
commodity

TABLE 3
Listing of mines by legal subdivision
(Township, Range, Section)

https://www.academia.edu/38104875/Halloran_Springs_Mining_District_
Nothern_San_Bernardino_County_California_Table_3_Mines_Sorted_by_
Township_Range_and_Section

TABLE 4
Commodity summary with grades,
tonnages and host rocks

https://www.academia.edu/38104890/Halloran_Springs_Mining_District_
Northern_San_Bernardino_County_California_Table_4_Commodities

APPENDIX 1
URL’s to 22 reports for past
producing mines and deposits of
special interest

https://www.academia.edu/38105587/Halloran_Mining_District_Northern_San_
Bernardino_County_California_Appendix_1_URLs_for_22_past_producing_
mines_and_special_interest_deposits
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abilities of a
secondary ion
mass spectrometer
(SIMS). We
established a
comparative
database
that contains
the isotopic
fingerprints of
22 turquoise
resource areas.
We are currently
analyzing
turquoise
artifacts from
archaeological
sites across
the American
Southwest and
the Great Basin
region, identifying
their geological
source, and
developing a
Figure 1. Geologic map of the Halloran Springs Mining District. From Tucker and Sampson, 1931.
digital archive so
we can investigate
Reports about Native American development of
turquoise trade routes and patterns of
turquoise were written by Eisen (1898), Kunz (1899, pp.
turquoise procurement. Here we show
557-600); Kunz, (1905, pp. 12, 107-109, 152-153); M. J.
geochemical evidence that turquoise from
Rogers (1929); Dunn (1930); and Heizer and Treganza,
Halloran Springs was obtained by the
(1944, p 335-336).
Ancestral Puebloan of the San Juan Basin
Hull and Fayek (2013) summarized archaeological
in northwestern New Mexico; the Virgin
information relative to the Halloran Springs turquoise
River Ancestral Puebloan in the Moapa
deposits:
Valley, Nevada and southern Utah; and
Halloran Springs has been interpreted
the Fremont in central Utah (Hull and
as a possible turquoise resource area
Fayek, 2013, p. 196).
for the pre-Columbian inhabitants of
the American Southwest evident by the
History
presence of prehistoric quarries, ancient
Vredenburgh (1996) gave this overview of the Halloran
camps, hammerstones, scrapers, ceramic
Spring Mines:
sherds, petroglyphs, as well as a Paiute
The first evidence of gold mining in
legend that tells of the prehistoric Desert
the Halloran Spring area is provided
Mojave and their encounter with distant
by a 1902 miners’ map of the desert.
peoples that came to mine turquoise. The
This map shows “Hyten’s” at the site of
ability to geochemically link turquoise
James Hyten’s Wanderer Mine, and the
artifacts with their geological source
‘’Mammoth” just southeast of Halloran
allows us to reconstruct ancient turquoise
Spring. . .
trade/exchange networks and investigate
James Hyten, a resident of San
the relationship of the peoples that were
Bernardino, continued to work the mine
involved in and affected by the movement
throughout the years, occasionally leasing
of commodities along these routes.
it out. By 1930 there were a number of
To achieve this goal, we developed a
shallow shafts, the deepest being 125 feet.
method to identify the geological source
There was also a 20 ton per day capacity
of turquoise artifacts using the isotope
mill. With revived interest in the district
ratios of hydrogen (2H/1H) and copper
following the discovery of gold at the
(65Cu/63Cu) and the microanalytical
Telegraph Mine in 1930, the group of 15
54
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claims were leased to American Hellenic
Gold Mining Co. of Las Vegas. …
The Telegraph Mine was discovered
November 9, 1930 by A. A. Brown and
Ralph Brown of Salina, Utah. One
sample showed free gold in calcite and
quartz and assayed up to $800 per ton
in gold. The Browns returned to Utah
and interested Vivian and Robert Burns,
who located a large number of claims. O.
Perry Riker of Long Beach, California,
leased the property from December 1932
to 1935. During this period, 220 tons
of ore were mined and milled at Yucca
Grove, three miles northeast of the mine.
An additional 990 tons of ore were
shipped for smelting. Total production
was $35,200. The mine was idle in 1943
and by 1953 all equipment had been
removed (Vredenburgh 1996:137).

1903 rediscovery
Sperisen (1938) published a portion of gemologist George
F. Kunz’s (1905) summary of the “re-discovery” of
Halloran turquoise deposits (Reynolds, 2005):
In the extreme northeastern part of
this county there have been discovered
old and abandoned mines of turquoise
covering an area of many square miles.
Associated with these mines were found
the relicts of an early race; and it is
supposed that this is the original source
of much of the turquoise found in the
hands of the Indians of the southwestern
United States and Mexico. The turquoise
occurs in small veins and also in kidneyshaped masses about the size of a bean.
… The first published announcement of
the turquoise discoveries in this region
was made in 1897, (Sperisen, 1897).
The locality was given as near Manvel
[Barnwell] ... Mr. T. C. Bassett observed
... a vein of turquoise... and aboriginal
stone hammers... as usual at all turquoise
localities in the southwest... the location
was named the Stone Hammer mine.
On the reports of prospectors reaching
San Francisco … an exploring party was
organized by the San Francisco “Call,”
and Mr. Gustav Eisen, of the California
Academy of Sciences, became attached
to it as archaeological expert. The party
set out in March,1898, going first to Blake
Station [Goffs] on the Santa Fe Railroad,
thence north to Manvel [Barnwell], and
onward some sixty miles, across the
Ivanpah Sink, and up into the mountains
2019 desert symposium

...The region is conspicuously volcanic
in aspect, being largely covered with
outflows of trap or basaltic rock reaching
outward from a group of extinct craters....
In canyons and on sides of hills are the
old turquoise mines, appearing as saucerlike pits,...around them the ground
consists of disintegrated quartz rock, like
sand and gravel, full of fragments and
little nodules of turquoise. ...Stone tools
are abundant in the old workings, and
the indications are plain that this locality
had been exploited on a great scale and
probably for a long period, and must
have been an important source of the
turquoise used among ancient Mexicans.
...The canyon walls are full of caverns,
now filled ...with wind-blown sands and
dust, but whose blackened roofs and
rudely sculptured walls indicate that they
were occupied for a long time by people
who worked the mines. In the blown sand
were found stone implements and pottery
fragments of rude type, incised but not
painted. The openings to these caves are
partly closed by roughly built walls of
trap blocks piled upon one another with
no attempt at fitting and no cement,
but evidently made as rude protection
against weather and wild beasts. The
tools, found partly in the caves and
largely in the mine pits, are carefully
wrought and polished from hard basalt or
trap, chiefly hammers and adzes or axes,
generally grooved for a handle and often
of large size. Some are beautifully perfect,
others are much worn and battered
by use. The most impressive feature,
however, is the abundance of rock
carvings in the whole region. These are
vary varied, conspicuous, and peculiar
… Some are recognizable as ‘Aztec water
signs.’ Pointing the way to springs …
They are numbered by many thousands
… Some are combinations of lines, dots,
and curves....; others represent animals
and men; a third... is that of the ‘shield
figures’... One curious legend still exists
among the neighboring Indians that is
in no way improbable or inconsistent
with the facts. The story was told Mr.
Eisen by ‘Indian Johnny’, son of the Piute
chief, Tecopah, who died recently at a
great age, and who, in turn had received
it from his father. Thousands of years
ago, says the tale, this region was the
home of the Desert Mojaves. Among
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them suddenly appeared, from the west
and south, a strange tribe searching for
precious stones among the rocks, who
made friends with the Mojaves, learned
about these mines, worked with them and
got great quantities of these stones. These
people were unlike any other Indians,
with lighter complexions and hair, very
peaceable and industrious, and possessed
of many curious arts. They made these
rock carvings and taught the Mojaves the
same things. This alarmed and excited
the Piutes, who distrusted such strange
novelties, and thought them some form of
insanity or ‘bad medicine’, and resolved
on a war of extermination. After a
long and desperate conflict, most of the
strangers and Mojaves were slain, since
which time, perhaps a thousand years
ago, the mines have been abandoned.
Mr. Eisen connects this account with the
existence of a fair and reddish-haired
tribe, the Mayos (not Mayas), in parts of
Sinaloa and Sonora, some of whom may
have reached these mines and carried
on a turquoise trade with Mexico. This
region has since [1898–1905] been opened
at several points, and at least a dozen
mines are now being worked by various
parties, mostly with eastern capital.
The principal work is being done by the
Himalaya and Toltec mining companies.
The turquoise obtained, when pure and
of good color, is cut into fine gems;...
ornamental stone....and beads. Most of
the material produced is sent to New
York. The yield in 1900 was estimated at
a value of $20,000 (Reynolds, 2005: 66).

Toltec Gem mining company
The West Camp, Middle Camp and East Camp mines
were gem localities developed by the Toltec Gem mining
company. A history of their activities was written by
Cloudman and others in 1915:
The California property of this company
consists of three groups of mines situated
in San Bernardino County on the desert
about 30 miles northwest of Cima on
the Salt Lake Route, and about 50 miles
west from South Ivanpah which is the
terminus of a branch of the Santa Fe
Railroad from Goffs. The altitude is
between 5000 feet and 6000 feet, and
there being no water at either of the
camps, it is necessary to haul it over
the mountains from 1 to 5 miles. These
camps are about 6 miles apart and are
56

known as East Camp, Middle Camp
and West Camp in the old Solo Mining
district. Death Valley is within 20 miles
of West Camp. These mines are all
patented. The qualities of the turquoise
taken from these various camps vary
widely, from quite soft to very hard. The
same company also has turquoise mines
in Nevada, 60 miles due east of these.
Here stone hammers were met with at a
depth of 18 feet. Scarcely any turquoise
was found much below 100 feet from the
surface, and a 200-foot shaft failed to
reveal any at all. This fact, which is also
reported from the mines of the Himalaya
Company, is a curious one, indicating
that the turquoise must be in some way a
product of rather superficial alteration.
The mines of both these companies have
been quite large producers. The Toltec
Company obtained one gem-stone of
rather a pale blue, that cut into a perfect
oval measuring 32 by 45 millimeters,
and weighing 203 carats (Cloudman and
others, 1915: 868).

Geology
A regional geologic map of the northern Halloran Springs
Mining District is provided in Figure 6, below.
Hewett (1956) mapped the area of the Halloran
turquoise mines as being entirely within Cretaceous or
early Tertiary Teutonia quartz monzonite.

Figure 2. Legend for Teutonia quartz monzonite. From Hewett,
1956.

Greenwood (1984) mapped the area of the Halloran
turquoise mines as Mesozoic granite.

Figure 3. Legend for Mesozoic granitoid rocks. From
Greenwood, 1984.

Greenwood (1984) described the area of the West
Camp, Middle Camp and East Camp areas as having
potential for porphyry mineralization:
Four areas of porphyry mineralization
have been classified MRZ-3a for
hydothermal deposits. Three of the
2019 desert symposium
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well-defined on the
southeastern margin
of the deposit and abut
against Precambrian
gneiss and schist along
the southwestern margin.
The argillic zone along
the northern margin of
the deposit is absent and
apparently is faulted
out by a northeast
trending fault which
may provide common
structure with the West
Camp area. Drilling
was conducted in the
West Camp area in late
1978 and early 1979 by
Duval Corporation. Two
drill holes encountered
pyrite, chalcopyrite
and molybdenite, with
sulfides comprising about
3% over intervals of the
hole, including zones
containing less than
0.1% copper and less
than 0.03% molybdenum
(Popoff, 1979). The East
Camp area (formerly the
Stone Hammer Mine) is
a roughly oval-shaped
Figure 4. Legends to rocks of the northern Halloran Springs Mining District
area encompassing
approximately
½
deposits include the West Camp, Middle
square
mile
which
is
postulated
to have
Camp and East Camp areas which are
mineralized
along
the
intersection
of
characterized by extensive hydrothermal
a
local
northeast
trending
fault
and
alteration and the presence of fracturethe intrusive contact between the
filling turquoise within the argillic zones
Teutonia quartz monzonite and the local
of alteration. The West Camp deposit
Precambrian gneiss (Hall, 1972). A small
(formerly the Toltec Mine) occupies a
area of silicic stockworks, associated
roughly circular area of approximately
with the potassic zone, is exposed in the
112 square mile which shows typical
eastern part of the porphyry deposit.
porphyry alteration zones (with the
Most of the altered outcrop area is
exception of the propyllitic zone, which
represented by the argillic zone which
is absent) with the stockworks in the
grades north and east into quartz
potassic zone well-developed. Although
monzonite. It is covered by Precambrian
alteration grades into quartz monzonite
gneiss to the south and by Tertiary flow
on the western and northern margins,
basalts on the west. A possible westerly
the potassic zone is juxtaposed by
extension beneath these flow basalts is
faulting against quartz monzonite along
included in the classified area. Pyrite
the eastern and southern margins.
and chalcopyrite were observed in drill
The Middle Camp area (formerly the
cuttings in the East Camp area, and
Himalaya Mine) occupies an irregularly
molybdenite was observed by Hewett
shaped area of approximately 2/3 square
(1956) (Greenfield, 1984, p. 57-58).
miles which displays similar alteration
Here
is
a description of mining in the Turquoise
zoning as noted at the West Camp area.
Mountain
Mining District by Theodore (2007):
The argillic through potassic zones are
2019 desert symposium
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In the Turquoise Mountain Mining
District in the hills near Halloran Spring,
5 km northwest of the EMNSA, coppermolybdenum mineralization is related
apparently to shallow-seated porphyritic
intrusions (Hall, 1972). Little known
mineralization exists in Proterozoic
rocks of this area. Mineralization at the
Telegraph Mine (U.S. Bureau of Mines,
1990a, map no. 121, pl. 1), near the
southeast end of the hills near Halloran
Spring, includes low-sulfide, vug-filling,
gold- and silver-bearing quartz veins that
were emplaced at approximately 10 Ma
(Lange, 1988). These veins, which cut the
informally named, Cretaceous Teutonia
adamellite of Beckerman and others
(1982) (Kt), are classified as gold-silver
quartz-pyrite veins that are epithermal
and related to wrench faulting. Early
Proterozoic rocks in southeastern parts of
the hills near Halloran Spring lie within
the Cinder Cones Wilderness Study
Area, where Wilshire and others (1987)
found no evidence of mineralization.
Wilshire and others (1987) assigned a
low potential for gold and silver to areas
underlain by Early Proterozoic rocks
primarily because of their proximity
to Cretaceous plutonic rocks, thought
elsewhere in the region to be associated
genetically with mineralization in
Proterozoic wallrocks (Hewett, 1956).
However, neither indications of
mineralization in the vicinity of those
contacts nor signs of prospecting were
found by Wilshire and others (1987)
(Theodore, 2007, p. 111).
Other geologic units in the northern Halloran Springs
Mining District are shown in Figure 4.

Mines
In the North Halloran Mining District has 101 mines
and mineral deposits with thirteen different commodities
(MRDS database, 2011).
Table 1 is an alphabetical summary for the 101
mines and deposits. Table 2 sorts the same data for by
commodity. Table 3 sorts the data by legal subdivision
(Meridian, Township, Range, Section). Table 4
summarizes mine data by commodity with grade and
geologic setting information.
I have prepared individual reports for all of the past
producing mines and several other deposits of special
interest. These 22 reports can be accessed at the URLs
listed above.
Almost all of the past producing mines are hosted by
Cretaceous or Tertiary Teutonia quartz monzonite of
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Hewett (1956) or Cretaceous Teutonia adamellite of Miller
and others (2007). The mineral commodity distribution
in the northern Halloran Mining District is illustrated
on Figure 7. The gold deposits are encircled in a general
way by copper deposits. The turquoise gemstone localities
are north of the gold deposits on an east-west trend and
are generally separated from them by a dike-like mass of
Precambrian gneiss.
Barium
There are two unnamed barium prospects of unknown
character.
Copper
Of the ten copper deposits, only the Fisher Land
Development Company Claims were past producers.
These deposits are hosted by Teutonia quartz monzonite.
Dolomite
There is one magnesium deposit, the Magnesium Giant. It
is hosted by Teutonia quartz monzonite.
Gemstones
There are eight important gemstone mines and localities
in the Turquoise Mountains. They were used by Native
Americans and redeveloped using modern mining
methods starting in 1905. The deposits are within
150 feet of the surface and suggest that their origin
is associated with a paleo water table. The three most
important turquoise mines are the West, Middle and
East camp. Gemstones of turquoise up to 203 carats were
produced. Like many other deposits in the Halloran
Springs 15 Minute Quadrangle, Greenwood (1984)
suggested they were associated with copper porphyry style
mineralization.
Gold
There are 47 gold mines and prospects in the northern
part of the Halloran Mining District. The most prolific
mine and mill was the Telegraph which had ore grades
ranging up to 5 or 20 ounces of gold per ton. Its ores are
hosted by Teutonia quartz monzonite. The other past
producing gold mines had grades ranging of 0.1 to 26
ounces per ton (Hillside No. 1). The Yucca Palm and
Jumbo mines worked quartz veins up to 6 feet wide. The
Wonderer had comparatively low gold grades (0.3-0.6
oz/T) with 2% sulfides in workings at least 2,000 feet in
length.
Iron
The Iron King Group has hematite with pyrite in a quartz
vein 2 feet wide hosted by Teutonia quartz monzonite.
Lead
The main lead mine is the Doran, which produced lead
concentrates. They were smelted to recover 6.70% lead,
1.23% copper, 7.92 ounces of silver per ton, and 0.04
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ounce of gold per ton in 1911. This mine was hosted by
Precambrian gneiss and granitoids.
Silver
Two prospects, the Solo Champ and Summit, had
unknown production. The deposits are hosted by
Cretaceous Teutonia quartz monzonite.
Talc–soapstone
There are 15 talc–soapstone occurrences. Of these the
Silver Lake deposit is still in operation. At the Silver Lake,
the talc veins are 4 to 15 feet wide and up to 800 feet long.
Lenses of commercial talc occur along a narrow belt
about 2 miles long in Early Precambrian metamorphic
rocks. The Yucca Mine has two parallel shear zones each
8 feet thick. These shear zones produced 50,000 tons of
talc from underground mining operation. Precambrian
metasedimentary rocks are intruded by Cretaceous
Teutonia quartz monzonite.
Tungsten
There is one tungsten deposit. It has unknown
characteristics. It is along a northwest trending fault,
down to the SW in Teutonia quartz monzonite or
Precambrian rocks.
Uranium
There are two uranium occurrences: Lucky Belle and
Lucky Lola. They are both hosted by Teutonia quartz
monzonite.
Vanadium
There is one unnamed vanadium occurrence. It also has
lead, zinc and copper minerals. The deposit is hosted by
Teutonia quartz monzonite.
Zinc
The Comet Zinc Prospect is hosted by Prospect Mountain
Quartzite. It has 3,370 ppb Au, 311 ppm Ag, and 28,100
ppm zinc.
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Figure 5. Regional topographic map of the Northern Halloran Mining District and surrounding areas (1:100K)
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Figure 6 Regional geologic map of the northern Halloran Mining District and surrounding areas. Adapted from Hewett, 1956 and Jennings and
others, 1952 (1:100K).
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Figure 7.  Commodity map of the northern Halloran Springs Mining District. Geology adapted from Hewett (1956) and Jennings and others (1962). Mine
commodity data from MRDS, 2011.
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Late Pleistocene to early Holocene cave faunas
from the eastern Mojave Desert
Robert E. Reynolds

Redlands, CA, bob.reynolds220@gmail.com

abstract—The late Pleistocene to early Holocene assemblages from six caves and fractures in
Paleozoic limestone of the eastern Mojave Desert are compared. The caves, from the Mescal–Ivanpah
ranges north to the Spring Mountains, are Kokoweef Cave, Quien Sabe Cave, Antelope Cave, Mescal
Cave, Mountain Pass Fractures, and Devil Peak Cave. The elevation of the Devil Peak Cave opening
is 3,600 ft., while the others have openings between 5,300 ft. and 5,800 ft. Radiometric dates from
these caves, from 26,000 ybp to early Holocene, span the terminal Pleistocene boundary. Extinct taxa
such as ground sloth (Nothrotheriops), large deer (Navahoceras), small horse (Equus), large camel
(Camelops) and llama (Hemiauchenia) also signal latest Pleistocene time. The presence of marmot
(Marmota flaviventris) in all except Quien Sabe Cave also may indicate terminal Pleistocene time.
Except for the Holocene remains from Quien Sabe Cave, these localities contain extinct taxa and
extant taxa that today are locally extinct and occur at a great distance from the eastern Mojave caves.
Kokoweef Cave contains seven extralimital gastropods, as well as extralimital chub fish (Siphateles sp),
pika (Ochotona princeps), marmot, three ground squirrels, turkey (Meleagris sp.), condor (Gymnogyps
sp.), and pronghorn antelope (Antilocapra sp). Antelope Cave contains five extralimital taxa: chub
fish, pika, marmot, sagebrush vole (Lemmiscus curtatus), weasel (Mustela frenata), and American
black bear (Ursus americanus). Mescal Cave contains extralimital marmot, sagebrush vole, and pygmy
mouse (Baiomys sp.). Extralimital taxa from Devil Peak Cave include marmot and black vulture
(Coragyps atratus). Fractures at Mountain Pass on the south slope of Clark Mountain yield marmot
bones mixed with clasts of bastnäsite ore, suggesting Pleistocene fracturing of the deposit.
Most of the identified reptiles have been established in the area for millennia. The gastropods,
birds, and mammals suggest a complex of patchwork of mesic plant communities much different from
the xeric communities in the area today. In Kokoweef Cave, extinct taxa are apparently restricted to
below the only dated stratum (9830 ybp). Above this level, the presence of extralimital taxa suggest
that the Ivanpah Mountains and the Mescal Range may have functioned as a refugium into early
Holocene times. For instance, marmot from Mescal Cave provides an important date of 3,600 ybp,
suggesting that it was not extirpated until early late Holocene time (Stegner, 2013). The presence of
chub fish in Kokoweef and Antelope Caves deserves more consideration.

Background
Cave deposits in the eastern Mojave Desert contain
abundant skeletal remains of diverse taxonomic
assemblages (Figure 1). Fossils from these sites were
recovered by different methods and institutions. Those
in Kokoweef Cave were collected stratigraphically by
San Bernardino County Museum (SBCM) (Reynolds,
Mead et al., 1991) during mining operations. Quien Sabe
Cave fossils were salvaged by University of California
Riverside (Whistler, 1991) from the apron of the excavated
pitfall cave. Fossils from Antelope Cave were salvaged
by SBCM (Reynolds, Reynolds et al, 1991) by scraping
cave walls and screening the apron. Mescal Cave material
was recovered by University of California Museum of
Paleontology, Berkley, in 1938 (Brattstrom, 1958; Stegner,
2015). The Devil Peak pitfall contained bones exposed
at the bottom of the cave, and stratigraphic recovery
by SBCM (Reynolds, 1993, 1995) was from the lowest
2019 desert symposium

levels upward. Sediment from all except Mescal Cave
were passed through fine-mesh screen to recover small
vertebrate remains (Figure 2).
These assemblages span the Late Pleistocene through
the Early Holocene boundary; this age range is supported
by radiocarbon dates of 26,000 ybp to Holocene (Mescal
Cave), 11,080 ± 160 ybp (Antelope Cave) and 9830 ± 160
ybp (Kokoweef Cave). Kokoweef and Devil Peak Caves
were stratified. At the Devil Peak pitfall, the fossils were
concentrated in an eighteen-inch layer of silty sand. Clasts
coarsened upward above the silt. In Kokoweef Cave,
extinct taxa are apparently restricted to below the 9830
ybp stratum; the assemblage retains extralimital taxa
above this level.

Abbreviations
AC		
BLM		
BP		

Antelope Cave
Bureau of Land Management
before present
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Figure 1. Map showing location of caves under discussion. 1: Kokoweef Cave and Crystal caves; 2: Quien Sabe Cave; 3: Antelope
Cave; 4: Mescal Cave; 5: Mountain Pass Fractures; 6: Devil Peak Cave.

CC		
Crystal Cave
DP		
Devil Peak Cave
KC
Kokoweef Cave
MC		
Mescal Cave
QS		
Quien Sabe Cave
SBCM
San Bernardino County Museum
UCMP
University of California Museum of
		Paleontology
UCR		
University California Riverside
ybp		
y ears before present
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Setting
Geography
KC and CC openings are located on the one-half mi2 bulk
of Kokoweef Peak (6038 ft.) between elevations of 5575
ft. and 5806 ft. CC has not produced fossils. QS, at the
southwest base of the peak at 5,000 ft. in Piute Valley, has
produced an early Holocene assemblage.
MC and AC openings are located between 5330 and
5800 ft., within the 15 mi2 area of the 6221 ft. Mescal
Range, north of Piute Valley and Kokoweef Peak.
Mountain Pass Fractures are at 4800 ft. on the south side
2019 desert symposium
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trees occur today from the Providence and New York
Mountains to Clark Mountain, but have not been recorded
from Kokoweef Peak. Fossil hackberry seeds were noted
on the margin of Ivanpah Lake (Reynolds, pers. obsv.,
1988). Hackberry seeds in caves suggest mesic habitats
near the opening, with berries available for transport by
rodents.

Cave faunas
Faunal remains from six eastern Mojave Desert caves
(Figure 1) are listed in Appendix I. Appendix II
summarize the taxa found in two or more localities.
Kokoweef Cave
KC is infamous as the purported entrance to the “River
of Gold,” and as such has been excavated sporadically
since the 1940s by miners trying to reach subterranean
treasure (Mitchell, 1953; Barkdull, 1968). SBCM received
permission to collect fossils from the cave fill in the early
1970s, including access to undisturbed stratigraphy in the
cave system.
The cave was originally filled with sediment to within
80 ft. of the 5806 ft. opening (Reynolds et al., 1991).
Excavation by miners exposed about 50 ft. of fill, allowing
SBCM to collect at stratigraphic intervals (Figure 3).

Figure 2. Devil Peak Cave. Sediment from the cave (background)
is screened to reduce volume. Small vertebrate remains are later
removed using magnification. (R. E. Reynolds photo)

of Clark Mountain (40 mi2) in workings of the rare earth
mine.
DP opens southwesterly at 3600 ft., below 5856 ft. Devil
Peak in the 80 mi2 area of the southern Bird Spring Range.
The three fossiliferous caverns in the Mescal–Ivanpah
ranges all open northerly between 5300 and 5800 ft. In
contrast, DP opens southwesterly at 3600 ft. The caves
with fossils have dates of 9850 ybp (KC), 10,080 ybp (AC),
26,000 ybp to Holocene (MC), and >11,000 ybp (DP,
based on sloth extinction). The taxa at or below the level
of 10,000 ybp dates are considered to be late Pleistocene,
Rancholabrean North American Land Mammal Age.
Flora
Present vegetation at KC includes piñon and juniper,
Ephedra, Yucca bacata, Yucca shidigera, Opuntia species
and Agave utahensis (Mehringer, 1967; Mehringer
and Ferguson, 1969). The presence of fossil land snail
(Oreohelix handi) suggests that pine and fir forest were on
the peak during the late Pleistocene (Roth and Reynolds,
1990). Two of the caves (KC, AC) contained abundant
fossil hackberry seeds (Celtis sp.), a tree that prefers mesic
to damp habitats and soils high in limestone. Hackberry
2019 desert symposium

Figure 3. View of sandy silt containing angular cobbles in upper
Kokoweef Cave. Fossils were collected by levels as blocks of rock
were removed. (R. E. Reynolds photo)
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With depth, the fill became fine-grained sand alternating
with red clay and silt. Red silt at a depth of 50 ft. suggests
that very little debris was entering the cave through
the opening at the time of deposition. As the opening
enlarged or became more accessible, larger grains, clasts,
animals, and bone entered the cave. Charcoal from
the 21.5 ft. level yielded a date of 9830 ± 150 ybp (Beta
Analytic, 1981). Fine-grained sediments between 22 and
24 ft. were very fossiliferous, perhaps representing an
interpluvial period. Resumption of deposition of large
clasts above 24 ft. suggests a short pluvial period. All
the extinct taxa were collected below the dated horizon.
Extralimital taxa from KC were recovered from above the
21.5-foot level.
The extralocal taxa from KC (Appendix I) include
terrestrial and fresh water gastropods (Roth and Reynolds,
1988, 1990) not previously described as extant on
Kokoweef Peak. The presence of the land snail Oreohelix
handi suggests that conditions now characteristic of
pine and fir forest extended between 1650 and 3600 feet
Table 1: Taxa unique to Kokoweef Cave
binomial

common name

Tyronia protea

Freshwater snail

Helminthoglypta sp.

Land snail

Rhinococheilus lecontei

Long-nosed snake

Salvadora hexalepis

Patchnosed snake

Bufonidae

Toads

Trimorphodon biscutatus

Lyre snake

Masticophis sp.

Whip snake

Aechmophorus occidentalis

Western grebe

Podiceps nigricolis

Pied-billed grebe

Fulca americana

American coot

Falco mexicanus

Prairie falcon

Falco sparverius

American kestrel

Meleagris sp. cf. M. crassidens

Turkey

?Centrocercus sp.

Sage grouse

Otus sp cf. O. asio

Owl

Gymnorhinus cyanocephalus

Pinyon jay

cf. Oporornis

Warbler

Plecotus sp. cf. P. townsendii

Big-eared bat

Neotamias minimus

Least chipmunk

Urocitellus townsendii

Townsend’s ground squirrel

Xerospermophi0lus sp. (X.
?mojavensis)

Mohave ground squirrel

Reithrodontomys megalotis

Western harvest mouse

Neotoma albigula

White-throated wood rat

Neotoma stephensi

Stephen’s wood rat

Neotoma cinera or N. mexicana

Wood rat

Vulpes macrotis

Kit fox

Taxidea taxus

Badger

Hemiauchenia sp.

Llama

Odocoileus sp.

Deer
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lower than their present elevation in the Ivanpah–Mescal
highlands and neighboring ranges of southwest Nevada
(Roth and Reynolds, 1990).
The diverse assemblage of vertebrates preserved in KC
could not have been endemic to the 6,038 ft. peak. The
taxa can be described in groups: those that lived in the
cave (bats, wood rats); those that were dragged into the
cave (articulated deer, pronghorn, horse and camel), those
that lived outside the cave on the rocky slopes (terrestrial
snails, pika, cottontail [Sylvilagus sp.], marmot and other
rodents) and entered the cave, and those that lived below
in valleys and meadows (jack rabbit [Lepus sp], kangaroo
rat [Dipodomys sp.], and the two voles [Lemmiscus
and Microtus]). Fish, tortoise, water birds (coot [Fulca
Americana] and grebe [Podiceps sp.]), and camels are not
likely to have been resident on the high limestone peak.
Large carnivores (coyote [Canis], bobcat [Lynx], and
mountain lion [Felis]) may have dragged prey into the
shelter of the cave entrance, from where articulated
or individual skeletal elements made their way to the
vertical drop off into cave depths. Raptors such as condor
(Gymnogyps sp.), hawks (Buteo sp.), and owls (Strigidae)
may have played an important role in transporting
tortoise (Gopherus sp.), lagomorphs, rodents, and
water birds to the cave from elevations as high as Clark
Mountain (7929 ft.) or from low valleys around Ivanpah
Lake (2606 ft.) ten miles to the north. It is, however,
difficult to explain raptor transport of fish more than
35 miles from either the Mojave River or the Colorado
River, particularly if Mifflin and Wheat (1979) are correct
about the ephemeral nature of Ivanpah Lake during the
Pleistocene. The presence of the fresh water snail, Tryonia
sp., may be dependent on secondary transportation on the
feet or in the stomachs of waterfowl (Roth and Reynolds,
1990).
Extinct taxa recovered from KC include small horse,
large camel, and llama. The land snail Oreohelix handi,
turkey, condor, and pronghorn antelope are not present in
the eastern Mojave.
Extralimital sciurids including marmot, Townsend’s
ground squirrel, golden-mantled ground squirrel, and
least chipmunk, are found in the Great Basin today.
Mojave ground squirrel is found today to the west in the
Mojave Desert (Goodwin and Reynolds, 1989). All of these
taxa occur in depositional levels above and below the 9830
ybp date in KC. Pika and sagebrush vole (Bell and Jass,
2004) presently live far north and east of KC.
Chub fish (Siphateles sp.) were most likely transported
to the cave by eagles, since the closest water sources for
large fish in the late Pleistocene were about 40 miles away.
Quien Sabe Cave
The original opening to QS had been enlarged and its
contents spread on the apron before the fossils were
recovered by UCR in 1964 (Whistler, 1991). The UCR
collection (now at UCMP) came from the apron and from
between stalactites and from pockets along the cave walls
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to a depth of 55 ft. Whistler (1991) suggests that taxa
recovered from this cave are early Holocene in age.
The only unique taxon from QS is the ground snake
(Sonora sp.). No extinct or extralimital taxa were
recovered.

Fossil grizzly and black bears are known from southern
California. The closest modern occurrence of black bear is
in the southern Sierra Nevada or as introduced taxa in the
San Bernardino Mountains. The condor bone was dated at
11,080 ± 160 ybp (Emslie, 1990).

Crystal Cave
Near the east-opening entrance of CC, the solution
cavity drops steeply (90 degrees) downward. The walls
are covered with stalactites and dripstone. Fill at the
unexcavated cave bottom is approximately 150 ft. below
the entrance. No invertebrates or vertebrate skeletal
remains have been recovered from CC.

Mescal Cave
The east-northeast opening of MC is about ¾ miles north
of AC. The large entrance of the cave is horizontal. Faunal
specimens and Neotoma middens were initially removed
by UCMP in 1938 (Brattstrom, 1958; Stegner, 2013). By
1970, the interior and apron of the cave had been heavily
modified by mining activities and remodeling into living
quarters. Radiometric dates on materials from MC are
from 34,000 ybp to Holocene/modern (Lundelius and
others, 1983; Harris, 1985; Jefferson, 2017; Stegner, 2015).
Marmot was not extirpated until middle Holocene time
(Stegner, 2013).
Taxa unique to MC include western fence lizard
(Sceloporus occidentalis) and northern pygmy mouse
(Baiomys sp.). A small horse is the only extinct taxon.
Extralimital taxa include marmot, sagebrush vole, and the
pygmy mouse.

Antelope Cave
AC is near the crest of the central part of the Mescal
Range about ¾ miles south of MC. Both caves are in the
Table 2: Taxa unique to Antelope Cave
binomial

common name

Helminthoglypta sp.

Land snail

Anura

Frogs or toads

Anatidae

Ducks

Turdus migratorius

American robin

Icterus sp.

Oriole

Gymnogyps sp. cf. G. amplus

Condor

Accipiter cooperii

Cooper’s hawk

Sorex (Otiosorex) sp. (S. ?tenellus)

Vagrant shrew

Myotis sp. (lg)

Large bat

Sylvilagus sp. (S. ?bachmani)

Brush rabbit

Neotamias panamintinus

Panamint chipmunk

Cervidae (lg) = ?Navahoceras sp.

Large deer

Ursus (Euarctus) americanus

Black bear

15 mi2 mass of the Mescal Range. When
first visited by the author in the 1970s,
the cave had been excavated by explorers
and its contents were discarded on the
apron in front of the opening. The fill
remaining on walls of the horizontal cave
extended above the bottom of the sill at
the entrance. To obtain a minimum of
stratigraphic data, remaining fossiliferous
sediment was scraped from the cave walls
and cave bottom. Cave sediments on
the apron were also screened to recover
skeletal remains.
The only extinct taxon from AC is
the large deer. Extralimital taxa include
chub fish, condor, Inyo shrew (Sorex
sp), pika, brush rabbit (Sylvilagus sp.
cf. S. bachmani), marmot, sagebrush
vole, weasel, and American black bear
(Pitzer, 1985; Reynolds and others, 1991).
2019 desert symposium

Mountain Pass Fractures
Pleistocene mammalian fossils from fractures of the
Mountain Pass Rare Earth mine ore body were shown
to the author in the 1980s. The fractures contain a mix
of bastnäsite ore fragments and the limbs and bone
fragments of extralimital marmots. Only a very small
sample was examined. Fragile bones may have been
crushed during deposition.
Devil Peak Cave
DP is in a very narrow, east-draining gorge on the
southeastern margin of the Spring Mountain Range

Figure 4. The Devil Peak pitfall contained bones exposed at the bottom of the cave.
SBCM used a scaffold and ladders to facilitate stratigraphic recovery from the
lowest levels upward. (Jedediah Reynolds photo)
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Gastropods
Land snails suggest moisture in KC.
The fresh water snail (Tyronia sp.)
may have been introduced from
pelage of water birds (Roth and
Reynolds, 1990). The presence of
Oreohelix handi suggests conditions
characteristic of pine and fir forest,
as in the Spring Range, Nevada.
“Distributional evidence suggests
that local differentiation of snails has
primarily occurred within narrow
ranges of altitude” (Hershler and
Sada, 1987), that range being 2200–
3160 ft., or 2600 ft. lower than the
openings of KC and AC. Land snails
often occur in moist leaf litter and
near ephemeral drainages.
Figure 5. The Devil Peak sloth came to rest articulated and on its back. Pelvis and right
The land snail Vallonia n. sp. is
femur remained articulated, but vertebral chevrons, ribs, and forelimbs were scattered
extinct, but the aquatic snail Tyronia
by small mammal scavenging. (R. E. Reynolds photo)
protea occurs in springs around the
greater Ash Meadows area. “Ash
Meadows springsnails parallel local
(Figure 2). Hikers exploring the canyon noted fossil bone
in DP (Reynolds and others 1991; Rowland and Needham, fishes in having affinities with taxa from the Death Valley
System and Colorado River drainages” (Hershler and
2000). They reported the find to the BLM who contacted
Sada, 1987). The upland assemblage of gastropods from
the SBCM to evaluate and remove the fossils. The
KC contrasts significantly with the perennially moist
vertical fill in the pitfall cave was at least 33 ft. deep. The
lowland assemblages at Valley Wells and Tule Springs
lower 12 ft. was composed of fossiliferous silt and sand
(Roth and Reynolds, 1990; Reynolds, Jefferson et al, 1991;
stratigraphically below 21 ft. of coarse boulder fill (Figure
Taylor, 1967; Hewett, 1956).
4).
Taxa unique to DP include Shasta ground sloth, black
Fish
vulture (Coragyps atratus ), and bald eagle (Haliaeetus
KC and AC contain large fish vertebrae, some of which
sp). Extralimital taxa include black vulture and marmot
have been identified as chub fish (Siphateles sp., formerly
(Karnes and Reynolds, 1995; Jefferson et al., 2004). The
articulated sloth, marmot, and vulture remains suggest an Gila sp.). The vertebrae recovered from AC are larger than
those from KC. The closest source for these fish today,
interesting method of introduction into the pitfall cave.
Since the cave contained abundant large fragments of bird especially the large ones, is either the Mojave River (35
miles west) or the Colorado River (47 miles east). Even
eggshell, perhaps rock ledges on the walls of the narrow
though Pleistocene Ivanpah Lake contained water (Sims
gorge were a late Pleistocene vulture rookery
The nearly complete sloth skeleton (Figure 5) was found and Spaulding, 2016), there are no records of chub fish
from Ivanpah Lake or from southern Nevada (Jefferson
near the base of the fill (Gromney, 2003). Marmot, found
et al., 2004). It is, however, difficult to envision raptor
associated with the Shasta ground sloth, is considered a
transport of fish more than 35 miles from either the
Pleistocene indicator in this area (Reynolds and others,
Mojave River or the Colorado River, and their presence
1991) The Shasta sloth is considered to have been extinct
remains unexplained.
by 11,000 ybp (Kurten and Anderson, 1980; Harris, 1985,
2014; McDonald et al. 1996).
Amphibians and reptiles
Discussions of the cave assemblages
The only amphibian in the eastern Mojave today is the
red-spotted toad (Bufo punctatus) which frequents and
The openings of KC, AC, MC and MP are about the same
breeds at springs (Hammerson and Santos-Barrera, 2010).
elevation (5800 ft.), while DP is 2,200 ft. lower. In the
Speculatively, toads may have frequented cool, moist cave
five caves, many taxa are shared. Appendix I presents
openings, but predator/scavenger transport is a more
a list of extinct and extralimital taxa. Comparison of
likely method of introduction to the caves. It is hard to
species distribution between four of the caves is given in
imagine the desert tortoise climbing steep, rocky slopes
Appendix II.
or clambering over waterfalls along canyon approaches to
reach the caves. Transport of tortoise as prey by eagles has
been documented elsewhere (Reynolds, pers. obsv. 1974).
68
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Lizard taxa have apparently been stable in the area since
the Pleistocene (Norell, 1986).

Table 3: Preferred habitats of small mammals found in the
eastern Mojave Desert

Birds
Raptors such as the condor, hawks, and owls may have
played an important role in carrying tortoise, lagomorphs,
rodents, and water birds from Ivanpah Lake and Valley
(2606’) to higher elevation caves. Water birds such as coots
have been observed (Reynolds, pers. obsv. 1988) at New
York Mountains peak (el. 7525 ft.) taking shelter from
hawks. An ulna shaft from a condor was 14C dated by S.D.
Emslie (1990) at 11,080± 160 ybp.

rocky slopes

valleys

Pika

Antelope ground squirrel

Desert cottontail

Townsend’s ground squirrel

Brush rabbit

Mojave ground squirrel

Yellow-bellied marmot

Pocket gopher

Chipmunk

Pocket mouse

Insectivores and chiropterans
Desert shrews are found today in California’s forested
desert and scrubland (Timm et al., 2016a). The Inyo shrew
prefers forested areas and rocky mountain peaks and is
found today in the Sierra Nevada Mountains of California
and north of the Spring Mountains, Clark County, Nevada
(Cassola, 2016c).
Fringed, small footed and big-eared bats inhabit arid,
open wooded uplands of the Upper Sonoran Life Zone and
range southward along the corridor of Charleston, Clark
and Mescal Ranges. (Ingles, 1965; Sullivan, 2019). Pallid
bats have been recorded throughout the eastern Mojave
Desert (Ingles, 1965).

Desert wood rat

Rabbits and rodents
Small mammalian herbivores, either extinct or
extralimital (Appendix I), tend to prefer food sources
in specific habitats (suggested below). The extralimital
California vole is found today in coastal grassy upland
meadows (Álvarez-Castañeda and others, 2016). The
sagebrush vole (Bell and Jass, 2004) prefers grassy
scrubland and is found northwest of the Colorado River,
north of eastern California and southern Nevada (Cassola,
2016a).
The northern pygmy mouse from MC is an unusual
occurrence. Today it is found in grassland, shrub brush,
and forest in southeastern Arizona and south into
Mexico (Timm et al., 2016b) The Mexican wood rat
(Neotoma mexicana; Linzey et al., 2017) and Stephen’s
wood rat (Neotoma stephensi; Force, 1991; Cassola,
2016a) are currently found east of the Colorado River
in Arizona, New Mexico and Mexico. Both prefer rocky
outcrops, cliffs, slopes, and mountain peaks. Cactus is not
important to their diets. Marmots survived in the Mescal
Range until middle Holocene time (Stegner, 2013).
Carnivores
Coyotes, kit foxes (Vulpes macrotis), and gray foxes
(Urocyon cineroargenteus) are found today in open and
hilly habitats of the eastern Mojave. Mustelids (ringtail
[Bassariscus astutus], badger [Taxidea taxus], weasel
[Mustela frenata], and skunk [Spilogale gracilis)]) prefer
more protected shrub and rock land. Bobcats range
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Rock squirrel

Kangaroo rat

Golden-mantled ground squirrel

Western harvest mouse

Deer mouse

White-throated wood rat

Bushy-tailed wood rat

throughout eastern California and southern Nevada,
occupying scrub and wooded areas.
Black bears’ preferred habitat is well vegetated
mountains with piñon-juniper and chaparral. Bears
occasionally feed on prickly pear Opuntia. Fossil black
bear is not recorded from southern Nevada (Jefferson et
al., 2004). The closest fossil record of black bear in the
Mojave Desert is from Manix Lake at the terminus of
the Mojave River, which flows from the San Bernardino
Mountains. Today, black bear is absent from eastern
California, southern Nevada, and western Arizona.
Closest records to the eastern Mojave are from southern
Sierra Nevada or introduced populations in the San
Bernardino Mountains.
Herbivores
Bighorn sheep (Ovis canadensis) survive in mountain
ranges of the eastern Mojave Desert and in the Spring
Mountains, north to Potosi Peak. Both pronghorn
(Antilocapra americana) and mule deer (Odocoileus sp.)
were present historically. The small horse (Equus) and
large deer (?Navahoceras) are extinct, as are large camel
(Camelops) and llama (Hemiauchenia).
Edentates
In addition to DP, the Shasta sloth (Nothrotheriops
shastense) in Clark County, Nevada is recorded from
Gypsum Cave (Stock, 1931) and the Tule Springs localities
along Las Vegas Wash and Big Wash. In the central
Mojave Desert, sloth is reported from Lake Manix,
Newberry Cave, Mitchell’s Cavern and Fort Irwin
(Jefferson et al., 2004; Jefferson 2017). Plants in the diet
of the Shasta sloth are still present in the Mojave Desert
today (Loudermilk and Munz, 1934).

Taxa in common
Appendix II presents taxa in common between the
high elevation caves (5300–5800 ft. KC, AC, MC) in the
Mescal-Ivanpah range, with those from DP at 3600 ft.
This comparison is based on two or more occurrences
of a taxon in two of the four caves that have produced
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Table 4. Cave taxa in common
Caves

Number of taxa in common

KC, AC, and MC

20 (39%)

KC and AC

17 (33%)

KC, AC, MC, and DP

5 (10%)

KC and MC

4 (8%)

KC, AC, and DP

3 (5%)

AC and MC

2 (4%)

KC-Kokoweef Cave; AC-Antelope Cave; MC-Mescal
Cave; DP-Devil Peak Cave

abundant late Pleistocene fauna. CC, QS, and Mountain
Pass Fractures are not considered in this discussion.
Fifty-two taxa were identified (Appendix I) from the
late Pleistocene fill of four caves. Percentages of mutual
taxa occurrences are presented below in Table 4.
Taxa are common between KC, AC and MC, perhaps
due to similar elevation, vegetation, direction of opening,
or the limited distance (3.5 mi.) between the three caves.
AC and MC have the lowest faunal compatibility, despite
their similar elevations and close proximity. Since
the small size taxa (gastropods, reptiles, amphibians,
birds and rodents) are reduced in MC, the larger cave,
this difference may have resulted from pre-collection
disturbance or different collecting methods. The largest
assemblage occurs in the small AC. Note also that MC
taxa apparently span the last glacial maxima while AC
taxa are from near the end of the glacial maximum,
although this may not have made a difference with both
caves being between 5300 - 5800 feet in the Mescal Range.
DP has a low percentage of taxonomic compatibility
with the other cave faunas, perhaps due to lower elevation
or the lack of grasses and shrubs in the narrow, rocky
gorge.
Faunal similarities seem to be governed by cave
elevation and local flora. KC has the greatest taxonomic
count, suggesting that collecting methods are more
important than mountain mass bulk for producing a
complete faunal representation.

Summary
Eastern Mojave cave assemblages offer a record of
faunal transition from mesic to xeric habitats during the
transition from latest Pleistocene to early Holocene. The
four caves with fossils have dates of 9850 ybp (KC), 10,080
ybp (AC), 26,000 ybp to Holocene (MC), and 11,000 ybp
(DP-based on sloth extinction). The taxa at or below the
levels dated 10,000 ybp are considered latest Pleistocene,
Rancholabrean North American Land Mammal Age.
Above the terminal Pleistocene level, marked by
radiometric dates and extinct fauna, the presence of
extralimital taxa suggest that the Ivanpah Mountains,
Mescal Range and Clark Mountain may have functioned
as a faunal refugium into early Holocene times. For
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instance, marmot from MC was dated at 3,600 ybp
(Stegner, 2013).
Many of the extralimital taxa were apparently replaced
as the pine and fir forest rose to its present elevations
(Hershler and Sada, 1987). In contrast, some extralimital
taxa (Appendix I) remained in mountain top refugia until
after 10,000 ybp. The extralimital chub fish was probably
transported to the cave by raptors, particularly eagles. It
is difficult to determine why the fish were hauled a great
distance when other prey (for example, rabbit) was locally
available. The Mohave ground squirrel was extirpated
from favorable habitat westward to the severe seasonal
conditions of the western Mojave Desert. The northern
pygmy mouse followed Sonoran vegetation toward the
southeast. The black bear is an unusual occurrence,
and is present probably because of its preference for
mountainous habitat. The only taxon recorded from
Mountain Pass Fractures is the extralimital marmot.
Mixing with bastnäsite ore suggests fracturing of the ore
body in late Pleistocene time.
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Clark Mountain, a prominent limestone massif in eastern
San Bernardino County, stands out in Mojave Desert
regional biogeography. With a peak at 2418 m, highest
in the Mojave National Preserve, and surrounded by
creosote bush desert, the conifer forests cladding Clark
Mountain’s slopes present an isolated, well studied ‘sky
island’ habitat (Cardiff and Remsen 1981; Miller 1940;
Thorne et al. 1981). The montane forest is composed
primarily of singleleaf pinyon pine (Pinus monophylla)
and Utah juniper (Juniperus osteosperma). A large stand
of Rocky Mountain white fir (Abies concolor var. concolor)
mixed with pinyon grows on sheltered north-facing slopes
and canyons between 1900–2350 m (Henrickson and
Prigge 1975; Miller 1940; Thorne et al. 1981). According
to Henrickson and Prigge (1975:165), the Clark Mountain
white fir population is sheltered “in two separate canyons
and upper intervening areas on the steep, north-facing
limestone slopes and on the limestone wall below the crest
of Clark Mountain. The stand covers about 65 hectares
(160 acres) . . . and contains over 1000 individuals.” Clark
Mountain’s exposed xeric peak, above the protected
north-facing slopes, supports pinyon-juniper woodland
without white fir.
White fir occurs on a few nearby mountains in the
eastern Mojave Desert. It is a common element of the
fir-pine forest in the massive Spring Mountains of
southern Nevada, where it is common from 1950-2650
m asl (Charlet 1996) and occurs up to 3300 m (Clokey
1951). In the smaller, more isolated Kingston Range,
two small populations totaling ~150 individuals grow in
steep protected canyons from 1950–2195 m and, in the
New York Mountains, the tree is represented by a single
stand of ~30 trees in a protected canyon at 2073–2164 m
elevation (Henrickson and Prigge 1975).
Clark Mountain’s perennial flora is most similar to Mt.
Charleston in the Spring Mountains, and less so with the
Kingston Range and New York Mountains which “would
seem to support considerations that the white fir and
associated species have probably never been continuous
between the ranges in the past” (emphasis added;
Henrickson and Prigge 1975:168). Wells and Berger (1967)
used evidence from late Pleistocene woodrat middens
to show expansion of pinyon-juniper woodlands to low
elevations in the Mojave Desert, but they suggested that
upper montane conifers such as white fir, limber pine
(Pinus flexilis), and bristlecone pine (Pinus longaeva) had
not been broadly continuous across now-desert lowlands
2019 desert symposium

in the late Pleistocene. Mehringer (1967) interpreted
pollen evidence from the Tule Spring area in Las Vegas
Valley to suggest that the ranges of upper montane
conifers had expanded downslope during the late
Pleistocene.
To investigate the late Pleistocene range history of these
montane conifers and of small mammals, Mehringer
and Ferguson (1969) collected woodrat (Neotoma)
middens from Clark Mountain. Ancient middens were
found in limestone crevices and outcrops on the south
side of the mountain; three were collected from a single
shelter at 1910 m (6300 ft) elevation. Two of the middens
were radiocarbon dated using undifferentiated organic
material (Spaulding 1981:157) to 23,600 ± 950 rcybp
(I-3557) (27,776 median cal BP; 25,882-29,675 cal BP 2 sd
range) and 28,720 ± 1800 rcybp (I-3558) (32,749 median
cal BP; 29,036-36,288 cal BP 2 sd range). These middens
were comprised primarily of bristlecone pine and limber
pine needles, along with a few white fir needles and Utah
juniper twigs; pinyon pine remains were not observed. A
third midden, dated on pinyon pine wood to 12,460 ± 190
rcybp (I-3690) (14,622 median cal BP; 13,992-15,267 cal BP
2 sd range), contained abundant Utah juniper twigs and
singleleaf pinyon needles, along with small quantities of
white fir and limber pine.
Mehringer and Ferguson (1969) inferred that white
fir must have grown more than 500 meters lower than at
present to account for its presence in their late Pleistocene
midden samples. Their interpretation accords with
subsequent work that suggested upper montane conifers
such as bristlecone pine and white fir grew ~650-700
m below their present habitat range in the region, and
limber pine occurred more than 1100 m below modern
lower limits (Spaulding 1990:182; Wigand and Rhode
2002). Mehringer and Ferguson (1969) also compared
ring widths of pinyon pine wood found in the terminal
Pleistocene midden with modern pinyon wood samples
and concluded “that about 12,500 radiocarbon years ago,
pinyon pines were growing in the midden area under
conditions more moist than those occurring on Clark
Mountain at present” (Mehringer and Ferguson 1969:291).
Mehringer and Ferguson (1969) reported that Paul S.
Martin had collected one other midden from ~2140 m
elevation on Clark Mountain, containing bristlecone pine
needles and dated 19,900 ± 1500 rcybp (Gak-1987) (23,903
median cal BP; 20,528-27,183 cal BP 2 sd range). Spaulding
(1981:158-159) provided a more complete plant macrofossil
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Table 1. Estimated PRISM mean 1980-2010 precipitation and temperature values for Leopold’s Grotto area, upper Clark
Mountain, and values for three main late-glacial conifers (from Thompson et al. 2015).
Bristlecone Pine
Ppt (mm)

Limber Pine

White Fir

Clark Mtn

minimum

median

maximum

minimum

median

maximum

minimum

median

maximum

January

43

21

34

69

9

39

154

7

55

298

February

45

17

33

67

7

33

128

10

50

219

March

37

18

38

70

8

40

116

19

58

202

April

23

15

32

60

7

40

93

10

39

116

May

11

14

28

56

3

47

85

5

33

70

June

4

10

21

49

3

44

99

1

23

54

July

25

16

32

45

1

9

40

0

31

108

August

31

15

39

54

8

39

114

2

39

114

September

23

12

32

46

7

38

70

6

33

79

October

23

9

27

53

3

31

75

7

40

113

November

22

19

31

65

11

34

114

14

48

220

December

31

20

35

69

9

38

147

11

58

264

Annual

318

219

374

654

96

475

957

256

566

1477

January

1.8

-7.3

-5.9

-0.4

-13.7

-7.9

6.6

-13.1

-1.3

12.5

February

2.3

-5.5

-4.0

1.6

-11.9

-5.7

9.5

-11.8

0.3

13.9

March

4.3

-3.3

-1.0

3.8

-9.5

-2.7

12.6

-9.1

1.9

14.7

April

7.2

0.5

3.7

7.3

-4.7

2.1

16.5

-4.0

5.3

16.5

May

12.2

5.6

8.7

12.6

0.5

7.3

21.9

1.5

9.5

18.7

June

17.1

10.0

13.8

18.0

5.5

11.9

27.4

5.8

13.9

23.4

July

20.8

14.7

17.9

21.9

8.9

15.7

31.1

10.0

19.6

28.0

August

20.3

13.6

16.8

20.7

8.0

14.7

29.9

7.9

16.8

25.5

September

17.1

9.2

12.0

16.2

4.2

10.1

25.2

4.4

13.3

23.2

October

11.5

4.1

6.3

10.4

-0.4

4.9

18.8

0.0

8.4

20.0

November

6.1

-2.2

-0.6

3.8

-9.0

-2.2

11.4

-6.4

2.6

15.6

December

2.4

-6.7

-5.3

-0.2

-13.0

-7.1

6.6

-11.7

-0.8

12.5

Annual

10.2

2.9

5.2

9.7

-2.4

3.4

18.1

-2.2

7.4

18.2

Temp (°C)

roster from this sample (Table 1), noting that it contained
relatively few taxa, fewer than any he had encountered
in his late Pleistocene middens from the Sheep Range in
southern Nevada. Bristlecone pine dominated, limber
pine and sagebrush (Artemisia sect. tridentatae, most
likely the high-elevation species A. nova) specimens were
sporadic, and another nine taxa occurred rarely; white fir
was represented by one or two specimens.

A cavern in Clark Mountain
In 1939, a team from the University of California’s
Museum of Vertebrate Zoology conducted a biological
survey of Clark Mountain, part of an extensive survey
program directed by Joseph P. Grinnell. The team
consisted of A. Starker Leopold, Alden Miller, Ward
Russell, Monroe Bryant, and Ronald Smith. First setting
up a base camp at 6500 feet elevation in a large ravine on
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the southeast side of Clark Mountain, Leopold’s notes for
May 18 give the following account:
“Worked up the canyon just north of
camp to the head and then climbed the
ridge to the base of the cliff. . . . Climbed
into an old cave in the cliff from which
a heavy rope hung down. A note
established claim to the cave, ostensibly
for the quartz laid down by water
seepage. In addition it contained at least
a ton of woodrat droppings” (Leopold
field notes, pp. 3-4; see also Johnson et
al. 1948:368).
This is very likely the same cave and the same “ton” of
midden that we describe here and have informally named
Leopold’s Grotto in recognition of that early visit.
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Figure 1. Entrance to Leopold’s Grotto, looking south. Singleleaf
pinyon, antelope brush, green ephedra, snakeweed, hedgehog
cactus, bush buckwheat, and desert needlegrass grow within 10
m of cave entrance.

midden west of LG 1 and on the same northern wall of
the chamber yielded two samples (LG 2A, 2B). A third
midden (LG 3) was found in a crevice in the chamber’s
ceiling. LG 4 is another large midden on the north side of
the entrance to the back chamber, yielding two samples
(4A and 4B). Finally, LG 5 is located in a crevice on the
southwest side of the main chamber; one sample was
taken.
Approximately 100 m southwest of the cave on the
base of the cliff is a small rockshelter at 2080 m elevation,
which we are calling Clark Mountain Shelter. This site
contains two small middens, one on a ledge and one
dislodged on the ground surface. The shelter appears to
have been collected previously, and is possibly the locality
visited and collected by P. S. Martin. Both middens were
sampled (CMS 1 and 2).
Modern vegetation in the vicinity of both sites consists
of open singleleaf pinyon-Utah juniper woodland, with
blackbrush (Coleogyne ramosissima), Stansbury’s antelope
brush (Purshia stansburyana), pale-leaved serviceberry
(Amelanchier pallida), green ephedra (Ephedra viridis),
Utah agave (Agave utahensis), banana yucca (Yucca
baccata), littleleaf mountain mahogany (Cercocarpus
intricatus), snakeweed (Gutierrezia sarothrae), brickelbush
(Brickellia sp.), rabbitbrush (Ericameria nauseosa), rock
goldenbush (Ericameria cuneatus), bush buckwheat
(Eriogonum sp.), desert needlegrass (Achnatherum
speciosum), brown-spined prickly pear (Opuntia
phaeacantha), and Mojave hedgehog cactus (Echinocereus
triglochidiatus) as associates.

Methods
Figure 2. Overview of location of Leopold’s Grotto on cliff face,
looking west. Note pinyon-juniper woodland on steep slopes in
the foreground.

Leopold’s Grotto (Figure 1) opens from a prominent
vertical southeast-facing cliff face at 2131 m elevation, near
the head of a prominent drainage on the southeast side of
Clark Mountain (Figure 2). The cave is approximately 0.5
km southeast of Clark Mountain’s peak and ~230 m lower
in elevation, on the exposed and xeric face of the slope (a
habitat very unlike the protected cliffs and slopes of Clark
Mountain’s north side where the white fir grows). The
cavern contains multiple chambers, but our collections
were restricted to the open main entrance (Figure 3).
Several separate woodrat middens were observed
and ten samples were collected here. One large midden
complex (LG 1) is located at the front of an opening
leading to a back chamber, northwest of a large vertical
hole in the main chamber floor. The midden complex is
approximately two meters high with jumbled midden
sections intercalated among rocks. Four samples were
collected at the top (1A) and 50–60 cm (1B), 75–95 cm
(1C), and 190–200 cm (1D) below the top. A smaller
2019 desert symposium

Each midden sample was trimmed and cleaned to remove
the outer surface rind and to segregate discernable strata
for separate analysis. Cleaned samples were weighed
and then disaggregated by soaking in a water bath; the
resulting urinaceous slurry was washed through a 0.5 mm
sieve with distilled water and the residue was air dried.
The dried material was examined using a 7-80X binocular
microscope, and diagnostic plant and animal fragments
were pulled for identification using the lead author’s
reference collection and relevant literature. Quantification
of remains follows a simple ordinal scale; 1 = present (<5
items), 2 = frequent (5–100 items), 3 = abundant (100+
items). Needles of bristlecone pine and limber pine were
distinguished on the basis of stomatal distribution,
accompanied by observations of curvature, thickness, and
overall length where possible.
Bristlecone pine needle samples from Leopold’s Grotto,
and Utah agave and Utah juniper samples from Clark
Mountain Shelter, were submitted to the US Geological
Survey for AMS 14C dating. Calendrical calibrations of
radiocarbon dates were obtained using Calib 7.1 (Stuiver
et al. 2018), using the IntCal13 curve (Reimer et al.
2013); median age estimates are used here as a centroid.
Estimated average climatic values (1980-2010) for the area
around Leopold’s Grotto, were obtained from the PRISM
75
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Results

Figure 3. Entrance chamber to Leopold’s Grotto. Part of midden
LG-1 Is visible to the right of the thin bedded rocks in the
shadow of the cave.

online dataset (http://www.prism.oregonstate.edu; 800
m block centered on 35.5259 N. lat., -115.5837 long., 2241
m); climatic parameters for relevant conifer species was
obtained from Thompson et al. (2015) (Table 1).

Radiocarbon dates for all middens are reported in
Table 2. The midden samples from Leopold’s Grotto all
date between ~21.5-46 calibrated (cal) kiloannum (ka),
from the latter half of the last glacial period and before
deglaciation. The large and complex set of middens
designated as LG-1 has several individual middens
inserted into an open matrix of rocks. The oldest midden
(1A), at ~39.1 cal ka, accumulated at the top of this midden
complex, with the next oldest accumulation (1B) at ~29.2
cal ka inserted beneath that; a younger midden (~27.4 cal
ka) was deposited at the bottom (1D) of the stack, and the
youngest midden was deposited on top of it at ~21.6 cal
ka. Midden accumulations that deviate from standard
bottom-to-top chronological order are not uncommon.
Other middens in Leopold’s Grotto fall within the
range of dates covered by the LG 1 complex with the
exception of LG-3, which is older at ~44.4 cal ka.
Table 3 presents the radiocarbon dates and contents
of midden samples from Leopold’s Grotto. Bristlecone
pine remains dominate all samples. Limber pine is
present in five samples but is much less common than
bristlecone pine in all of them. Other plant materials are
infrequent, with a limited roster. White fir occurs only
rarely, in two samples. Other taxa noted include thistle
(Cirsium cf. nidulum), other Asteraceae including dwarf
goldenbush (Ericameria cf. nana), sagebrush (Artemisia
sect. tridentatae, probably the high-elevation A. nova), and
grasses including alpine fescue (Festuca cf. brachyphylla)
and ricegrass (Achnatherum hymenoides). A single
fragment of Utah juniper occurs in the oldest sample, and
a singleleaf pinyon pine nut hull occurs in sample 1A;
both are probably younger contaminants. Faunal remains,
identified by R. Reynolds, include two specimens of desert

Table 2. Radiocarbon data for midden samples, Clark Mountain, California.
Midden ID

Lab ID

Sample ID

Material

δ13C

C Age (yr)

±

Dated On

LG-1A

WW7218

Clark Mtn Cave base

bristlecone pine needle

-21.24

34550

380

05/11/09

LG-1B

WW7568

CMC-1B (50-60 cm down)

bristlecone pine needle

-22.42

25140

150

12/23/09

LG-1C

WW7569

CMC-1C (75-85 cm down)

bristlecone pine needle

-21.47

17820

60

12/23/09

LG-1D

WW7217

Clark Mtn Cave top

bristlecone pine needle

-20.02

23110

100

05/11/09

LG-2A

WW7571

CMC-2A top

bristlecone pine needle

-20.77

25800

170

12/23/09

LG-2B

WW7570

CMC-2B base

bristlecone pine needle

-20.95

26140

160

12/23/09

LG-3

WW7572

CMC-3

bristlecone pine needle

-21.65

40880

960

12/23/09

LG-4A

WW7573

CMC-4A top

bristlecone pine needle

-21.23

20740

90

12/23/09

LG-4B

WW7574

CMC-4B bottom

bristlecone pine needle

-21.72

25590

150

12/23/09

LG-5

WW7575

CMC-5

bristlecone pine needle

-22.1

31730

320

12/23/09

CMS-1

WW8756

CMC2 #1

Utah agave leaf

-11.5

7580

30

11/07/11

CMS-2

WW8799

CMC2 #2

Utah juniper twigs

-21.3

4065

25

12/08/11

14

Samples were processed at the 14C laboratory of the U. S. Geological Survey in Reston, Virginia.
14C ages were determined at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National Laboratory,
Livermore, California.
The quoted age is in radiocarbon years (BP) using the Libby half life of 5568 years..
The WW number is the identification assigned to a sample by the USGS 14C laboratory.
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Table 3. Contents of midden samples from Leopold’s Grotto, southeast Clark Mountain, California. Dates are calibrated age estimates (Calib 7.1,
Intcal 2013).
1C

4A
(upper)

1D
(base)

1B

4B
(lower)

2A
(upper)

2B
(lower)

5

1A
(top)

3

cal yr BP
median

21635

25066

27415

29200

29770

30052

30487

35636

39076

44405

cal yr BP
2 sd range

2141021848

2464725339

2719327622

2881829576

2934430303

2953330583

2993530860

3495136278

3833539952

4278446050

3

3

3

3

3

3

3

LEOPOLD’S GROTTO

Sample

Clark Mountain, CA

2135 m elevation
Taxon

Part

Pinus longaeva

needle

3

3

Pinus longaeva

seed

1

2

Pinus longaeva

cone scale

1

1

Pinus longaeva

wood

1

1

1

1
2

1

1

Pinus flexilis

needle

2

2

1

Pinus flexilis

seed

2

2

1

Pinus sp.

wood chunk

Pinus monophylla

nut hull

1

1
1

Abies concolor

needle

1

cone scale

1

Juniperus osteosperma

twiglet

Artemisia sect tridentatae

wood

1

cf. Artemisia

involucre
phyllary

2

Cirsium sp.

inflorescence

1

Cirsium sp. (cf. nidulum?)

seed
involucre
seed

Ericameria sp.

seed

Achnatherum hymenoides

seed

Festuca cf. brachyphylla

1

2

1
1

1

1
1
2

1

1

2

1

1

2

1

2

1

1

1

1

1

1

1

1
1

1

Leptodactylon sp.

spine cluster

Poaceae

stem frag

unidentified

stem frag

2

unidentified

leaf frag

1

Neotamias cf. merriami

tooth

Neotoma deserti

teeth

Aves

feather

1

Other

bone

1

1

1

1
1

1

2

1

1

1

1

1
1 w/
jaw

woodrat (Neotoma lepida) and a chipmunk attributed
to Neotamias cf. merriami, a species now extinct in
the region. It currently inhabits California’s Coast,
Transverse, Peninsular, and southern Sierra Nevada
ranges.
Table 4 presents the result from the Clark Mountain
Shelter samples CMS 1 and 2. These are middle to
late Holocene in age and present an entirely different
2019 desert symposium

1
1

Cirsium sp.

Ericameria sp.

2
2

Abies concolor

Ericameria cf. nana

3
2

1

flora. CMS 1, dating ~8.4 cal ka on agave, is dominated
by Utah agave leaves and stalk fragments and Utah
juniper twigs, wood, and seeds. Needles and nut hulls of
singleleaf pinyon are common, as are seeds and spines of
pricklypear and other cacti. Other constituents include
hackberry (Celtis reticulata), desert almond (Prunus
fasciculata), littleleaf mountain mahogany, and Utah
mortonia (Mortonia utahensis). The second sample, dating
77

d. rhode, m. c. reheis, and d. m. miller | late quaternary woodrat midden records from clark mountain

reflect alpine conditions above treeline at
any time.
Based upon modern climatic tolerances
CMS 2
of bristlecone pine (Thompson et al.
4547
2015), Clark Mountain is nowadays too
warm on an annual basis to support this
4440-4786
subalpine tree, especially in autumn and
winter, and it is persistently too dry in
late spring. Average monthly autumn
1
temperatures are up to 2.3 °C warmer than
1
any modern bristlecone pine population
3
experiences, and potentially lethal warm
1
temperatures continue through winter.
Modern bristlecone pine populations
survive in areas with average December–
January temperatures below freezing (<-0.2
2
to -0.4° C), typically well below freezing
(-5.3 to -5.9° C). The Clark Mountain site
has estimated average December–January
temperatures of 2.4 and 1.8° C, respectively,
and remains intolerably warm for this tree
2
through March. Annually, Clark Mountain
is ~0.5° C warmer than any area where
bristlecone pine is mapped as currently
growing, and ~5.0° C degrees warmer
than the median value of areas inhabited
by the pine (Thompson et al. 2015).
1
Regarding precipitation, no bristlecone
pine population lives in areas that have
1
average combined May–June precipitation
2
<24 mm, and the median value for areas
1
where the pine grows is 50 mm; Clark
Mountain receives only 14 mm in those dry
late spring months.
Limber pine and white fir occur
sporadically in the Clark Mountain fossil record, with
limber pine being common only at ~44.4 cal ka and after
~25.1 cal ka. Limber pine is rare to absent from much of
the Leopold’s Grotto record between ~25-44 cal ka, but
Mehringer and Ferguson (1969) found it in their middens
dating to this interval at a lower elevation. Limber pine
needles are more common in the two latest midden
records from Leopold’s Grotto, indicating limber pine’s
local co-occurrence with bristlecone pine from ~25-21.6
cal ka. As with bristlecone pine, limber pine distribution
is constrained by the relatively high winter-spring
temperature and persistently low late spring and autumn
precipitation typical of Clark Mountain. Limber pine has
a broader range of climatic tolerance than bristlecone
pine, surviving in conditions that may be both warmer
and wetter but also colder and drier than is favored by
bristlecone pine (Thompson et al. 2015). Millar et al.
(2015, 2018) note that in relatively summer-moist climatic
conditions, limber pine seedlings tend to thrive and
established trees put on more radial growth.
The increased frequency of limber pine needles by ~25
cal ka suggests an upslope expansion by that time. An

Table 4. Contents of midden samples from Clark Mountain Shelter, southeast
Clark Mountain.
CLARK MOUNTAIN SHELTER
2080 m elevation

Sample
cal bp median
cal bp 2 sd range

Taxon

Part

Pinus monophylla

nut hulls

CMS 1
8392
8353-8419
1

Pinus monophylla

needles

2

Juniperus osteosperma

twigs

3

Juniperus osteosperma

seed

1

Ephedra sp.

seed coat

1

cf. Echinocereus sp.

spine clusters

2

Opuntia sp.

seeds

3

Cactaceae

spines

1

Cercocarpus intricatus

leaf

1

Prunus fasciculata

seed

2

Rhus trilobata

seed

Celtis reticulata

pericarp

2

cf. Mortonia utahensis

leaf

1

Agave utahensis

leaf pts

3

Agave utahensis

spine

1

Agave utahensis

seed

Yucca sp.

leaf tips

Yucca sp.

leaf tissue

Brickellia sp.

involucre

Lizard

teeth

2
1

~4.6 cal ka BP on Utah juniper twiglets, is dominated
by juniper with pinyon, yucca, skunkbush sumac (Rhus
trilobata), and pricklypear as common associates.

Discussion
Mid-Wisconsin climate
The mid-Wisconsin midden records highlight the long
persistence of bristlecone pine on Clark Mountain from
at least ~44.5-21.6 cal ka, a persistence previously noted
by Wells (1983) for eastern Great Basin settings. Charlet
(1996) reports bristlecone pine growing from ~2500–3330
m asl in the Spring Mountains, growing in the absence
of limber pine above ~3050 m and mixing with limber
pine below that elevation (cf. also Clokey 1951). If Clark
Mountain during the late Pleistocene was comparable to
the modern Spring Mountains (bearing in mind Clark
Mountain’s much smaller mass), then the Clark Mountain
bristlecone pine vegetation lacking limber pine grew at
least 920 m lower than where it occurs today in the Spring
Mountains. Modern upper treeline on Mt. Charleston at
ca. 3330 m elevation is ~1200 m higher than the Clark
Mountain midden site, and the midden samples do not
78
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extensive dry period dating ~28-25.5 cal ka is recognized
in regional hydroclimatic and paleovegetation records
(Heusser et al. 2015; Kirby et al. 2018; see below), which
may have contributed to the upslope expansion of limber
pine. Once established, limber pine could have persisted
for millennia. Limber pine is currently expanding its
range upslope in many Great Basin uplands, even into
habitats that bristlecone pine previously held exclusively
and “leapfrogging” bristlecone pine to inhabit higher
treeline elevations (Millar et al. 2015; Smithers et al. 2018).
Clark Mountain’s meager precipitation during June
and autumn is also at the edge of white fir’s tolerance, but
white fir can survive warmer winters better than the high
pines, and the occasional presence of white fir needles
in two midden samples may indicate warmer winters
than would support bristlecone pine alone. White fir
populations grew at lower elevations on Clark Mountain
as noted by Mehringer and Ferguson (1969), and the
presence of fir needles in the midden samples in Leopold’s
Grotto likely reflects sporadic inputs from that lowerelevation source.

of lake highstands in the Mojave River system (Table
5). Only two midden records, LG 3 and LG 5, may not
be associated with a highstand; most correlate with
reconstructed high-lake intervals (LG 1A, 2B, 2A, 4B,
1B, 4A, and 1C). LG 3, the oldest sample, has large dating
uncertainties and a correspondingly long probabilistic
range in which the midden was deposited; the ages of
Manix lakes >40 cal ka are also uncertain (Reheis et
al. 2015), so quite possibly this midden does match a
highstand. LG 5, dating to ~35.6 cal ka, overlaps with the
range of Lake Manix highstand P3 (Reheis et al. 2015), but
its median age occurs close to the end of that highstand.
The middens also generally correspond to estimated
highstands in Lake Elsinore, which too is fed by runoff
from the Transverse Ranges (Kirby et al. 2018). Elsinore
highstand episodes 11 and 13 (~30.7-28.7 cal ka), 7 (~25
cal ka), and 5 (~21.5 cal ka) match the ages of several
Leopold’s Grotto middens (LG 2b, 2A, 4B, 1B, 4A, and
1C). One midden (LG 1D) falls within the span of a
posited millennial-scale drought episode (dated ~27.6-25.7
cal ka at Lake Elsinore) (Heusser et al. 2015; Kirby et al.
2018), an episode that reduced mesic flora and diminished
Lake Elsinore but did not dry it out completely; “a lack of
desiccation during this extended glacial mega-drought
probably reflects lower temperatures and a decrease in
net annual evaporation, thus maintaining a shallow lake
under drier conditions” (Kirby et al. (2018:252). This
midden corresponds to highstand P7 in the Lake Manix
sequence (Reheis et al. 2015); dating control uncertainties
associated with the Elsinore–Manix correlation are
discussed by Kirby et al. (2018:250). The ensuing late
glacial maximum (~25.7-19.7 cal ka) was colder than
the mega-drought interval and may have had less
precipitation overall, but because of reduced evaporation it
was relatively more mesic.

Comparison with other records
The timing of the mid-Wisconsin midden series bears
a strong relationship to a recent reconstruction of
highstands of Pleistocene Lake Manix, located ~100 km
to the west along the Mojave River drainage (Reheis et
al. 2015). The Mojave River, sourced in the Transverse
Ranges, fed a series of lakes in five main basins in the
central Mojave Desert, the largest of which was Lake
Manix. Eight highstands of Lake Manix are identified
dating to ~43, 39.7, 36.1, 34.1, 31.6, 30.8, 29.4, 27.2, and
25.6 cal ka. Garcia et al. (2014) estimated a lake highstand
was reached in the connected Harper Lake basin
sometime between ~45-40 ka, corresponding to the first
and possibly second of the Lake Manix highstands. After
that time the lake’s sill at Afton Canyon
was incised, Lake Manix drained, and
Table 5. Correspondence of Clark Mountain middens with dated highstands
of Lake Manix and other basins along the Mojave River drainage (Reheis et al.
the river fed lakes in the Cronese and
2015; Garcia et al. 2014; Miller et al. 2018).
Soda/Silver lake basins or in the Coyote
basin to the north (Meek 1994; Miller et
Leopold’s Grotto Median Age
Date Range
Mojave River-fed
Highstand
al. 2018; Reheis et al. 2015). Downstream
Midden
(cal ka)
(cal ka)
Lake Highstands
Date (cal ka)
from Afton Canyon, the Silver Lake
1C
21.6
21.4-21.8
Mojave I
~22.3-20
basin supported a persistent high lake
4A
25.1
24.7-25.3
P8
25.9-24.8
(Lake Mojave I) from ~22.3-20.0 cal
ka (18.4-16.6 14C ka) (Wells et al. 2003)
1D
27.4
27.2-27.6
P7
27.5-26.3
and less persistent lakes afterward until
~10 cal ka. The Mojave River alternately
1B
29.2
28.8-29.6
P6?
~31-29.2
fed lakes in the Coyote basin as well
4B
29.8
29.3-30.3
P6
~31-29.2
as the Soda/Silver Lake basin, and the
combined record of lakes in these basins
2A
30.1
29.5-30.6
P6
~31-29.2
(Miller et al. 2018) suggest persistent lake
2B
30.5
29.9-30.9
P6
~31-29.2
maintenance from 24.5 to ~14 cal ka,
5
35.6
35.0-36.3
P3?
~37-35.5
with one significant gap at ~22.7-21.8 cal
1A
39.1
38.3-40.0
P2
~40-38.5
ka.
The Leopold’s Grotto midden record
~44-42;
3
44.4
42.8-46.0
P1?; Harper?
~45-40
closely corresponds with this record
2019 desert symposium
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Given these apparent correlations of the calibrated
radiocarbon dates, a reasonable case can be made that
woodrats primarily inhabited this site at times when
cool and relatively mesic climatic conditions supported
lake highstands in the Mojave River drainage system,
and probably elsewhere. If this highstand-midden
correspondence is correct, then during the cool and
relatively mesic pluvial intervals the upper elevations of
Clark Mountain supported both woodrat populations and
bristlecone pine woodlands sufficient to leave a midden
record at the cave site. Based on the climatic tolerances of
bristlecone pine, those stadials were significantly cooler
year-round and particularly in fall–winter, with increased
precipitation in late spring (or supplemented by springmelting snowfall). Winter cooling of at least ~3° C would
have been required to allow bristlecone pine to live on
Clark Mountain. Cooler temperatures during this period
has also been indicated in Mojave Desert groundwater
studies (Kulongoski et al. 2009). The Clark Mountain
midden vegetation record shows only limited changes
through this mid-Wisconsin sequence, most notably the
addition of limber pine sometime after ~27 cal ka. As
noted previously, limber pine tolerates colder and drier
winters and springs than bristlecone pine, and the post-26
cal ka late glacial maximum apparently favored local
growth of limber pine.
This highstand-midden correspondence suggests
that we may have a fairly good record of mid-Wisconsin
upland vegetation on Clark Mountain during pluvial
intervals but a poorer record during intervening
interpluvials. Populations of long-lived trees such as
bristlecone pine and limber pine undoubtedly persisted
through the century- to millennial-scale climatic
fluctuations of the last glacial period, but shorter-lived
desert woodrats might not have kept up so well with large
climatic fluctuations in this marginal highland habitat (cf.
Smith et al. 2009).
Holocene vegetation
Mehringer and Ferguson (1969) reported Utah juniper
and pinyon pine dominating the postglacial vegetation
~14,600 years ago, replacing bristlecone pine but with
traces of persisting limber pine and white fir. Our
Holocene records not surprisingly show continued
domination of woodland taxa and the absence of all
subalpine and montane conifers by ~8.4 cal ka. The early
Holocene record shows the presence of Utah agave at
moderately high elevations, consistent with results from
the Sheep Range and elsewhere (Spaulding 1981). The
presence of hackberry in the midden may reflect enhanced
summer precipitation in the eastern Mojave Desert during
the early Holocene (Jahren et al. 2001; Spaulding and
Graumlich 1986; Wigand and Rhode 2002). Hackberry
occurs rarely at lower elevation moist places in canyons on
the east face of Clark Mountain today (Thorne et al. 1981)
but was not observed nearby the middens.
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Summary
Ten late Pleistocene woodrat midden samples dating
between ~46-21 cal ka were collected and analyzed from
a cave on Clark Mountain in southeastern California;
additional Holocene-age samples were collected from
a second shelter nearby. The late Pleistocene middens
are dominated by bristlecone pine, with rare to limited
amounts of limber pine and white fir. Comparison with
the pine’s modern distribution on nearby Mt. Charleston
in the Spring Range suggests that it grew 920–1200 m
lower than it would occur today (if Clark Mountain were
high enough). Climatic tolerances of bristlecone pine
indicate that climate was substantially cooler with greater
effective moisture during the late spring and summer than
today. The middens appear to be correlated with periods of
enhanced flow of the Mojave River, marked by highstands
of Lake Manix and (subsequently) Lake Mojave. The
Holocene middens document the development of modern
pinyon–juniper woodland with evidence of enhanced
summer precipitation during the early Holocene, ~8.4 cal
ka.
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Floristic discoveries in mid-elevation sky
islands and surrounding valleys in the
northern Mojave Desert, Inyo County,
California
Naomi Fraga and Carolyn Mills

Rancho Santa Ana Botanic Garden, 1500 North College Avenue, Claremont CA 91711

abstract—The Nopah Range and Resting Spring Range in Inyo County, California are
mid-elevation sky islands in the northern Mojave Desert that are composed primarily of calcareous
rock. These mountain ranges have seen very little botanical documentation; however, calcareous
soils are known to hold several rare and endemic plant species. Surrounding these mountains are
valleys that contain exceptional water resources; these isolated wetlands or “hydrological islands”
are also rich in endemic plant species. The 1,710 km2 (660 mi2) study site is located in southeastern
Inyo County at the intersection of two major floristic provinces, the Mojave Desert and the Great
Basin Desert. This study presents preliminary findings including notable floristic diversity within the
Nopah and Resting Spring Ranges, and the surrounding valleys. We include a summary of disjunct
populations, species at the edge of their range, and rare and endemic taxa native to the region.

Introduction
Desert sky islands are known to hold increased species
richness and endemism compared to neighboring
lowlands (Kraft 2010). These islands exhibit topographic
relief and heterogeneity that provide remarkable
conditions for isolation and subsequent divergence,
creating a landscape rich in endemic species. Variable
environmental conditions along the elevation profile
allow species ranges to expand or contract through time
in shifting climates, creating opportunities for isolated
refugia which provide a rich source of diversity in isolated
habitats such as mountain ranges and wetlands (Millar
2016). The flora of the California deserts is remarkable,
with an estimated 2,500 native vascular plant taxa
documented in the region (André 2014). However,
many regions in the Mojave Desert lack basic botanical
documentation due to a lack of access (large areas occur
in designated wilderness and do not have road or trail
access) and rugged terrain. Issues of access have hampered
botanists through time to thoroughly document plant
diversity via specimen-based studies, leaving this region
relatively understudied and under-documented compared
to the rest of the state (Taylor 2014).
The study of biodiversity depends upon the presence
of verifiable research collections housed in museums
(e.g. herbaria; Bebber et al 2010). Thus, specimen-based
research such as floristic studies form the foundation
for understanding plant diversity. Floristic research
has the objective of cataloging plant diversity through
space and time, and brings to bear knowledge of species
distributions and habitats. Despite the wealth of botanical
82

expertise, tools, and resources in California, much of the
Mojave Desert remains poorly documented (CCH1 2019,
Jepson eflora 2019, Taylor 2014). Specimen-based floristic
research is especially important in regions with high plant
diversity such as western North America, where rates of
plant species discovery remain continuous (Ertter 2000).
California’s deserts are particularly fertile ground in this
respect, as the rate of discovery of new plant taxa outpaces
the rate of discovery for the entire state (André 2014).
The Nopah Range and Resting Spring Range of the
northern Mojave Desert in Inyo County, California
are mid-elevation sky islands composed primarily of
calcareous rock. These mountain ranges have seen very
little botanical documentation; however, calcareous
soils are known to hold several rare and endemic plant
species. Higher elevation sky islands such as the Kingston
Range and the Clark Mountain Range in nearby San
Bernardino County have been relatively well-studied,
but mid-elevation mountain ranges in the Mojave
Desert with high elevations that range between 1,520 to
1,980 m (5,000 to 6,500 ft) have had little to no formal
botanical documentation. The term “sky-island” was
originally coined to describe forested mountains that are
surrounded by a desert sea, and it was first applied to high
altitude mountains of southern Arizona (Heald 1967). The
term has since been extended across the arid southwest to
described isolated high altitude mountains with forested
peaks (Kraft 2010, Reimann & Ezcurra 2009). Here we
modify the term and extend it to include mid-elevation
mountains that lack a forested canopy, but instead are
dominated by shrub-lands composed of plant species
2019 desert symposium
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km2 (660 mi2) in area and
encompasses the entire
Nopah Range and Resting
Spring Range and portions
of the Lower Amargosa
River Valley, California
Valley, Chicago Valley,
Pahrump Valley, Stewart
Valley, and Tecopa Basin
within the state of California
(Fig. 1). The Nopah Range
is underlain primarily by
limestone rocks of Cambrian
through Pennsylvanian age
(570 to 290 million years
before the present), and
is characterized by deep
canyons, steep precipices,
long narrow ridgelines, and
extremely rugged topography
(Armstrong et al. 1987; Fig.
2). In contrast, the Resting
Spring Range is underlain
Figure 1. Map of the study area. The study area is outlined and prominent physical features are
predominantly by Late
labeled.
Proterozoic sedimentary
rocks and displays less rugged
associated with mid-elevation bands; hence the term
topography (Fig. 3). Some volcanic rock is present in both
“mid-elevation sky island”.
ranges (Armstrong et al. 1987). The intervening valleys
This study outlines preliminary findings based on
contain alluvial deposits from the surrounding mountains
recent floristic expeditions in the Nopah Range and
and fluvial conglomerate and sandstone, along with clays
Resting Spring Range and surrounding valleys in the
deposited in playas, marshlands, and alkali meadows. An
Amargosa River Watershed. The study site sits at the
extensive carbonate-rock aquifer feeds isolated wetlands
intersection of two major floristic provinces, the Mojave
Desert and the Great
Basin Desert, and also
the boundary between
California and Nevada. As
such, a botanical study in
this region will contribute to
our understanding of these
two major desert regions,
fill in gaps for plant species
that occur at mid-elevations
across a vast desert
archipelago, and contribute
to our knowledge of plant
species distributions within
California and Nevada.

Physical setting of the
study area
The Nopah Range,
Resting Spring Range and
surrounding valleys are
located in southeastern
Inyo County, California.
The study site is 1,710
2019 desert symposium

Figure 2. Unnamed canyon on the north side of the Nopah Range showing rugged topography.
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boundaries, documenting
544 minimum-ranked taxa
(CCH1 2019, SEINet 2019).
The findings reported here
are preliminary for the
study area because floristic
expeditions are ongoing.
However, upon completion
of this study, we expect to
contribute well over 1,500
new herbarium specimens
in collections from the study
site. With increased surveys
and collections, we estimate
that diversity in the study
area will approach similar
levels of floristic diversity as
have been documented in
the Kingston Range.
Despite poor botanical
documentation, significant
floristic diversity is
suspected to occur within
Figure 3. Looking northwest at Stewart Point in the Resting Spring Range.
the study area. This includes
plant species that are on the
in the region (Belcher et al. 2019). Elevation in the study
leading or trailing edge of their range, significant range
area ranges from 420 m (1,375 ft) in the Tecopa Basin to
disjunctions, and plant species with conservation status—
1,949 m (6,394 ft) at Nopah Point in the Nopah Range.
many of which are endemic to calcareous substrates. In
Methods
California, 35% of the 1,742 rare plant species in the state
occur on special substrates including calcareous types
Historical herbarium specimens, literature, and records
such as limestone and dolomite (Damschen et al. 2012).
from the California Natural Diversity Database (CNDDB
2019) were reviewed prior to surveys. Historical specimens
Plants at the leading or trailing edge of their range
were compiled via queries of the Consortium of California
Herbaria (CCH1 2019) and the SEINet data portal (SEINet Some of the unique discoveries we have uncovered within
the study area include plants at the leading or trailing
2019). Botanical surveys were conducted between April
edge of their distribution (Table 1). Populations at the
2016 and January 2019. General floristic surveys focused
edge of a species range may be important to species
on assessing all habitat types (e.g. wetlands, playas,
persistence, especially in periods of rapid climate change.
upland slopes and alluvial bajadas), occurrences of plant
Range-edge genotypes are thought to be better adapted
species with conservation status, and identifying plant
to extreme climate events relative to core populations
species that have not been well documented in the region.
Approximately 42 field days have been spent surveying the and may facilitate range expansions (Rehm et al. 2015).
For example, Ferocactus cylindraceus (Engelm.) Orcutt
study site and more than 200 herbarium collections have
(California barrel cactus) is one such species within
been made thus far. Plant identifications were made using
the study area at the edge of its range (Fig. 4). It is
several references, including the Jepson eflora (eds., 2019),
Flora of North America (2019), and reference specimens at relatively common in the Mojave and Sonoran Deserts in
the Rancho Santa Ana Botanic Garden’s (RSA) herbarium. western North America, spanning California, Arizona,
Nevada, and Utah in the U.S. and surrounding the
Vouchers from this study will be deposited at RSA with
Gulf of California in Mexico (SEINet 2019). Ferocactus
duplicates distributed to University of California at
cylindraceus is relatively abundant within the Nopah
Riverside (UCR) and elsewhere as available.
Range where it reaches the northwestern limit of its
distribution, but prior to this study F. cylindraceus had not
Results
been formally documented by an herbarium specimen.
Approximately 859 historical specimens have been
Cylindropuntia ramosissima (Engelm.) F.M. Knuth (pencil
2
collected within the 1,710 km study area; these represent
cholla)
is another species in the cactus family (Cactaceae)
306 minimum-ranked taxa (SEINet 2019). This is in
at
the
northern
edge of its range. As a result of this study,
contrast with a neighboring sky island, the Kingston
this
species
was
documented for the first time within the
Range in San Bernardino County, which has well
study
area
on
the
northern flank of Shadow Mountain at
over 2,000 herbarium specimens collected within its
84
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Figure 4. Ferocactus cylindraceus (California barrel cactus) with
an old rosette and stalk of Agave utahensis var. eborispina (ivory
spined agave).

the north end of the Resting Spring Range. The Shadow
Mountain population represents the northwestern edge of
this species range.
Fendlerella utahensis (S. Watson) A. Heller (yerba
desierto) in the hydrangea family (Hydrangeaceae) is
relatively widespread throughout the southern Great
Basin Desert and Colorado Plateau, but is only known
in the Mojave Desert from mountain ranges that rise
above 1,220 m (4,000 ft) in elevation with limestone
outcroppings, such as the Clark Mountain Range, Last
Chance Mountains, Mescal Range, Panamint Range, and
White Mountains (SEINet 2019). The occurrence in the
Nopah Range is the westernmost known population for
this species. Stanleya elata M.E. Jones (Panamint prince’s
plume) is another species native to the Great Basin Desert
that reaches the southern edge of its distribution in the
Nopah Range (Table 1).
Significant range disjunctions
Atop Stewart Point, the highest peak in the Resting
Spring Range (1605 m; 5269 ft), we documented several
species that were previously unknown to occur in the
range. Two of these records include: Astragalus purshii
Douglas var. tinctus M.E. Jones (wollypod milkvetch)
and Toxicoscordion paniculatum (Nutt.) Rydb. (foothill
deathcamas). Both of these taxa are known to occur ca.
50 km (30 mi) to the east in Nevada’s Spring Mountains;
2019 desert symposium

however, the known distribution for these two species
is patchy across the vast California desert. Astragalus
purshii var. tinctus also occurs 50 km (30 mi) to the
southwest in the Avawatz Mountains in San Bernardino
County, and the occurrence in the Resting Spring Range
fills in a geographic gap between these mid-elevation sky
islands. However, Toxicoscordion paniculatum is a species
known primarily from the Great Basin Desert; the closest
known occurrence in California is in Inyo County, in
the White Mountains, ca. 200 km (130 mi) to the north
(CCH1 2019). Another exciting discovery from Stewart
Point is the CNPS-listed Astragalus tidestromii (Rydb.)
Clokey (Tidestrom’s milkvetch). Though this species
had previously been documented in the Nopah Range,
it occurs in disjunct populations on the Bonanza King
Formation, which is exposed in the northern Mojave
Desert, including in the Resting Spring and Nopah
Ranges, and in the San Bernardino Mountains, over ca.
160 km (100 mi) to the southwest.
Castela emoryi (A. Gray) Moran & Felger (Emory’s
crucifixion thorn) is known to occur in the vicinity of
the southern Nopah Range, but has not yet been formally
documented with a herbarium specimen (iNaturalist
2019). The closest occurrence is 64 km (40 mi) to the
south in the Soda Mountains in San Bernardino County.
It has also been documented at a similar latitude 110 km
(70 mi) to the west in Trona in San Bernardino County.
These disjunct occurrences mark the northern extent
of the species range. Castela emoryi grows in relatively
moist microhabitats within some of the driest parts of
the Mojave and Sonoran deserts in alluvial soils and dry
washes (Sanders 1998). It is a rare plant listed by the CNPS
inventory of rare and endangered plants (CNPS 2019) and
is has been described as “never abundant” at the locations
where it is found, aside from a single large population with
over 2,000 individuals in Rice Valley, Riverside County
(Wiggins 1964, Bell and Herskovitz 2013).
Yabea microcarpa (Hook. & Arn.) Koso-Pol. (California
hedge parsley) occurs throughout the American west from
Baja California to British Columbia, primarily in coastal
regions and in the eastern Mojave and Sonoran Deserts,
but is not commonly found in the Mojave Desert of
California. The only known records for Inyo County were
documented in 1978 by Mary DeDecker in the Nopah
Range, and the nearest occurrence is in the Kingston
Range. Beyond the Kingston Range, the next closest
occurrence in California is 110 km (70 mi) south near the
Providence Mountains in the Mojave National Preserve.
Interestingly, this species only occurs in three places in
Nevada, the Spring Mountains, Mormon Mountains,
and the Virgin Mountains, but it is much more common
in Arizona, including on the Arizona Strip north of the
Colorado River, which is dominated by the flora of the
Mojave Desert (SEINet 2019).
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the mountains of the Mojave
Desert in Arizona, California,
and Nevada (Fig. 6). This species
is most abundant in California,
where it is restricted to Inyo and
San Bernardino counties. It has
only been collected 11 times
in Nevada and three times in
Arizona. This study documented
this species for the first time
in the Resting Spring Range.
Occurrences in the Nopah and
Resting Spring Ranges represent
the northwestern edge of its
distribution. Penstemon stephensii
Brandegee (Stephens’ penstemon)
is endemic to California and is
limited to only five desert ranges
including the Granite Mountains,
Kingston Range, Nopah Range,
Old Woman Mountains, and
Providence Mountains. The
Figure 5. Agave utahensis var. eborispina (ivory spined agave) growing from a limestone
occurrences within the study site
rock outcrop with Sclerocactus johnsonii (Johnson’s fishhook cactus) and Echinocereus
are the northernmost extent of
engelmannii (Engelmann’s hedgehog cactus).
this pink-flowered herbaceous
species.
Rare and endemic plant species
The associated wetlands of
the Lower Amargosa River Valley, California Valley,
The Nopah and Resting Spring Ranges harbor many
Chicago Valley, Pahrump Valley, Stewart Valley, and
interesting plants endemic to the mountains of the
Tecopa Basin include springs, seeps, river channels, alkali
Mojave Desert (Table 1). The rare and endemic species
meadows, and playas. The exceptional water resources
that occur in upland montane habitats are generally
available in these habitats provide unique opportunities
edaphically restricted to rocky, calcareous terrain. The
for isolated wetland species to occur in the vast arid
most well-known is Agave utahensis var. eborispina
region of the Mojave Desert. Most of the wetland species
(Hester) Breitung (ivory spined agave) which is endemic
are thought to be relicts that have persisted in this
to the Nopah and Resting Spring Ranges in California
region from a wetter historical climate; their continued
and also occurs in isolated limestone ranges in southern
persistence is attributed to the availability of perennial
Nevada (SEInet 2019; Fig. 5). Prior to this study, it was
water that is associated with an extensive groundwater
only known from the Nopah Range in California, but
basin (USFWS 1990, Belcher 2019). Rare and endemic
during a floristic expedition in 2018 we documented it
near the summit of Stewart Point in the Resting Spring
Range, thereby extending its known range. Though this
species is considered rare due to its extremely restricted
distribution, the ridges of these mountains harbor
abundant populations of this charismatic plant species.
Another rare plant, Arctomecon merriamii Coville
(white bear poppy), occurs in scattered populations
in the northern Mojave Desert from Death Valley to
southeastern Nevada. The closest known occurrence of
this species outside of the study area is 55 km (35 mi)
southeast in the Clark Mountain Range (CCH1 2019).
This species is scarcely documented within the study area
and we expect to document many more occurrences as
a part of ongoing floristic research. Several previously
undocumented occurrences have been identified as a part
of this study in 2018 and 2019.
Hedeoma nana (Torr.) Briq. var. californica W. S.
Figure 6. Hedeoma nana subsp. californica (California false
Stewart (California false pennyroyal) is distributed in
pennyroyal) in flower in the Resting Spring Range.
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Table 1. Notable plant populations documented within the study area including disjunct populations, species
at the edge of their range, and select rare and endemic taxa native to the region.
Family

Taxon

Specimen Record

Category

Agavaceae

Agave utahensis var. eborispina

Fraga 6146 (RSA)

Rare Plant

Apiaceae

Yabea microcarpa

DeDecker 4560 (RSA)

Disjunction

Asteraceae

Almutaster pauciflorus

Fraga 6160 (RSA)

Rare Plant

Asteraceae

Crepis runcinata

Kerr s.n. (CAS)

Rare Plant

Asteraceae

Ericameria albida

Fraga ?? (RSA)

Rare Plant

Brassicaceae

Stanleya elata

Andre 14318 (UCR)

Range edge

Cactaceae

Cylindropuntia ramosissima

inaturalist.org/observations/18911718

Range edge

Cactaceae

Ferocactus cylindraceus

inaturalist.org/observations/11815710

Range edge

Cleomaceae

Cleomella brevipes

Fraga 3768 (RSA)

Rare Plant

Cyperaceae

Cladium californicum

Fraga 5974 (RSA)

Rare Plant

Fabaceae

Astragalus purshii

Fraga 6149 (RSA)

Disjunction

Fabaceae

Astragalus tidestromii

Sanders 39143 (RSA)

Disjunction

Lamiaceae

Hedeoma nana var. californica

Fraga 6154 (RSA)

Rare Plant

Melanthiaceae

Toxicoscordion paniculatum

Fraga 6153 (RSA)

Disjunction

Orobanchaceae

Chloropyron tecopense

Fraga 6192 (RSA)

Rare Plant

Papaveraceae

Arctomecon merriamii

Beatley 12165 (RENO)

Rare Plant

Plantaginaceae

Penstemon stephensii

DeDecker 4258 (RSA)

Rare Plant

Simaroubaceae

Castela emoryi

inaturalist.org/observations/10393569

Disjunction/Rare Plant

species associated with the Amargosa River Valley that
rely on these perennially wet habitats include: Almutaster
pauciflorus (Nutt.) Á. Löve & D. Löve (alkali marsh aster),
Chloropyron tecopense (Munz & J. C. Roos) Tank & J.
M. Egger (Tecopa bird’s beak), Cladium californicum (S.
Watson) O’Neill (California sawgrass), Cleomella brevipes
S. Watson (short-pedicelled cleomella), Crepis runcinata
(A. James) Torr. & A. Gray (fiddleleaf hawksbeard),
Ericameria albida (M. E. Jones ex A. Gray) L. C. Anderson
(white flowered rabbit brush,), Euphrosyne acerosa (Nutt.)
Panero (copperwort), Fimbristylis thermalis S. Watson
(hot springs fimbristylis), Grindelia fraxinipratensis
Reveal & Beatley (Ash Meadows gumplant), Juncus cooperi
Engelm. (Cooper’s rush), and Nitrophila mohavensis Munz
& Roos (Amargosa niterwort; CNPS 2019; Table 1). These
species typically flower in the heat of the summer between
the months of May and September. Annual species that
occur in seasonal wetland habitat like playas and alkali
flats include: Atriplex argentea Nutt. var. longitrichoma
(Stutz & G.L. Chu & S.C. Sand.) S.L. Welsh (Pahrump
orache), Eriogonum bifurcatum Reveal (Pahrump Valley
buckwheat), and Phacelia parishii A. Gray (Parish’s
phacelia). These species flower in the early spring between
the months of February and May. Threats to the rare
and endemic plant species of wetland habitats in the
surrounding valleys include agricultural development,
hydrological alteration, climate change, proliferation of
invasive species, mineral mining, off highway vehicle
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activity, habitat degradation, and trampling by horses
(USFWS 2007a, USFWS 2007b).

Conclusion
Sky islands and isolated wetlands floras provide a link
between the past, present, and future by supporting
refugial populations that were once widespread and
may serve as future sources of diversity under changing
environmental conditions. In this study we have
outlined several examples of notable populations in the
Nopah and Resting Spring Ranges and the surrounding
valleys, including species at the edge of their range
such as leading or trailing edge populations, disjunct
populations across patchy habitat, and endemic species
that are edaphically restricted (Table 1). These patterns
demonstrate that the study site may facilitate survival
of plant diversity under adverse conditions. As such,
a systematic floristic inventory of these mid-elevation
sky islands and surrounding valleys are important for
conservation and land management efforts. Relative
to their higher elevation counterparts (e.g. Kingston
Mountains), the Nopah and Resting Spring Ranges are
poorly documented and ongoing studies will improve
our understanding of the region. Establishing a botanical
baseline with a specimen-based study will allow managers
and scientists to gauge change through time, especially
with impending threats such as climate change. Despite
preliminary findings of exceptional and unique plant
diversity, botanists have yet to complete a comprehensive
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inventory of plant species for this region. However, such
inventories are in progress (Fraga in prep; Mills in prep)
and will likely yield remarkable discoveries, including
range extensions and increased understanding of rare
plant diversity. Thorough documentation will provide
important information on the distribution and patterns of
plant species across the American west and will contribute
to our overall knowledge of plant geography, including
boundaries between floristic provinces (Great Basin and
Mojave Deserts) and across state lines (California and
Nevada).
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Lava Creek B ash bed at Ivanpah Lake playa,
southeastern California
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Introduction
Ivanpah (dry) Lake is a sparsely vegetated playa in eastern
California near the Nevada border. Combined with Roach
(dry) Lake to the north, Ivanpah (dry) Lake forms an
endohoreic basin on the western margin of the Colorado
River drainage basin in the eastern Mojave Desert. As
part of a groundwater investigation in the late 1990s,
several borings were drilled along the western margin
of the playa (Fig. 1). In three borings a gray ash bed was
found. If the ash bed could be identified, then it might
provide a common datum to correlate sediments in the
Ivanpah playa to other sedimentary sequences in western
North America. Correlation of sedimentary sequences
and comparison of sedimentary facies and sedimentation
rates provide an opportunity to compare Late Neogene to
Quaternary paleoclimate and sedimentation rates
across broad regions (e.g., Dethier, 2001).

microprobe using the methods described in SarnaWojcicki et al. (2005).
Based on the glass shard composition (Table 2), we
correlate the ash bed at Ivanpah Playa with the Lava Creek
B ash bed. The glass shard composition of the Lava Creek
B ash bed and the 2.10 Ma Huckleberry Ridge ash bed are
indistinguishable; however, based on the shallow depths
where the ash bed was found, a reasonable interpretation
is that the ash bed is the younger Lava Creek B.
The Lava Creek B ash erupted from the Yellowstone
caldera, 1100 km NNE of Ivanpah (dry) Lake and has
an age of 0.628 ± 0.014 Ma (Coble et al., 2017). The Lava
Creek B ash bed is a widespread marker bed across
western North America (Izett, 1981; Sarna-Wojcicki et al.,
1991). Elsewhere in California (Table 3), the Lava Creek B

Investigation
Although several dozen borings were drilled in
and around the western margin of the Ivanpah
playa, the ash bed was found in only three (Figure
1) at depths of 21, 33 and 32 meters (69.0, 109.5
and 104.0 feet) below the ground surface (Table
1). The difference in depth may be related to
differences in surface erosion and deposition or
to variations in the original depositional surface.
Sediments were tan to brown sands, silts and
clays with only traces of gypsum. These facies are
consistent with a playa depositional environment.
Green muds indicative of a perennial lake (Smith,
1991) were notably absent. No evidence of a
perennial lake was found in the borings; however,
that does not mean that a perennial lake was not
present in the basin during the time represented
by these sediments. It may be that the boring
locations are toward the ancient basin margin
and a perennial lake was present in the basin
center.
The ash bed was gray, fine-grained and a
few centimeters thick. Samples for analysis
were collected from brass tube samplers that
held archived sediments. As a result, the exact
thickness of the ash bed was not precisely
determined. The volcanic glass shards from the
ash bed were platey, bubble-wall shards. The
shards were prepared and analyzed by electron
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Figure 1: Google Earth image (5/24/18) with locations of bore holes where
the Lava Creek B ash bed was found (OIEP-9, OIEP-10, NIEP-5) relative to
prominent geographic features.
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ash bed is found in cores in the San Joaquin Valley within
the Corcoran Clay Member of the Turlock Lake and
Tulare Formation (Sarna-Wojcicki et al., 1991), in Owens
Lake (Smith and Pratt, 1957) and Searles Lake (Smith et
al., 1983), as well as in outcrops in Death Valley (Knott et
al., 1999) and Tecopa Valley (Sarna-Wojcicki et al., 1984).
The Lava Creek B ash bed represents a 628,000-year
datum at 21 to 33 m depth in the Ivanpah Valley. As
Table 3 illustrates, the 628,000-year-old datum here is
shallower than other basins in the western US. Dethier
(1991) stated that the controls on incision are climate,
tectonics, basin sedimentation rates, upstream and
downstream capture dynamics and rock resistance. The
Pleistocene drainage basins of Owens, Searles and San
Joaquin valleys, which had substantial late Pleistocene
and Holocene lakes (Smith, 1991), included portions of the
Sierra Nevada, which represents a much wetter climate
and larger drainage basin compared to Ivanpah Valley and
adjoining Clark Mountains. These factors may have led to
a decreased net sedimentation rate in the Ivanpah Valley.
The sparse vegetation on Ivanpah (dry) Lake likely
also contributed to eolian deflation, which would also
contribute to the relatively shallow depth to the 628,000year datum. Eolian deposits on the piedmont east of
Ivanpah (dry) Lake playa (Miller, 2012) support this
inference.
In summary, the 0.628 Ma Lava Creek B ash bed was
found between 21 and 33 m below the ground surface in
three boreholes on the western margin of the Ivanpah
Lake playa. The Lava Creek B ash bed is found at a
relatively shallow depth compared to other basins in
central and eastern California, which is probably related
to the relatively slow sedimentation rate and eolian
deflation of Ivanpah (dry) Lake playa.
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Strike-slip fault interactions at Ivanpah Valley,
California and Nevada
D.M. Miller, V.E. Langenheim, K.M. Denton, and D. Ponce
U. S. Geological Survey

abstract—Ivanpah Valley is flanked by high mountain ranges, and represents one of the most
imposing valleys of the eastern Mojave Desert. Its sinuous shape implies a complex origin as does
the fact that it is not bordered by prominent range-front normal faults like valleys of the Basin and
Range Province. In addition, its deepest sedimentary basin is restricted to a small part of the valley
near Nipton that does not coincide with the lowest part of the valley at Ivanpah Lake. The deep basin
was caused by pull-apart at the intersection of two major strike-slip faults, the Stateline and Nipton
faults. The northern part of the valley, in Nevada, probably resulted from normal faulting, and much
of the normal faulting may have predated the strike-slip faulting. The southern valley, in California,
is underlain by bedrock at shallow depths and is of uncertain origin. The dextral Stateline fault
terminates at the sinistral Nipton fault, indicating that eastern California shear zone tectonics in this
area consist of interwoven synthetic and antithetic faults, rather than through-going strike slip faults
of a single orientation.

Introduction
Ivanpah Valley is located in the
eastern Mojave Desert where it
straddles the California-Nevada
border (Fig. 1). It is defined by a long
sinuous low area, the lowest part of
which is Ivanpah (dry) Lake at ~795
m elevation. Flanking mountains are
complex topographically, with some
forming pairs of high mountains and
foothill mountains (McCullough
Range and Lucy Gray Range),
and others having steep abrupt
boundaries (southwest New York
Mountains). Mountains on the both
sides of the valley are 1000 to 1500 m
higher than Ivanpah Lake. Significant
local relief is not readily explainable
by faulting, as few are present. In
addition, parts of the valley floor
that are underlain by relatively thick
sedimentary basins (Langenheim
et al., 2009) are not located in the
lowest elevation parts of the valley.
The observation that the sedimentary
fill and bounding structures do not
match the physiography makes it
difficult to explain the origin of the
valley with traditional concepts of
structurally-controlled topography
and basins.
Ivanpah Valley is one of several
valleys in the eastern Mojave Desert
that separates high mountains. This
2019 desert symposium

Figure 1. Map showing main physiographic, geologic, and structural features (black
lines) of the Ivanpah Valley area. Locations of Cenozoic deposits and ages of rock units
are labeled on the map. Thermochronology transect positions northeast of Nipton
(Mahan et al., 2012) are shown as green dashed lines. Green lines near Nipton are
detachment faults. Geology after Hewett (1956), Burchfiel and Davis (1971), DeWitt et al.
(1983), Miller and Wooden (1993), and Hislop (2012).
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eastern Mojave Desert area, commonly included with
the Basin and Range areas to the north (Nevada) and
east (Arizona), differs in one important sense. Although
all of these areas are geomorphically characterized as
alternating valleys and mountains, the eastern Mojave
Desert is not characterized by mountains separated by
valleys underlain by thick basins of low-density deposits
(Jachens et al., 2002). The boundary between this eastern
Mojave Desert province and the deep-basin valleys of
the remainder of the Basin and Range province is poorly
defined but is approximately along the Colorado River
corridor on the east and about 35⁰ 30’ latitude on the
north, approximately east of the Garlock fault.

Structure of Ivanpah Valley
Ivanpah Valley is S-shaped, approximately north-south
oriented, and flanked by high mountain ranges (Fig. 1).
The valley has a low intra-valley divide near the state
border, which separates Ivanpah Lake to the south from
Roach Lake to the north.
Early geologic mapping by Hewett (1956) demonstrated
that rocks in ranges on either side of Ivanpah Valley
are similar, including granitic plutons to the south, old
gneisses in the center, and Paleozoic strata to the north
(Fig. 1). Major faults between these rock packages were
also mapped on both sides of the valley. Tertiary volcanic
rocks are more common in the east (e.g. New York and
McCullough ranges) than to the west. Later refinement
showed that the Kokoweef and Slaughterhouse faults, on
the west and east sides of the southern Ivanpah Valley,
respectively, are equivalent (Burchfiel and Davis, 1971,
1977). Geophysical investigations and geologic mapping
have substantiated this correlation and established that
the faults are offset sinistrally (in a left-lateral sense) in the
center of Ivanpah Valley by about 12–14 km (Carlisle et
al., 1980; Swanson et al., 1980; Miller and Wooden, 1993;
Miller et al., 1991; Langenheim et al., 2009). The Kokoweef
fault postdates Mesozoic extrusive rocks that are as young
as ~100 Ma (Fleck et al., 1994). The Slaughterhouse fault
cuts the 90.4 ± 0.8 Ma Mid Hills Adamellite but is cut by
the 81.0 ± 0.8 Ma Live Oak Canyon granodiorite (Miller
and Wooden, 1993; compare Burchfiel and Davis, 1977;
U-Pb ages from M.E. Wells, written commun., 2018).
Much of the Kokoweef and Slaughterhouse faulting
evidently was Late Cretaceous in age.
Normal faults bound rocks on the east side of
Ivanpah Valley in several places. All the normal faults
cut Early Miocene volcanic rocks, dropping them and
their substrate rocks down to the west. The largest is the
McCullough fault west of the McCullough Range, which
displaces the base of Miocene volcanic rocks about 6
km (Hewett, 1956). A nested set of small-offset normal
faults occurs in the central New York Mountains south of
the state border, where cumulative offset is about 100 m
(Miller and Wooden, 1993).
The northeast-striking, sinistral Nipton fault was
mapped by Miller and Wooden (1993) across the northern
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New York Mountains as a wide zone of sheared and
brecciated rocks (Fig. 1). Proterozoic gneiss that forms
approximately north-trending belts in the McCullough
Range and New York Mountains are equivalent and offset
in a sinistral sense about 8-10 km, somewhat less than the
12-14 km offset of the Kokoweef-Slaughterhouse faults
(Swanson et al., 1980). The Nipton fault cuts late Neogene
gravel east of Nipton, as we will establish later in this
paper, but has no known scarps in Quaternary materials.
The northwest-striking, dextral Stateline fault forms
scarps in Quaternary materials in several places (Schmidt
and McMackin, 2006) and was argued by Guest et al.
(2007) to have ~30 km of offset as part of the eastern
California shear zone (ECSZ). The offset estimate is based
on rock-avalanche deposits shed from a rhyolite dome at
~13 Ma from the distant Devil Peak and depends heavily
on presumed flow directions for travel to the depositional
site, from which the deposits were offset by the fault.
The modern physiography of Devil Peak provides little
information bearing on 13 Ma channels for landslides.
We consider that offset to be a maximum value, and
values of 20 km or less may be more reasonable based on
possible extensional stepover basins along the fault. The
fault has little expression in Ivanpah Valley, but scarps
(written commun., Kyle House, 2006) at the south end of
the Lucy Gray Range (Fig. 1) cut late Pleistocene unit Qia,
considered by Miller et al. (2009) to be ~20-110 ka. No
Quaternary expression of the fault has been discovered
between the Lucy Gray Range and the Nipton fault.
The Stateline fault must terminate at the Nipton fault
(Miller and Wooden, 1993) and was proposed to do so by
extension southwest of where the faults intersect, creating
a small basin in Ivanpah Valley (Mahan et al., 2012).
The preceding summary of major faults in Ivanpah
Valley includes faults of several ages. The late Mesozoic
Kokoweef and Slaughterhouse faults serve as markers for
offset along Cenozoic faults. Normal faults along the east
side of the valley are Middle Miocene or younger and
may have contributed to the formation of the valley. The
Nipton and Stateline faults are probably the youngest and
most important for the structural development of the
valley, but they are strike slip faults and by themselves
probably did not create much relief.

Geophysical interpretation
Gravity data for Ivanpah Valley and adjacent mountains
(Langenheim et al., 2009; Denton and Ponce, 2016) define
three regions of broadly similar character (Fig. 2). In the
northwest, a broad north-trending region of high values
(> -10 mGal) coincides with Proterozoic and Paleozoic
rocks exposed in the Clark Mountain and Ivanpah ranges.
In the southwest is a broad area of very low values (<
-35 mGal) that largely coincides with exposed Mesozoic
granitic rocks of the Ivanpah and southern New York
mountains. East of the previously mentioned areas and
west of the northern New York Mountains is a zone of
moderate values (-25 to -20 mGal) that is interrupted by
2019 desert symposium
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basin depths that
refined the earlier
work of Saltus and
Jachens (1995) by
using independent
constraints of
basement depth and a
considerably smaller
cell size (400 m versus
2 km). These studies
and Swanson et al.
(1980) showed that
sedimentary basins
modeled from gravity
data are areally
restricted, occupying
a small part of the
southeastern Ivanpah
Valley. Our analysis
using a gravity data
set augmented by data
from Denton and
Ponce (2016; Fig. 3)
reveals an asymmetric,
triangular-shaped deep
basin. Its maximum
depth is ~ 2.5 km,
and must be greater
than a borehole that
Figure 2. Isostatic gravity map of the Ivanpah Valley area (same extent as Fig. 1), based on sources
penetrated ~2.2 km
described in the text. Faults of Fig. 1 are shown. Color scale in mGal. Lines of dark blue spots (maxspots) of sedimentary rock
are maximum gradients, some of which we interpret as locations of buried faults. Large spots denote
without reaching
steeper gradients. Dash-dot blue line is boundary between California and Nevada.
basement. To the
southwest the basin
very low values near the southern Ivanpah Valley, mostly
narrows
significantly
to
form
a
trough
that closely follows
in California. The northern New York Mountains and
the
Nipton
fault
as
defined
by
magnetic
data (Carlisle et
the McCullough Range are characterized by somewhat
1980;
Swanson
et
al.,
1980).
The
basin
is asymmetric,
al.
higher gravity values (Fig. 2). Both the northwestern and
with
a
steep
southeast
margin
and
gentler
northwest and
eastern areas defined above exhibit steep gravity gradients
northeast
margins
(Figs.
2
and
3).
Smaller
basins straddle
(maxspots) that form linear zones, which are consistent
the
state
line,
southwest
of
the
McCullough
Range, and
with abrupt changes in density rocks (see lineaments of
west
of
the
northern
Lucy
Gray
Range
in
Nevada.
The
blue dots on Fig. 2). These linear zones, which may be
former
is
partly
underlain
by
exposed
Neogene
gravels,
faults related to the formation of the valley or abrupt
described in the following section; the latter is linear,
changes in basement rock density, are mainly NNW- to
north-trending, and may signify a basin beneath Roach
N-trending in the northwest subarea. Linear zones in the
Lake, formed by normal faults west of the Lucy Gray
eastern area consist of overlapping, short, curvilinear
Range.
sections, and trend northeast roughly parallel to the
Nipton fault. Other linear zones in the east trend more
northerly and correspond well with the surface trace of
the McCullough fault. The Nipton fault trend is apparent
within the southwestern subarea, as well, despite that
subarea being characterized by generally low and uniform
gravity values. Hints of a fault along the east sides of
the McCullough Range and New York Mountains exist,
particularly in the few places where data are adequately
spaced.
Past work of Jachens and others (2002) and
Langenheim et al. (2009) used gravity inversions to model
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Cenozoic strata
Locations, facies, and structure of Cenozoic volcanic and
sedimentary rocks provide significant constraints on the
structure of Ivanpah Valley. Volcanic rocks, 19-13 Ma in
age (Nielson, 1995; Nielson and Bedford, 1999), lie along
the crest and east sides of mountains along the east side
of Ivanpah Valley. Eastward dip of these volcanic rocks
indicates tilt of fault blocks. Sparse outcrops of volcanic
rocks in Shadow Valley, southwest of the Mescal Range,
were involved in the detachment faulting that formed
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the Shadow Valley basin (Davis et al., 1993; Davis and
Friedman, 2005).
An important deposit of gravel fills a paleovalley at
Willow Wash (Miller, 1995). It carries clasts of Paleozoic
limestone, marble, Cretaceous granitic rocks, and the
Mesozoic Delfonte Volcanics, as well as Proterozoic gneiss
and Miocene volcanic rocks. Sedimentary structures
indicate eastward stream flow. The clasts indicate sources
in the southwestern New York Mountains (marble)
and the Mescal Range area (limestone and Delfonte
Volcanics). The gravels extend eastward into the Castle
Mountains, where they lie on 12.9 Ma volcanic rocks and
in their upper part are interbedded with 8-10-Ma volcanic
rocks (Nielson, 1995). These data indicate that the paleodrainage was to the east from highlands near the Mescal
Range, and no intervening Ivanpah Valley existed at that
time.
A second important gravel deposit northeast of Nipton,
in the area where the Nipton and Stateline faults intersect,
was assigned a Quaternary to Pliocene age by Miller
(2012). The gravels carry clasts of nearby Proterozoic and
Tertiary rocks, and therefore represent local small basins
that received debris from mountains after the youngest
volcanic rocks of that area (~13 Ma) were erupted (Miller
and Wooden, 1993). Most clasts indicate west-directed
flow, demonstrating that the New York Mountains were
high at the time. These gravels are cut by several faults and
are tilted as much as 26 degrees in places. We collected
an ash bed in these gravels in 1991, which at the time
had no known correlative ash. Recently, the chemical
composition of the ash shards was matched with the
Carp 13 ash, which is between 100 and 218 ka, but a weak
correlation to a 5.0 Ma ash exists as well (E. Wan and A.
Sarna-Wojcicki, written commun. 2019). The older age is
most likely, because undeformed ~100 ka deposits lie on
the tilted gravels bearing the ash bed (Miller, 2012). The
mapped outcrop of the poorly exposed gravels defines
two basins on either side of the Nipton fault, northeast
of the projection of the Stateline fault to the Nipton fault.
The proximity of the basins to the intersection of the
Nipton fault and a detachment fault indicates that fault
interactions may have created the small basins.
A third important gravel deposit lies near Mountain
Pass on the west side of Ivanpah Valley. Castor (1991)
mapped the deposits, describing four sets of coarse gravels
that he distinguished on the basis of clast composition and
stratigraphic position. The deposits carry locally derived
clasts of Proterozoic, Paleozoic, and Mesozoic rocks, and
represent a small piedmont draining west into Shadow
Valley. There is no age control on the deposits other than
being older than unit Qoa (~500 ka) Pleistocene alluvial
fan deposits (Miller, 2012). These deposits demonstrate
that the Pliocene(?) to early Pleistocene mountain crest
was like modern topography but lay a small distance
farther east. Wheaton Wash (Fig. 1) had not yet captured
the piedmont area, but a mountain crest existed. The
development of the gravel deposit may have been triggered
94

by down-dropping of Shadow Valley that lowered base
level and initiated aggressive stream cutting eastward into
the mountain block. Castor proposed that the sediments
resulted from eastward tilting of the Ivanpah MountainsMescal Range-Clark Mountain Range block.
In summary, Cenozoic deposits of Ivanpah Valley
demonstrate: (1) that inception of the southern valley
was after 8 Ma, (2) that down-faulting of early Miocene
volcanic rocks along the east side may have contributed
to the valley formation, and (3) that during the Pliocene,
small basins formed astride the Nipton fault, at which
time mountains along the west side of the valley were also
present.

Late Cenozoic faults related to formation of
Ivanpah Valley
Explaining the post ~8 Ma origin and evolution of the
Ivanpah Valley requires information on young faults and
thermochronological constraints for timing of mountain
uplift and exhumation. In this section we describe a few
faults more fully, and evaluate interactions of young faults
using a depth to basement model as a guide.
Normal faults
The McCullough fault is a compound, down-to-the-west
fault with ~ 6 km of offset (Hewett, 1956). A parallel
buried fault in northern Ivanpah Valley, west of the Lucy
Gray Range, has greater than 1 km offset based on our
depth model (Fig. 3). West of that fault is a down-to-theeast fault of similar magnitude. This system of northstriking normal faults in the area north of the Stateline
fault systematically parallels the mountain ranges.
South of the Stateline fault, northeast-striking normal
faults on the northwest side of the New York Mountains
cumulatively offset Miocene volcanic rocks ~100 m (Miller
and Wooden, 1993). In the west-central part of Ivanpah
Valley, two buried normal faults near the margins of the
southern part of Ivanpah playa (Fig. 1) are interpreted
from gravity gradients (Fig. 2). Together, they drop
basement down to the east ~1 km in the north with offset
increasing to ~2 km in the south. No faults are evident
father west near the steep mountain front of the IvanpahMescal-Clark mountain complex, further supporting
the notion that its mountain crest has shifted west since
Pliocene time.
Strike slip faults
Although strike-slip faults in general do not cause
basins or positive relief, at stepovers and releasing bends
they may create linear basins and at fault terminations
significant basins may be created (e.g. van Wijk et al.,
2017). The Nipton fault flanks a long, narrow basin that is
less than ~0.5 km deep for much of its length and borders
the southeast side of the deep basin southwest of Nipton
(Fig. 3). This basin may owe to a series of small stepovers.
Near the northern end of the Nipton fault, several
northwest-striking normal faults were mapped by Miller
2019 desert symposium
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Southeastward, the
detachment fault
appears to wrap
around to parallel
to the Nipton fault,
where extensive
breccia is evident
along steeply
to moderately
northwest-dipping
planes, and then
into low angles
again farther south
and east. Neogene
volcanic rocks are
displaced down
to the southwest
along this
detachment fault.
At most locations,
Proterozoic
mylonitic foliation
beneath the
detachment fault
exhibits gentle dips
that indicate 20-30
degrees of tilting
compared to the
Figure 3. Modeled depth to basement rocks. Faults of Fig. 1 are shown. Triangles show locations of
typical 40-60 degree
constraints such as boreholes.  Dash-dot blue line is boundary between California and Nevada.
dips away from the
Nipton fault (Miller
and Wooden, 1993;
and Wooden (1993). These normal faults cut Neogene
DeWitt et al., 1989). This is evidence for a major fold in
gravels and appear to be associated locally with margins
Proterozoic rocks in the vicinity of the Nipton fault.
of the basins those gravels formed in. The expression of
Basin fill above the detachment fault is Pliocene in
the Nipton fault in the northern New York Mountains is
several northeast-oriented, parallel, narrow, vertical zones age. These gravels east of Nipton are faulted and folded,
indicating ongoing faulting after middle Pliocene
of breccia and sheared rock.
deposition. The faulted gravels are overlain by early
The Stateline fault, in contrast, appears to cut across
Pleistocene(?) gravels that are undeformed (Miller and
north-trending basins without any basins astride the fault
Wooden, 1993; Miller, 2012).
itself in the Ivanpah Valley. At the south end of the Lucy
Gray Range, the fault must be moderately dipping to the
Thermochronology
southwest and splaying to the south because the gravity
Mahan et al. (2012) collected low-temperature
expression of the Lucy Gray block extends south of the
thermochronology samples along two transects (green
projected trace of the fault (Fig. 2). The Stateline fault may
dashed lines on Fig. 1) to evaluate youthful tectonics at the
curve to the south and form the eastern side of the deep
basin, but the current distribution of gravity data does not intersection of the Stateline and Nipton faults. The apatite
(U-Th)/He data record the time that crystals reached a
definitively demonstrate that.
closure temperature of ~30-70° C, corresponding to a
Low-angle detachment faults
depth of about 1-2 km with typical geothermal gradients
(Mahan et al., 2012). The transect in the McCullough
The south end of the McCullough Range exposes southRange shows rapid cooling at ~7-13 Ma in rocks below
dipping Proterozoic mylonitic rocks that are altered
the detachment fault, another more gradual cooling
upward by silicification and brecciation, forming
during the Early Miocene, and the oldest cooling ages are
microbreccia ledges that parallel the mylonitic rocks
Paleocene. The transect across the New York Mountains
and form a planar fault surface. The mylonitic foliation
has similar oldest ages and Early Miocene cooling
in this location is gently southward dipping, 15 to 30
but does not show the rapid cooling at 7-13 Ma of the
degrees. Neogene gravels lie above the breccia. This
McCullough Range, perhaps due to sample distribution.
structure is very similar to detachment faults elsewhere.
2019 desert symposium
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Rather, the deepest rocks were cooled at ~5-6 Ma. Mahan
and others interpreted these data as showing post-6 Ma
extension to form the basin in Ivanpah Valley at the
intersection of the two strike-slip faults.

Development of Ivanpah Valley
Our model for structural and physiographic development
of Ivanpah Valley can be summarized as several stages:
1. Ca. 13 Ma down-to-the-east tilt causes an east-flowing
stream to cut a deep valley into early Miocene
volcanic rocks and underlying Proterozoic gneisses in
the eastern New York Mountains.
2. Ca. 13-8 Ma gravels backfill in the Willow Wash
paleovalley as volcanic eruptions fill the drainage
farther east, raising base level. Concurrent extension
takes place in areas east of the McCullough Range.
The McCullough fault may have been active at this
time as well. Top-to-the-southwest detachment
faulting at the south side of the McCullough Range
at this time may be explained as accommodating
a reduction of offset along the Nipton fault. The
offset reduction caused a broad syncline to form
in Proterozoic rocks of the northern New York
Mountains. As the Nipton fault offset accumulated,
the northwestern fault block pulled away from the
McCullough Range, detachment-style. Later faulting
propagated northeastward through the New York
Mountains, as synchronous detachment continued on
both sides of the Nipton fault.
3. Ca. 8-6 Ma, the southern part of Ivanpah Valley
developed, driven by strike-slip faulting along the
Nipton fault that possibly terminated in east-dipping
normal faults east of the New York Mountains and
McCullough Range. Activity on the Nipton fault was
coordinated with Basin and Range faulting north of
the Stateline fault. Detachment faulting continued,
perhaps at reduced rate, and locally the detachment
fault was dragged into parallelism with the Nipton
fault.
4. Ca. 5-3 Ma, the Stateline fault was active as shown
by its intersection with the Nipton fault, where a
basin formed in a localized area. The intersection
was along a gently west-dipping terminus of the
Stateline fault and a nearly vertical Nipton fault. This
extension was principally accommodated by uplift
of the New York Mountains, as evidenced by ~5 Ma
thermochronologic cooling ages. Detachment faulting
continued, with Neogene deposits in the hangingwall
undergoing faulting.
5. Ca. 3-1 Ma, the Stateline and Nipton faults probably
slowed or ceased well before ~1 Ma because the basin
low of Ivanpah playa is shifted well to the northwest
of the depositional basin presumed to be locus of
maximum extension. In addition, latest Pliocene or
early Pleistocene deposits overlap detachment-basin
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deposits and the detachment fault east of Nipton
(Miller and Wooden, 1993).
It has been argued that the Stateline fault is a member
of the ECSZ (Guest et al., 2007) although it lies well to the
east of the eastern boundary, the Soda-Avawatz fault, as
defined by Dokka and Travis (1990). If so, how is offset on
the fault accommodated to the south and west? No active
fault traces in this area are known, but several Pliocene to
Pleistocene faults were mapped by Miller (2012), including
traces that were interpreted as southwest continuations
of the Nipton fault. If major topographic features record
strike slip faults and their interactions during the late
Miocene and Pliocene, several predictions are possible.
For instance, the Cima highland and Granite Mountains
to the southwest of our map area may have been uplifted
by reverse faults at the southwest termination of the
Nipton fault.

Conclusions
The Ivanpah Valley formed after 8 Ma but early
detachment faulting at the south end of the McCullough
Range probably created a proto-valley starting ~13
Ma. This detachment faulting may have been caused
by extension on the north side of the incipient Nipton
fault. After about 6 Ma, the Stateline and Nipton faults
began to interact to create a basin that is restricted to the
southeast part of Ivanpah Valley. New York Mountains
rocks adjacent to the basin were rapidly uplifted until ~4
Ma. The Stateline fault does not continue southeast past
the Nipton fault but likely splays out into gently dipping
segments that bound a ~10 km wide, 2.5 km deep basin.
This pattern of dextral faults and antithetic sinistral faults
may be more widespread in the eastern Mojave Desert
than has been appreciated. It may explain how shear
between the Soda-Avawatz fault and faults in Ivanpah
Valley has been accommodated.
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Introduction
The Thor Property is located within the Crescent mining
district in the eastern Mojave Desert about 119 km
south of Las Vegas, Nevada (Figure 1). It consisted of 198
contiguous, unpatented, lode mining claims staked and
owned by Elissa Resources Ltd. The area lies about 3 km
northeast of the Mojave National Preserve.
The Mountain Pass Mine lies approximately 30 km
to the west, just south of the Clark Mountains and
north of I-15. Mineralization in the Crescent district
was first discovered by Native Americans who mined
small amounts of turquoise along the south flank of
Crescent Peak. These occurrences were subsequently
mined commercially from 1894 to 1906, producing
approximately $1,000,000 in turquoise (Morrissey, 1968).
Gold and silver were also discovered in the district in
the early 1900s, with intermittent periods of mining
activity over the next 40 years. Principal producers were
the Nippeno, Big Tiger, Lily, and Double Standard mines.
Total production is unknown but likely was less than
$100,000 (Longwell, et al., 1965).
Also, during the 1950s uranium prospecting rush that
swept the western Cordillera, the district was examined
for its uranium and thorium potential. Thorium and
lesser uranium, with associated rare earth elements, were
discovered at the Thor Claim, southwest of Crescent Peak.
An examination by U.S. Atomic Energy Commission
(AEC, 1955) reported a sample from the Thor Claim with
0.15% ThO2 and 1.54% REE. Much of the area was staked
and numerous prospect pits and trenches were dug. When

Figure 1. Index map showing the location of the Thor Rare Earth
Prospect.
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it was recognized that most of the radioactivity was being
produced by thorium, rather than the more valuable
uranium, interest in the area declined.
Although rare earth mineralization was noted as early
as the 1950s, the only subsequent follow-up investigation
involved a few days spent examining the property by
geologists from the nearby Mountain Pass Mine in
the 1980s (Jessey, pers. comm., 2010). They showed no
interest in the property and it wasn’t until 2009 that a
systematic examination and evaluation of the rare earth
mineralization by Elissa Resources began.
Currently, no known systematic study of the rare earth
mineralization of the New York Mountains has been
done and there is very little published. It is unclear when
rare earth mineralization was discovered, but Volborth
(1962) mentions that the area underwent a period of
uranium prospecting during the 1950s and rare earth
mineralization was mentioned. Volborth described the
rare earth mineralization as being a series of 1-meter-wide
pegmatite dikes near Crescent Peak. He described the
main rare earth mineral as allanite, a rare earth bearing
silicate belonging to the epidote group. The allanite
occurred as reddish brown euhedral crystals 1–4cm in
length. Allanite represented 5–15% of the pegmatite dikes.
In the southern New York Mountains, which is now part
of the Mojave National Preserve, Volborth describes
a series of fault-controlled, 2-meter-wide brecciated
dikes extending 4–6 kilometers. These dikes contained
xenotime and monazite, both rare earth-bearing
phosphates. Volborth also noted the presence of minor
allanite within the pegmatite dikes. In addition to the
New York Mountains Volborth briefly described the rare
earth deposit at Mountain Pass, California. Because of the
numerous rare earth occurrences in the area, he described
the eastern Mojave as a rare earth province.
Rare earth mineralization in the northern New
York Mountains was discussed briefly in Millers’ work
(1986) on the mineral resources of the Castle Peaks
wilderness area. Miller and others described the rare earth
mineralization as occurring in Proterozoic host rocks.
Volborth (1962) believed these units to be correlative in
age with the Mountain Pass rocks; however, Miller and
others (1986) believed they were older. Miller and others
(1986) described anomalous concentrations of rare earths
and related elements in stream sediments as well as in
local gneisses and granites. Miller and others (1986)
2019 desert symposium
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described allanite, found within a series of pegmatite
dikes, as the main rare earth bearing mineral in the
area. Miller and others (1986) also described several
fluorspar deposits in the study area not far from the rare
earth bearing pegmatite dikes. Fluorspar is a commonly
recognized associated mineral in rare earth deposits.
Heinrich (1948) stated that of the 22 North American
occurrences of rare earth pegmatites, 19 of them had
fluorite associations. Miller and others (1986) went on to
state that though the area was geologically favorable for
rare earth mineralization, the resource potential was low.
Hogge (2010) and others stated that the rare earth
mineralization at Thor was closely associated with
uranium and thorium bearing minerals and that the
mineralization was vein controlled. The primary rare
earth minerals they identified as part of their initial
reconnaissance work were monazite, apatite and possibly
xenotime (Gillerman, 2010). The rare earth mineralization
was found within altered granitic rocks and biotite
rich diorite-quartz diorite. The structurally controlled
Lopez Trend was 1.5 miles long and around 230-500
feet wide. Since rare earth mineralization is associated
with radioactive elements, a scintillometer was used to
identify areas of mineralization. Assays of the rare earth
mineralization returned values of 0.5-3% REE +Y values.
Surface rock and subsurface drill core samples were
collected over a six month period during the Phase One
Exploration project with Elissa Resources. Field mapping
of area geology and drill locations was also performed.
Since high levels of radioactive thorium were present in
the core, readings were taken using a scintillometer and
gamma ray probe to identify potential Rare Earth bearing
intervals.
Additional quantitative analyses were also undertaken
using ICP/MS (inductively coupled plasma/mass
spectrometry), x-ray fluorescence (XRF), SEM (scanning
electron microscopy), and microprobe. Geochronological
analysis was done through the SHRIMP Lab at Stanford
University. Thin section petrography and analysis was
performed using a Nikon petrographic microscope. Scaled
photos of thin sections were taken using a Nikon digital
camera attached to the petrographic microscope. ICP
assays were performed by Activation Labs in Ontario,
Canada.
SEM and microprobe analysis and identification of
rare earth and associated minerals were performed by
Dr. Robert Housley, Ph.D., of California Institute of
Technology, Pasadena, CA. Geochronological analysis
of monazite grains was performed with the assistance
of David Miller of the USGS, Menlo Park, CA and José
Rosario and the Stanford USGS SHRIMP team.

Mineralogy
Apatite
Rare earth mineralization was most commonly found
in the mafic host rocks and silica deficient syenites.
2019 desert symposium

Photo 1: Rare Earth Mineralization as seen in hand specimen
for the Thor property. The gray-green stringers turned out to
be monazite-bearing apatite veins. The presence of thoriumcarrying monazite is likely giving the veins their darker color.
These mineralized zones also reacted strongly to long wave UV
light due to the presence of fluorapatite.

The highest grade mineralization occurred in localized
discontinuous veinlets (Photo 1). Biotite is the most
common mafic mineral and was closely associated with
the rare earth phosphates monazite, apatite and xenotime
as well as allanite, a rare earth silicate. Apatite, in the form
of fluorapatite, shares a close affinity with monazite and
xenotime. It occurred in disseminated grains and veinlets
and comprised up to 5% of the high grade rare earth zones
and was a good indicator of mineralized zones in the host
rocks.
Compositional zoning in apatite was common but
faint (Photo 2). Microprobe data for zoned apatite
(Table 1) indicates that the Thor apatite is enriched in
the heavy rare earth element yttrium. Microprobe data
of the different zones showed an extra enrichment of Y
and LREEs in the brighter regions of the apatite, which
accounts for the extra brightness seen in the BSE image.
Zoning within the apatite may indicate fluctuations
within the composition of the metasomatic fluids.
REEs within circulating fluids are mainly controlled by
temperature, pressure and pH. Preliminary studies from
the Yellowstone hydrothermal system showed high REE
concentrations within acidic waters (Jones, 1996).
Magmatic conditions during crystallization, including
chemical composition, temperature, pressure and
magmatic environment directly influence crystallization
of apatite and which REEs the apatite may absorb
during crystallization. Stability relations between
fluorapatite, monazite, allanite, and REE-epidote indicate
that temperature and pressure are less important in
these minerals’ crystallization than fluid composition
and the ratio of silicate minerals (Budzyn, 2011).
Fluid composition with a high Ca+ content promotes
crystallization of fluorapatite, allanite or REE-epidote
and dissolution of monazite. A high Na+, low Ca+ content
promotes allanite crystallization. Substituting K+ for Na+
causes crystallization of monazite from the fluorapatite
99
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Photo 2: Electron Microprobe Back Scattered Electron Image of
a Zoned Apatite Grain.

Photo 3: Monazite grains in Apatite vein

(Budzyn and others, 2011). In the case of incorporating
REEs, chamber environment appears to play a key role in
which REEs (light or heavy) are picked up by the apatite.
Research by Lux (2009) on apatite from metaluminous
and peraluminous granites suggests that apatite has a
higher likelihood of incorporating the lighter REEs in
dynamic systems which produce metaluminous granite.
Apatites in peraluminous granites, which form in less
dynamic systems, have a tendency towards incorporating
the heavy REEs. Since a high percentage of the Thor host
rocks are peraluminous, the microprobe data supports
crystallization in a less dynamic system.
In general, apatite grains exhibited little to no
alteration. Monazite inclusions within apatite were noted
during SEM and microprobe analyses. It is generally
accepted that monazite after apatite is an alteration
reaction and probably took place during periods of
metasomatism. The origin of the monazite was likely
exsolution from apatite.

rare earth oxides (Klohn, 2012). The more valuable heavy
rare earth oxides comprised 18% of the total in this high
grade interval (Klohn, 2012). High grade mineralization
was concentrated along discontinuous apatite veinlets
containing an abundance of monazite and zircon grains
with rare xenotime. Monazite occurred as single grains or
clusters of grains (Photo 3). Grain size averaged 0.25mm
and crystals were often twinned.
Monazite has complex zoning (Photo 4). Microprobe
results (Table 2) show that the greatest concentration of
rare earth elements is in the lighter zones, as expected.
Research by Budzyn and others (2011) on crystallizing
conditions of monazite showed that neutral K+ rich
hydrothermal fluids must be available in order for
monazite to crystallize from apatite. The addition of
sodium silicates and H2O results in acidic fluid conditions
causing strong dissolution of monazite and mobilization
of REEs. Once the pH of the fluids become less acidic,
monazite recrystallizes and absorbs the mobilized
REEs (Budzyn and others, 2011). Because monazite
is less soluble than apatite, it usually crystallizes first,
picking up the less soluble heavy REEs. However, with
a slight increase in pH, monazite will recrystallize at
lower temperatures, allowing it to pick up additional

Monazite
The highest concentration of rare earths was in monazite
and xenotime. Assays of the highest mineralization,
which included a zone of 6 feet, contained just over 3% of
100
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Photo 4: Microprobe backscattered electron image of zoned
monazite grain. Circles are microprobe analysis spots.

lighter REEs as well. Individual grains of monazite
were randomly distributed throughout the host rocks.
Separation of monazite from apatite probably occurred
during periods of slow cooling. Since the study area has
undergone multiple plutonic events the separation likely
took place during post intrusive phases (Miller and
Wooden, 1993).
Allanite-Ce:
The rare earth silicate allanite was the most common REE
mineral evident within the thin sections. It also carried
the second highest concentration of rare earth elements.
Like monazite it was complexly zoned (Photo 5). The
concentrations of rare earth elements La, Ce, and Nd
were higher within the light areas of the zoned allanite as
expected. Yttrium showed a significant inverse increase
within the darker zones, similar to zoned monazite.
Allanite commonly altered to thorium free or thorium
poor monazite. The alteration processes between allanite,
monazite, and apatite are quite complex. The thorium
minerals were all identified through SEM analysis. They
most commonly appeared as bright inclusions within the
monazite, allanite, and apatite grains. Calculated Th Pb
ages dates of several small thorianite grains suggest that
an alteration event may have taken place during intrusion
2019 desert symposium

Photo 5. Back scatter electron image of zoned allanite grain,
areas of which are partly altered. Note the complexity of the
zoning.

of diabase dikes around 1.1Ga (+/- 0.05Ga). Calculated
age dates of tiny thorite or thorogummite grains were too
erratic to interpret.
Unidentified Calcium REE Fluoride-(Ce)
Several rare earth calcium fluoride minerals were seen in
numerous SEM analyses; however, we did not determine
specific minerals. An SEM analysis is listed in Table 3 and
the SEM Back Scatter image can be seen in Photo 6. These
minerals usually form during low temperature (<400oC)
alteration processes and likely formed during plutonic
cooling.
Thorite, Thorogummite (Th,U) SiO4xH2O and Thorianite
ThO2
Thorite, thorogummite, and thorianite are all rare
earth bearing alteration products of monazite. Thorite
is part of the zircon group of minerals. As previously
mentioned, there is a common association of monazite
and zircon; therefore, it is not surprising that thorite and
thorogummite are commonly found in the Thor rare earth
mineral suite. Thorogummite forms as pseudomorphs
of tetragonal thorite as part of the alteration process of
thorite. In addition to high concentrations of thorium,
these thorium bearing minerals commonly contain high
101
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concentrations of impurities such as uranium (up to
25%), REEs (up to 8%), PO4 (up to 13%) and radiogenic Pb
(www.mindat.org). Like monazite, these characteristics
make them useful for age dating.
Xenotime-YPO4
Xenotime was the least common rare earth mineral found
in thin section. A single grain was found adjacent to
monazite grains (Photo 7) and was only identified though
SEM. Data from SEM-EDS analysis of xenotime is seen
in Table 4. Similar to apatite, monazite, and allanite,
xenotime was also zoned as seen in Photo 7.

Photo 6: Unidentified Ca, REE fluoride grain in Apatite vein.
(arbitrarily called synchysite in SEM BSE image). Th-G is
Thorogummite, a possible alteration product of Thorite

Conclusions
Studies of the Thor property show a suite of interesting
rare earth bearing minerals. Primary rare earth bearing
ore minerals at Thor include the phosphate minerals
apatite, monazite, and xenotime as well as allanite, a
Ca, REE fluoride, thorite and/or thorogummite, and
thorianite. Geochemistry, SEM, microprobe, and field
studies seem to indicate a complex series of events
leading to the deposition and enrichment of the rare
earth elements. Zoning within the rare earth minerals
appears to support this hypothesis. Differences in
composition, changes in pH, temperature and pressure,
most likely during metasomatic events, played a large role
in rare earth enrichment within the northern New York
Photo 7: SEM backscatter electron image of zoned xenotime
in between monazite grains.

mountains. Additional studies would need to be made
in order to further understand the specific role each
component played.
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Introduction
This paper summarizes what is known about the
stratigraphy, geology, tectonics and mineral deposits of
the Southern Spring Mountains. It is the fifth in a series of
papers that has been compiled for the Desert Symposium

focusing on mining geology and history in the Mojave
Desert:
• 2015: Cronese, Cave and Northern Cady Mountains
• 2016: Ivanpah Mountains, Mescal Rane, Clark
Mountains
• 2017: Bristol and Old Dad Mountains
• 2018: Old Mojave Road
For 2019 compilations have
been made for the Northern
Halloran Springs and Southern
Spring Mountains Mining
Districts
The Southern Spring
Mountains Mining District
includes the previouslydescribed Goodsprings, Yellow
Pine and Potosi mining districts.
Development and production
in the district were influenced
by world economics for lead
and zinc, the development
of railroads, improvements
in mining and beneficiation
technologies, and metallurgical
understanding of the ores.
This paper summarizes a
more comprehensive compilation
of data about the geology and
mineral deposits of the Southern
Spring Mountains found at:
http://www.greggwilkerson.com/
southern-spring-mountainsgoodsprings-mining-district.
html or https://www.academia.
edu/38194204/SPRING_
MOUNTAINS_SOUTHERN_
MINING_DISTRICT_CLARK_
COUNTY_NEVADA_TEXT

Location

Figure 1. Topographic map of the Spring Mountains showing mine locations.
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The Goodsprings (Yellow Pine,
Potosi) district is in the southern
part of the Spring Mountains.
It is bounded on the west by the
Pahrump and Mesquite Valleys,
on the south by the California
2019 desert symposium
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State line, on the east by Goodsprings Valley, and on the
north by Potosi Mountain. Elevations above sea level
range from just under 3,000 feet in the south to 8,504 feet
at Potosi Mountain in the north (Longwell and others,
1965, p. 101).
This report is for an area larger than the “Goodsprings
District” of Longwell and others (1965) or of earlier
(Yellow Pine, Potosi) district descriptions (Wheeler, 1871;
Keely, 1893; Longwell, 1926; Heiks, 1931; Hewett, 1931,
Secor, 1963, Carr and Pinkston, 1987). The southern
Spring Mountain mining district is defined herein as an
area with:
Lovell wash and the Old Spanish Trail (Highway 160) to
the north
Cottonwood Valley, Goodsprings Valley and the Lincoln
and Ireland mines to the east
Ivanpah Valley to the southeast
Mesquite Valley between the southern tip of the Spring
Mountains and the west end ot Black Butte to the
southwest.
Thusly defined this study area embraces 227, 156 acres
in the southern Spring Mountains. Within this area
there are 186 mineral deposits inventoried in the USGS
Mineral Resource Data System (MRDS, 2011). Of these,
143 are classified as producers, past producers or plants.
Individual reports for 91 of the most important producing

or past producing mines and deposits of special interest
were prepared. The most important mines and deposits
are summarized in table 1.

History

Some of the minerals in the district were known to Native
Americans and Spanish explorers. In 1856, the district
was explored by Nathaniel V. Jones under direction of
the Church of Jesus Christ of Latter-Day Saints. Early
efforts at smelting were unsuccessful. In 1861 the Potosi
mine was developed and sporadic attempts were made
between 1961 and 1893 to produce lead. From 1893 to 1898
interest centered largely in the gold-bearing deposits in
the district. In 1898 the Yellow Pine mill began processing
copper ores. In 1905 the railroad between Los Angeles and
Salt Lake City was completed and in that year oxidized
zinc minerals(hydrozincite), heretofore ignored, were
identified by T.C. Brown. The district’s proximity to the
railroad connecting Mojave to Las Vegas in Ivanpah
Valley at Jean facilitated mine developments as did the
re-evaluation of zinc resources. A narrow-gauge railroad
from Jean to Goodsprings and the Yellow Pine mine was
built in 1910. More lead, zinc and copper zinc mines were
opened during WWI. Between 1902 and 1930, cyanidation
extracted more gold and silver from the ores. There was
some renewal of activity during WWII, but by 1964 most
of the mines were dormant (Hewett, 1931, Longwell and
others, 1965).
Table 1: Generalized mine stratigraphy for the southern Spring Mountains lead-zinc mines
AGE

NAME

MINES

Jurassic

Aztec Sandstone

None

Triassic

Chinle Formation
Shinarump Conglomerate
Moenkopi Formation

None

UNCONFORMITY

None

Permian

Kaibab Limestone

None

Pennsylvanian

Supai Formation
Bird Springs Formation (all mines
in lower 500 feet)

Bonanza, Ruth, Belle, Hoosier,
Alice Bill Nye Akron, Surprise,
Middlesex, Lookout, Mountain Top
Pilgrim

UNCONFORMITY
Mississippian

Monte Cristo-Yellowpine
limestone member
Monte Cristo-Arrowhead
limestone member

Yellow Pine, Potosi, Prairie Flower,
Pauline, Fredrickson, Argentena,
Volcano, Palace and Porter,
Accident, Christmas, New Year,
Ingomar, Milford No. 2

Monte Cristo - Bullion Dolomite
member

Dawn, Addison, Puela, Spelter,
Contact, Bullion, Milford,
Smithsonite

Monte Cristo – Anchor limestone
member

Monte Cristo, Valentine, Anchor,
Shenandoah, Mobile

Devonian

Sultan Limestone -

None

Devonian to Upper Cambrian

Goodsprings Dolomite

None

Middle Cambrian

Bright Angel Shale
Tapeats Sandstone

None

UNCONFORMITY
Pre-Cambrian
2019 desert symposium

Granite gneiss

Stratigraphy

The stratigraphy of
the Spring Mountains
(Hewett, 1931) ranges from
Pre-Cambrian granite gneiss
to Jurassic Aztec sandstone.
Mines are only hosted by the
Pennsylvanian Bird Springs
and Missisippian Monte
Carlo formations.

Structure
The geologic structure of
the Goodsprings district is
dominated by three major
Mesozoic thrust faults.
From east to west, these
are the Contact, Keystone,
and Green Monster thrust
faults. Thrusting began on
the Contact thrust by Late
Jurassic time and ended
with the Keystone thrust
overriding the Contact in the
Late Cretaceous. Parts of the
Contact and Keystone thrust
plates appear to have moved
over erosional surfaces. The
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Table 2. Primary mines of the sSouthern Spring Mountains listed by commodit y

Mineral deposits

Ores are typically found in brittle,
brecciated carbonate beds of the
Bird Springs and Monte Carlo
Antimony (1)
Antimony Prospect
Formations. The ore bodies are
Cobalt (3)
Highline, Columbia, Copper Chief,
generally bounded on either side
Copper (37)
Azurite, Belle (Maybelle), Blue Jay, Boss, Columbia, Copper Chief,
by more plastic shales. Some
Copperside, , Doubleup, Fitzhugh Lee, Green Copper, Highline,
deposits are partly hosted by granite
Ironside, Keystone, Lincoln, Ninety-nine, Oro Amigo, Rose,
Snowstorm
porphyry or sandstone. The ore
Flagstone (1)
Flagstone Quarry
bodies are found along bedding
plane faults and at the junctions of
Gold (19)
Chaquita, Clementina, Keystone, Lavinia, Red Cloud
the low angle faults with high angle
Lead (41)
Kirby, Ruth, Silver Gem (Christmas Group)
faults. Dolomitization of limestone
Perlite (1)
U.S. Perlite
preceded sulfide mineralization and
Platinum (2)
Little Tommy G No. 9, Boss
sometimes the sulfides are encased
Radium (1)
Radium Deposit
in dolomite (Hewett, 1931). The
Silver (4)
Crystal Pass, Lavina, Lincoln, Valley View
district has mineral deposits for the
following commodities:
Stone (2)
Unnamed quarries No. 1 and No. 2
Mine grades, host rock and ore
Uranium (7)
Rosetta No. 1 and No. 2, Jean-Slone, Uranium Locality 27
mineralogy
for major mines are
Vanadium (2)
Akron, Valley Forge
summarized in Table 1.
Akron, Houton, Combination (Nob Hill Area), Little Betty, Monte
Zinc (60)
The magnesia in the host rocks
Cristo (Combination Lode), Van Henry (Hoosier)
ores seems to have been brought
Zinc or Lead (97)
Accident, Addison (Milford), Alice (Yellow Pine Extension), Anchor,
to an upper zone in the crust by
Bullion, Christmas (Silver Gem and Eureka) Contact, Dawn, Eureka
circulation along fractures, but a
Silver Gem, Fredrickson, Hermosa (Hooser), Hoodoo. Kirby, Lookout
(Annex, Mountain Top), Middlesex, Milford, Milford No. 2, Mobile,
large part of the actual process of
Mountain Top (Lookout, Annex), New Year, Palace-Porter, Pilgrim,
replacement of limestone seems
Potosi, Prairie Flower, Pauline., Root, Ruth, Shenandoah, Sultan,
to have been accomplished by
Surprise, Spelter, Tam o-Shanter, Tiffin, Valentine, Whale, Yellowpine
diffusion. The metallic sulphides
rose along similar major channels
Green Monster thrust plate is the structurally highest and
but
appreciably
later
than
the magnesia and were
westernmost structural unit in the Goodsprings district.
deposited
in
part
by
replacement
of the carbonate wall
The age of the Green Monster thrust can only be limited
rock
and
in
part
by
precipitation
in
open spaces (Hewett,
to the time between post-Kaibab (Late Permian} and
1931,
p.
102).
pre-Keystone thrusting (Late Cretaceous?). Thrusting in
The places of deposition of the metallic sulphides
the Spring Mountains produced a minimum shortening
were
determined in a broad way by the distribution of
estimated from the décollement model to be between 22
bodies
of intrusive granite porphyry and locally by the
and 45 mi (36.6 to 75 km). Some deformation occurred
structure.
The principal channels by which the metals
during Late Cretaceous time, but part of the deformation
were
brought
to their sites of deposition were steeply
could be early or middle Mesozoic in age. The major
dipping
crosscutting
fractures. Some of the bodies of
Mesozoic thrust plates in the southern Cordillera were
sulphides
were
deposited
in these fractures, but the largest
emplaced eastward over autochthonous rocks at the same
bodies
were
formed
in
bedded
breccias along flat thrust
time as the autochthon underwent high-angle faulting.
faults
near
their
intersection
with
crosscutting fractures
Granite porphyry dikes were intruded, some following
(Hewett,
1931,
p.
102).
fault planes, between earliest Cretaceous and Quaternary
The shape of the ore bodies is controlled by the dip of
time. Various extrusive flows, tuffs and breccias erupted
the
bedding. Where the bedding is flat, the ore bodies are
during the Tertiary (Burchfiel and others, 1974; Burchfiel
generally
tabular and parallel the bedding. Where the
and Davis, 1977; Carr, 1978, 1983, Carr and Pinkston,
bedding
is
inclined, the ore bodies are generally in flattish
1987).
pipes
that
parallel
bedding or cut across it at low angles. A
Gravity-slide blocks of Paleozoic rocks derived from
few
ore
bodies
follow
steep fault zones that cut the beds.
the uplifted thrust-plate terrane are present at the head
The
ore
bodies
range
in
size from a few tons to more than
of Lavinia Wash and at the east end of the Ironside fault
20,000
tons
(Longwell
and
others, 1965, p. 104, 105).
zone, a tear fault in the Keystone thrust plate. The gravityAmong
the
zinc
minerals,
which have been the
slide blocks in Lavinia Wash overlie a buried pediment
principal
product
of
the
district
thus far, hydrozincite
surface cut into deformed Lavinia Wash sequence and are
is
the
most
abundant,
but
considerable
smithsonite and
overlapped by Pleistocene alluvium (Carr and Pinkston,
a
little
calamine
have
been
produced
by
some mines.
1987).
Commodity and
(number of deposits)
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These minerals represent
zinc once deposited
as sphalerite, oxidized
to the sulphate, and
reprecipitated nearby
but at lower levels
under the influence of
weathering. The original
lead sulphide is largely
unaffected by weathering,
but the shallow zones of
many mines yield some
carbonate and sulphate of
lead. Under weathering
numerous vanadates of
zinc, lead, and copper
have been formed. Only
traces of copper sulphide
minerals are exposed in
the mine workings, as
most of them have been
weathered to form the
carbonates and silicates.
Minerals of the jarosite
group--hydrous sulphates
of iron with the alkalies
and other metals--are
common (Hewett, 1931,
p. 102).
Many deposits show
displacements along
fractures that have been
formed since the metallic
sulphides were deposited.
There is little if any record
of movement along
these fractures since the
oxidized minerals were
formed, and it seems that
most of the weathering
Figure 2. Generalized geologic map of the southern Spring Mountains and surrounding areas.
has taken place since the
formation of the fractures
(Hewett, 1931, p. 102).
as scattered pods and lentils in the oxidized ore. This
Lead-zinc ore of the Goodsprings district typically
common association of the primary lead sulfide with
occurs as flattened pipes and tabular bodies replacing
the secondary zinc carbonate and silicate indicates that
dolomitized limestone in zones of fracturing and
the oxidation of primary ore was accomplished without
brecciation. 98% of lead-zinc ores came were hosted by
significant change in position or shape of the ore bodies
the Mississippian Monte Carlo Formation. The other 2%
(Albritton and others, 1954, p. 1-2).
are hosted by the lower 500 feet of the Pennsylvanian Bird
Gold ± silver deposits appear to be restricted to one
Springs Formation (Alberton and others, 1954, p. 1)
of four textural and modal varieties of Late Triassic
Beneath some of these impermeable caps the ore
porphyritic intrusions, all of which are highly altered
remains unaltered and consists principally of galena and
feldspar porphyry (Vikre and others, 2011, p. 409).
sphalerite. In most places, however, the ore is oxidized
The lead in the present deposits was derived from
to undetermined depths below present mine workings.
1.7 Ga crystalline basement or from Late Proterozoic
Sphalerite has been altered to hydrozincite and calamine.
siliciclastic sedimentary rocks derived from 1.7 Ga
Locally the galena has also been altered--to cerussite
crystalline basement (Vikre and others, 2011, p.381).
or less commonly to anglesite--but mostly it remains
2019 desert symposium
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Figure 3. Metal zones of the southern Spring Mountains.

Vikre and others studied the district and compared
K-Ar, Pb-Pb, and Rb-Sr geochronometers. They stated:
Data are not adequate to identify true
differences in age between intrusion
subtypes or between emplacement and
hydrothermal activity. The range in ages
by all techniques suggests that a period
of intrusion and hydrothermal activity
occurred at about 217 Ma and fluid
systems continued well beyond the range
indicated by analytical errors. (Vikre
and others, 2011, p. 398)
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The Lead-Zinc
carbonate replacement
deposits originally formed
in the late Paleozoic from
leaching of the base metals
form Pre-Cambrian crust.
Then in the Late Triassic,
igneous activity produced
the gold-silver and other
types of deposits (Vikre
and others, 2011, p. 382).
These Triassic intrusions
also remobilized the older
lead-zinc replacement
deposits and some of
them contain components
deposited in them by the
Late Triassic hydrothermal
systems (Vikre and others,
2011, p. 408)
There is a crude pattern
of concentric mineral
zoning in the district
that is consistent with
mineralization produced
by porphyry copper
intrusions. This model
(Cox and Singer, 1992,
p. 76) can be applied
to the southern Spring
Mountains Mining
District. In this model,
mineral deposits formed
by differentiating ore
solutions from a cooling
magma of dioritic or
granitic composition.
In the ideal case,
porphyry copper style
mineralization would
produce concentric rings
of minerals. From center
to the periphery, these
mineral zones are:

Tungsten-Molybdenum
Lead-Zinc
Copper
Gold
Silver
Mercury
In the Southern Spring Mountains, Lead-Zinc, Copper,
Gold and Silver zones are recognized. In addition, the
distribution of uranium deposits is concentric around
the porphyry systems. There are incomplete generalized
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Northeast system
This area trends W-NW to
E-SE between the Paradise
Prospect and the Red
Cloud Mine. It is 3.8 miles
long and 2.3 miles wide.
The central lead-zinc zone
is on the west end (Bluejay,
Snowstorm, Pilgrim
mines) with a large copper
zone to the W-NW and
a gold zone to the south
(Red Cloud Mine).
Central system
This area is southeast and
southwest of Shenandoah
peak. It is 5.2 miles long
and 2 miles wide. It
extends from the Boss
mine in the southeast to
the Prairie Flower mine
in the northeast. It has
a central lead-zinc zone,
a southern copper zone,
and a northern gold
zone. Most of the gold
deposits are associated
with porphyritic intrusive
rocks.
Southern system
This is the largest
porphyry system, covering
an area of 47 square miles.
The northern boundary
of this zone is the Sand
Valley Road in Kirby
Wash. The west side
extends to the townsite
of Ripley. The southern
Figure 4. Porphyry mineralizing systems of the southern Spring Mountains.
boundary extends to Devil
Peak. The eastern side is
copper porphyry style concentric zoning patterns in four
marked by the Lincoln and Ireland mines. It has a leadareas:
zinc core with copper zones to the north and east. There
is also a silver zone outward of the copper zone in the
Northwestern system:
southeast part of the porphyry system. In addition, there
This area is between the Desert Valley Prospect and the
is a western gold zone.
Rainbow Quarries.
It is on a western spur of the southern Spring
Ore formation
Mountains. The east-west trending zone is 4 miles long
The foregoing review of the stratigraphy, structure and
and 2 miles wide. The system has a central lead-zinc zone
mineral deposits in the Southern Spring Mountains
(Green Monster, Hatchet and Daniel Boon Mines) with
suggests that the lead in the polymetallic replacement
copper zone outward from it to the east and west (Desert
deposits originated from the leaching of 1.7 billion year
Valley Prospect, Mohawk No. 7, Rainbow Quarries).
old Precambrian crustal units. Those Paleozoic LeadZinc replacement deposits became parts of differentiating
porphyry systems in the Late Triassic. This partly
2019 desert symposium
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remobilized and mixed mineral assemblage was included
in subsequent thrusting, normal faulting and detachment
events involving Paleozoic and Mesozoic formations from
Triassic to Late Cretaceous time.
The ore solutions from the differentiating porphyry
systems dolomitized limestones and replaced favorable
carbonate units with remobilized sulfide minerals.
Weathering and supergene enrichment of the sulfide
replacement deposits have produced the present mineral
assemblages.
If the relic porphyry mineral zonation (Maps 3 and
4) is from the Late Triassic intrusive hydrothermal
events, then the lower parts of that system must be below
the thrusts and west of the Spring Range due to postCretaceous extension. Alternatively, the zonation could
be the product of a 3rd overprinting and remobilizing
igneous-hydrothermal event in Tertiary time.

Brugger, Joel, D.C. McPhale, Malcom Wallace, and John
Waters, 2003, Formation of Willemite in Hydrothermal
Environments, Economic Geology, Volume 93, pp. 819-835.
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A window on the later Early Holocene: packrat
middens from Black Butte, Sandy Valley,
Nevada
W. Geoffrey Spaulding

PaleoWest Archaeology, 2320 Cordelia Street, Henderson, NV 89004; wgeoffrey@terrantiqua.com

Like many outcrops of Paleozoic rock near grade, or
along ridges in the northern Mojave Desert, the inselbergs
at the southern end of Black Butte are riddled with
solution cavities. These outcrops were identified by Jay
Quade of the University of Arizona in the mid-1980s
as a good place to test the thesis that, during periods
of active discharge at neighboring paleosprings (now
characterized by groundwater discharge deposits, or
GWD), plant macrofossils accumulating in nearby packrat
(Neotoma spp.) middens could reflect the contemporary
expansion of riparian habitat. Mesquite, cottonwood, and
other phreatophytic plants might expand their range in
response to shallower groundwater, and fall within the
foraging range of packrats dwelling in the nearby rock
outcrops. Accordingly, these outcrops were explored for
packrat middens by Spaulding and Quade in July of 1986
(Spaulding, 1994).
Unfortunately, most solution cavities on the south end
of this inselberg proved to lack older packrat middens,
with the exception of two. These were not close to
identifiable GWD, either. The Sandy Valley-3 (SaV-3; 885
m amsl) rock shelter is within ca. 10 m of the head of the
alluvial fan, but ca. 380 m from the nearest identifiable

Table 1. Packrat midden assemblages from Black Butte,
northern Sandy Valley, Nevada
Sample

14C age

Lab No. QL-

cal yr BP1

SaV-3(1)
SaV-2(1)1

8490 ± 120

4232

9,460 ± 120

8790 ± 80

4226

9,870 ± 180

SaV-2(3)2

9250 ± 60

4235

10,420 ± 100

SaV-2(3)3

9400 ± 90

4227

10,650 ± 130

SaV-3(2)

9430 ± 60

4237

10,670 ± 70

calendar years before present calculated from δ13C corrected
14C date using CalPal-OnLine (University of Cologne, 2018;
http://www.calpal-online.de/)

1

GWD remnant. The SaV-2 shelter, at 935 m amsl near a
ridge crest and at least 60 m above the alluvial fan, is ca.
550 m from the nearest GWD (Figure 1; Spaulding, 1994).
It was evident in the field that the middens were probably
post-Pleistocene in age, since they contained no juniper
(Juniperus sp.), an indicator species of the Pleistocene
in middens from most desert habitats. Three separate
samples were analyzed from SaV-2, and two samples
were separated from the SaV-3 midden. All samples were
washed and sorted according to the methods described

Figure 1. The southern end of Black Butte. SaV, Sandy Valley midden sites; white arrows indicate closest groundwater discharge
deposits or mesquite (assumed to be indicators of shallow groundwater).
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Table 2. Selected plant species from Black Butte packrat midden assemblages, northern Sandy Valley,
Nevada (shading indicates presence)
fan vic.

ridge

ridge

ridge

fan vic.

sample no. SaV-

habitat

3(1)

2(1)1

2(3)2

2(3)3

3(2)

cal ka yr B.P. :

9.46

9.87

10.42

10.65

10.67

Increasing age, left- right →

Great Basin steppe and disturbance-adapted
1

4-wing saltbush

Atriplex canescens

saltbush / shadscale

Atrplex confertifolia-type

saltbush undet

Atriplex sp.

1

winterfat

Ceratoides lanata

1

rabbitbrush

Chrysothamnus nauseosus

1

matchweed

Xanthocephalum
microcephala

1

4
1
3

1

1

2

1

3

Hydrophiles & Summer Precipitation Indicators
honey mesquite

Prosopis juliflora*

1

grasses undif.

Poaceae undif.

2

1

1
†

blackbrush

Coleogyne ramosissima

netleaf hackberry

Celtis reticulata

cottontop barrel cactus

Echinocactus polycephalus

1

fish hook cactus

Mammilaria microcarpa

1

cholla/ pricklypear

Opuntia sp.

1

honey mesquite

Prosopis juliflora*

1

burrobush

Ambrosia dumosa

rock nettle

Eucnide urens

creosote bush

Larrea tridentata

1
†

1

1

1

1

1

†

1

1

Thermophiles / Xerophytes

1

1
†

cottontop barrel cactus

Echinocactus polycephalus

1

fish hook cactus

Mammilaria microcarpa

1

1

1

bold = species no longer present near the midden sites; relative abundance scale: 1, rare; 2, uncommon; 3, common; 4,
abundant; 5, the most abundant taxon in the assemblage (see Spaulding et al., 1990). †, one or two fragments, a possible
contaminant.

by Spaulding et al. (1990). Conventional radiocarbon
dating was performed on samples of Neotoma pellets,
undifferentiated twigs, or vegetal debris at the Quaternary
Isotope Laboratory of the University of Washington.
Calendar-age (cal yr B.P.) conversions (Table 1) were
based on δ13C-corrected 14C dates using the University of
Cologne (2007) on-line tool CalPal2007_Hulu calibration
curve. Dates are discussed as thousands of calendar years
before present (cal ka).
Despite the relative proximity of these middens to
GWD, hydrophilic species were scarce in the Black Butte
assemblages. Honey mesquite (Prosopis juliflora) pod
fragments and leaves were present in SaV3(1), and no
doubt came from nearby riparian habitat (Table 2). This
macrofossil assemblage, at 9.46 cal ka (QL-4236; Table 1),
is the youngest from Black Butte. More than the expansion
of riparian habitat, this record may also capture the initial
postglacial arrival of this important tree species (see the
114

discussion below). The only other riparian plant identified
in these samples is represented by a single endocarp of
netleaf hackberry (Celtis reticulata), likely transported to
the SaV-2 ridgetop in the crop of a bird (Table 2). Although
not necessarily a local record, its occurrence at ca. 10.46
cal ka is consistent with previous observations of an early
Holocene expansion of netleaf hackberry in the northern
Mojave Desert (Jahren et al., 2001). Evidence for an early
Holocene Pluvial climate at this time also includes the
occurrence of Opuntia in all samples (Table 2). Neither
cholla nor spinescent1 prickly-pear is observed here now,
and the early Holocene expansion of these succulents on
these xeric slopes has been tied to increased warm-season
precipitation (Spaulding and Graumlich, 1986).
The Black Butte midden samples provide a
chronologically narrow window, ca 1,200 cal yr long, onto
Beavertail prickly pear (Platyopuntia basilaris) is scarce but present in
the vicinity

1
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early Holocene vegetation
Table 3. Early postglacial records of warm-desert plants in the Mojave Desert
and climate conditions
Species
Oldest record1
2nd Oldest
3rd Oldest
4th Oldest
in Sandy Valley. During
Burro-bush
11.9 ka*; 425 m; 36°46’ 10.45 ka; 940 m;
10.42 ka; 935 m;
9.9 ka; 940 m;
this time postglacial
Ambrosia dumosa
N lat. (1)
36°38’ N lat. (2)
35°53’ N lat. (3)
36°38’ N lat. (2)
environmental changes were
Honey mesquite
10.3 ka; 1259 m;
9.9 ka; 305 m;
9.5 ka; 885 m;
9.0 ka; 400 m;
proceeding apace (e.g. Wells Prosopis juliflora
34°01’ N lat. (7)
35°16’ N lat. (6)
35°53’ N lat. (3)
36°35’ N Lat. (8)
et al., 2003; Miller et al.,
9.3 ka; 579 m;
Creosote bush
9.8 ka; 840 m; 34°40’
9.7 ka; 855 m;
7.8 ka; 400 m;
2010), but fully-postglacial
Larrea tridentata
N lat.(4)
34°40’ N lat.(4)
35°23’ N lat. (6)
36°02’ N lat. (5)
ecological conditions
Shaded = records from Black Butte; *1σ range >1 kyr. (1) Panamint Range, CA (Wells and Woodcock,
were still millennia
1985); (2) Skeleton Hills, NV (Spaulding, 1990a); (3) Sandy Valley, NV (this study); (4) Marble Mts., Cadiz
from being achieved
Basin (Spaulding, 1990a); (5) Lake Mead area, NV (Hunter et al., 2001.); (6) Silver Lake Basin (Koehler et
al., 2004); (7) Little San Bernardino Mts, CA (Holmgren et al., 2010) (8) Moapa Valley, NV. All records are
in most areas (Koehler
from packrat middens except (8), which is charcoal from river gravels 20-30 m bgs (Spaulding, 1994).
et al., 2004; Spaulding,
1990b). The Black Butte
this region: It took the entire early Holocene, at least,
macrofossil assemblages
for Mojave Desert plant communities to attain their
are a case in point: Although a dominant in present
present composition. But how much does this retarded
desert scrub, creosote bush is absent from all samples
floristic development directly reflect climate change,
except one, where it is but a trace and therefore a possible
and how much is it affected by the intrinsic migration
contaminant. Instead, the desert scrub between ca. 9.5
rates of different species (Thompson et al., 1993)? One
and 10.7 cal ka was characterized by other species still
way of addressing the question is by examining rates of
present, such as boxthorn (Lycium spp.) and ephedra
dispersal of two species with similar climatic tolerances,
(Ephedra spp.), as well as shrubs now extralocal, such as
but different modes of dispersal and ecologies, in this
rabbitbrush (Chrysothamnus nauseosus; Table 2). This
case burrobush or white bursage (Ambrosia dumosa)
sort of early Holocene vegetation is termed anomalous
and creosote bush (Larrea tridentata). The seeds of the
desert scrub (Spaulding, 1990a, b) because it lacks the
former
possess a distinct burr, well adapted to transport
current dominant plant taxa, and also normally contains
by
being
caught-up in animal fur. The seeds of creosote
extralocal shrub species. So while woodland persisted into
bush
are
encased
in an achene with bristles that confer
the early Holocene in the summer wet Sonoran Desert
upon
them
dispersal
capability by saltation across the
(Van Devender et al., 1987), it was absent from most slopes
desert
floor
during
(reasonably
common) periods of high
in the northern Mojave Desert, where anomalous desert
wind.
For
contrast
a
third
thermophilous
plant is added
scrub prevailed (Koehler et al., 2004).
to
this
analysis,
honey
mesquite
(Table
3),
with seeds
To explore whether any time-dependent change in
typically
dispersed
in
animal
guts
and
deposited
in feces.
plant communities could be discerned in this relatively
Reproductive
success
for
this
tree,
however,
would
depend
short span (Table 1), the occurrence of indicator plant
on
whether
its
propagules
found
their
way
to
riparian
species were ordered according to age in Table 2. Three
habitat. That would be a long-shot in the Mojave Desert
groups were defined for this simple analysis: (1) Great
except for the fact that, in this hyperarid environment,
Basin steppe shrubs; in this case genera that are often also
large animals tend to move from water source to water
indicators of disturbed soil conditions, (2) Hydrophiles,
source.
and plants associated with summer precipitation, and
With the possible exception of the oldest record of
(3) Thermophiles or xerophytes that favor the hottest
burrobush,
the first appearance dates (FADs) of these
habitats, and that are sensitive to excessively low winter
thermophilous
species are all well after the termination of
temperatures. When arrayed in this manner (Table
Younger
Dryas
(ca. 11.5 cal ka). The initial data (Table
the
2), it appears that shrubs characteristic of arid, cold
3)
also
suggest
that
dispersal rates were variable. The data
habitats (and disturbed soil) are most common in the
are
far
too
sparse
to
address the question of whether these
oldest assemblages, those from ca. 10. 4 to 10.7 cal
species
spread
gradually
from south to north, or whether
ka. The occurrence of matchweed (Xanthocephalum
they
“leapfrogged”
from
one valley to a distant one, as
microcephalum) in the younger assemblages also speaks to
might
be
expected
from
some
animal dispersal models
the presence of disturbed substrate.
(see
Madsen
and
Rhode,
1990).
The spread of burrobush
In contrast to the records of steppe and disturbancemay
have
been
particularly
rapid:
It was not only present
adapted species, thermophiles appear more common in
at
Black
Butte
by
10.42
cal
ka
(Table
2), but it appears in
the youngest samples (Table 2). As discussed previously
the
Skeleton
Hills
record,
ca
100
km
to the northwest in
(Spaulding and Graumlich, 1986), the glacial-age climate
the
Amargosa
Desert,
at
about
the
same
time (10.45 cal
of the Mojave Desert region was apparently typified by
ka;
Spaulding,
1990b;
Table
3).
In
contrast,
the arrival of
winter temperatures that exceeded the lethal lower limit
creosote
bush
appears
to
have
delayed
until
the middle
of plants with subtropical and warm-desert affinity. So
Holocene
(<9.2
cal
ka;
Hunter
et
al.,
2001).
Although
a
the advent of these warm-desert plants is consistent
common
associate
of
burrobush,
creosote
bush
did
not
with conventional models of floristic modernization in
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appear in the Death Valley and Amargosa Desert until
at least 2000 cal yr later (Wells and Woodcock, 1985;
Spaulding, 1990a, b). Mesquite also apparently arrived
in this region thousands of years after burrobush. And
while it seems as if the different migration rates of these
species might be due to intrinsic differences in propagule
design, their ecologies also differed. Not only is mesquite
restricted to riparian habitats, but burro-bush behaves
much more as a pioneer or early successional species
than does creosote bush (e.g., Steiger and Webb, 2000). It
seems to readily colonize disturbed soils, and therefore
it may have possessed a competitive advantage over
creosote bush in habitats destabilized by early postglacial
environmental changes. Therefore, the anomalous nature
of early Holocene desert scrub may have been due in large
part to migrational lag: the slow dispersal rate of plant
species relative to the rate of climate change.
Despite the confounding effects of migrational lag,
it’s still possible to draw some paleoclimatic inferences
from the Sandy Valley plant macrofossil assemblages.
Opuntia species were more widespread on the bedrock
slopes, as well as mesophytic shrubs such as snowberry
(Symphoricarpos sp.) and native tobacco (Nicotiana
trigonophylla). These conditions are consistent with
increased effective moisture, possibly coming from
enhanced early Holocene monsoons or stronger tropical
storms (Spaulding and Graumlich, 1986; Miller et al.,
2010). The presence of shrubs such as rabbitbrush, saltbush
and snakeweed at ca. 10.4 to 10.7 cal ka may indicate
disturbed soil conditions, rather than cold winters or a
winter precipitation regime. Elsewhere in the northern
Mojave Desert, steppe shrubs no longer dominated early
Holocene plant assemblages (Koehler et al., 2004). Finally,
while woodland did persist into the early Holocene in
more southerly deserts (Van Devender et al., 1987), it did
not in the northern Mojave and southern Great Basin
deserts. Pollen spectra from the early Holocene Black
Butte middens show frequencies of arboreal pollen (ΣAP =
1.3% to 6.2%, n = 5) that are lower than the pollen spectra
of modern samples taken in the same localities (ΣAP =
7.2% and 7.8%).
So for a ca. 1200 cal yr span of time during the
later early Holocene, the slopes of Black Butte were
characterized by vegetation best called anomalous desert
scrub. Most of the characteristic plants of that time are
still present, but the current dominants were missing.
The slow pace at which Mojave Desert thermophiles
expanded northward was probably a principal cause of
the anomalous nature of early Holocene vegetation. By
this time woodland at high elevations appeared much
like current woodland (Spaulding, 1990b). But, at lower
elevations where plant species had to migrate much
longer distances to fill their current ranges, the rate of
vegetation modernization was much slower. The retarded
development of modern desert scrub was apparently due
more to the intrinsic rates of dispersal of desert species
(and the distance from their glacial-age refugia) than to
116

climate constraints, at least after the end of the Younger
Dryas ca. 11.5 cal ka.
(Detailed data on the Sandy Valley packrat middens are
available in Spaulding (1994): https://drive.google.com/
file/d/1-rQ-uHpNHWGxUqxiamFIxUomj3rbMqRF/view?usp=sharing).
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desert plants
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abstract—A Google Earth search of southern California deserts revealed thousands of plants
growing in circular patterns. Hundreds of areas were found that contained dozens of same-species
plant rings. Subsequent field inspection revealed at least four species of ring-forming plants: creosote
(Larrea tridentata), Mojave yucca (Yucca schidigera), honey mesquite (Prosopis glandulosa) and
fourwing saltbush (Atriplex canescens). Creosote rings were the most common and the newlydiscovered mesquite rings were the largest, up to 170 meters in diameters and 11 meters high.
Mesquite rings formed nabkhas (coppice dunes). Creosote and yucca rings grow as clones but it is not
known if mesquite and saltbush are clones. Field inspection also revealed a number of grass rings that
are as yet unidentified species.

Introduction
Many plants are known to grow in circular patterns
like the letter “O.” 1-4 These rings are characterized by a
periphery of living plant surrounding a central region that
is relatively empty of plants or may contain dead branches

of the earlier plant, a so-called “necrotic zone”. Growth
is radially outward from a central point, presumably the
location of the original plant. Such patterns occur all
over the world and even in the ocean.5 Best known are
the circular rings of mushrooms called “fairy rings.” 6

Figure 1. Examples of plant rings. (a) Drone image of a creosote ring (Larrea tridentata) in Johnson Valley. (b) Google Earth image
of a honey mesquite ring (Prosopis glandulosa) near Zzyzx. (c) Oblique drone image yucca ring (Yucca schidigera) in the western
Mojave. (d): Google Earth image of a fourwing saltbush ring (Atriplex canescens) near Lenwood, CA.
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m) usually formed
nabkhas.11,12 Nabkhas
(coppice dunes) are
isolated, aeolian landforms
and ecosystems that result
when plants capture and
hold wind-blown sand to
build mounds (Figure 2).
The mounds become selfsustaining and grow as
other species of plants and
animals take root, find
shelter, and prosper in the
agreeable environments.
Bioturbation in nabkhas—
usually mesquite—is
common and mesquite
Figure 2. (Upper): Small honey mesquite nabkha. Note the burrow entrances— evidence of
often forms the crown
bioturbation— and absence of other plant species that contribute significantly to the nabkha.
and sides of the nabkha.
(Lower): Large honey mesquite nabkha near the Salton Sea. Both showed prominent ring structure.
In general, the larger the
mesquite ring diameter,
In southern California deserts, creosote bush (Larrea
the
taller
the
nabkha
(Figure
3).
tridentata) 7,8 and Mojave yucca (Yucca schidigera) were
Rings tend to occur in wide open, flat, horizontal areas,
previously known to form circular clone rings9,10 (Figure
typically on the distal parts of fans. Yucca rings and low
1). Field inspection of the rings including drone imagery
grass rings are common in mountainout areas; creosote
allowed plant identifications to be made, as well as to
rings are less common, and other species are rare or
investigate and document the rings’ ecological contexts.
unknown.13 Mesquite rings are found in a somewhat wider
In this paper I report the results of the survey including
range of environments, with sandy Holocene surfaces
the discovery of two new ring forming plants and the
near active drainages being common. Creosote rings are
subsequent field findings, and discuss many aspects of
rarely found on old proximal Pleistocene fans, steep fans
plant rings.

The survey
Starting in March 2018, the author spent several hundred
hours examining Google Earth imagery across the
southern California deserts at a magnification sufficient to
show rings greater than about a meter in diameter. When
they were found I zoomed in to examine the rings in
detail and searched the surrounding areas for rings. The
survey was limited to southern California deserts south of
latitude N36.8°, or roughly the latitude of Independence,
CA. The Google Earth search was followed up by field
inspection of many rings and ring fields.

Results
In addition to creosote and yucca rings, the survey
revealed thousands of plant rings and several new species
of ring formers: honey mesquite (Prosopis glandulosa),
fourwing saltbush (Atriplex canescens) and a number
of ground hugging grasses that are yet to be identified
(Figure 1). Only two rings of saltbush were found and
they occurred in an area that appeared to be composed
soil disturbed by man. Consequently, they could not be
analyzed statistically.
Most rings were found to have elevated interiors.
Creosote rings had the least elevated centers and mesquite
rings had the most. Significantly elevated rings (> 0.5
2019 desert symposium

Figure 3. Mesquite nabkha ring height vs. ring diameter, and
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depleted plant numbers immediately
surrounding them (Figure 4, 5).
Based on historical Google Earth
imagery going back about 20 years,
there was no discernable change in any
ring. Thus, the rings must grow slowly
and be relatively old, probably having
sprouted at least hundred years ago.
Studies by a number of groups suggest
that creosote rings could be thousands
of years old.7,14

Ring fields
Many plant rings were found to occur
in clusters, or “ring fields” (Figure 4,
5). They were composed of dozens
to hundreds of plant rings, all of the
same species. Approximately 150 ring
fields were identified in the Colorado
and Mojave deserts as well as in places
Figure 4. Portion of a large mesquite ring field in lower Fish Creek Wash, Imperial
like the Saline Valley, Owens Valley,
County, CA.
and Death Valley. Ring fields are a few
hundred meters to several kilometers
where bar and swale microtopography are readily evident,
in size. While the occasional ring may
or in active drainages.14 Rings in a given area are almost
be found almost anywhere, ring fields are not distributed
invariably made of a single species: while mesquite rings
randomly across southern California.
may be found in large fields of creosote, creosote is rarely
Creosote rings usually occur in flat, level open country
found in a mesquite ring, and vice versa. Nor do creosote
with large areas of them being present in the Lucerne
and mesquite rings overlap.
Valley, the southern Mojave between Victorville and
There was a wide variety of ring morphologies. Many
Palmdale, the area west of Trona, and the western Mojave
were complete, continuous closed loops like circles and
west of Rosemond. Creosote nabkha fields are found near
ellipses. Others were incomplete circles. Some rings did
Palm Springs. Most of the creosote fields are “sparse”
not contain an empty “necrotic zone” but were filled to
in the sense that only a small fraction of the creosote is
some degree by plants, some different than those on the
growing in rings (Figure 5).
periphery. Some had lobe-like structures. Many were not
Mesquite ring fields, on the other hand, tend to be
perfectly circular but were nonetheless discrete, isolated
“dense:” virtually every mesquite plant is part of a ring
and well enough defined to warrant inclusion here.
(Figure 4). These rings preferentially occur in endorheic
The color inside the circles was often different than on
basins associated with dry lakes or alkali flats where there
the outside, usually due to grasses. Some rings showed
is little or no slope (<1°). They are
found near but never in dry lakes or
alkali flats, and may grow on proximal
fans. Mesquite rings are never found
in mountains, topographically rugged
terrain, or dry lakes, but may occur on
fans with deeply incised channels or
bar and swale topography.
Most rings fields seem to be
associated with environmental
gradients or transitional regions, i.e.,
where the soil color changes across
the field or within a few hundred
meters of it. This is particularly true
for mesquite, though a few creosote
rings also occur near environmental
gradients, especially when the creosote
forms nabkhas.
Figure 5. Creosote ring field in the Soggy Dry Lake area.
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growth mechanisms may
differ somewhat, all are
related to competition for
resources and how these
resources change as the
rings grow. Depending on
the species and growth
conditions, cloning may be
an important factor.
It has been claimed
that creosote rings are
clonal,7 but only one has
been tested. Yucca rings in
controlled environments
prefer cloning (vegetative
reproduction) to sexual
reproduction,9 but those
in the wild have not been
tested. It is not known if
mesquite and saltbush
are clonal because to
our knowledge neither
has been examined on a
genetic level.
Based on historical
Google Earth imagery
going back about 20 years,
there was no discernable
change in any ring. Thus,
Figure 6. Approximate ranges of mesquite, creosote and yucca ring fields. Ranges of mesquite and
the rings must grow slowly
creosote ring fields almost never overlap.
and be relatively old,
probably having sprouted
Rings with distinctive morphologies tend to occur
hundreds and maybe thousands of years ago. Mesquite
together: thin rings, filled rings, lobe-like rings, etc.
Different rings structures rarely occur together. A number grows relatively quickly compared to creosote and this
may explain why creosote is rarely found in mesquite
of creosote ring fields contained interrupted circles like
rings: The mesquite simply grows too fast and covers the
in the shape of the letter “C”, all oriented in the same
direction, perhaps related to the prevailing winds. In some creosote.
Creosote grows very slowly, ~0.8 mm/yr radially
ring fields, a significant fraction and perhaps most of the
outward.7, 14 Therefore large rings must be relatively old,
plant mass appears to be in rings.
many thousands of years. For continuous growth over
Ring field distribution
such time scales, the soil must be stable. This explains
why creosote rings are not found on steep slopes or
Though widely scattered across southern California,
active drainages where erosion can change the surface
ring fields are not randomly distributed. Creosote and
mesquite ring fields are the most common, yet their ranges topography fast enough to disrupt roots. While people
have theorized that creosote rings must be growing in old
rarely overlap (Figure 6). Creosote is found to the west
and mesquite to the east. No ring fields are found near the stable Pleistocene soils, McAuliffe et al.14 have shown that
Colorado River. Yucca ring fields—of which only a few are most of the large creosote rings in the Soggy Dry Lake
Creosote Ring Preserve (Johnson Valley, San Bernardino
known—show no systematic pattern of distribution and
County), including King Clone, are rooted in distal fan
are found in some mountainous regions. The largest and
Pleistocene soils that have been covered by Holocene
most numerous yucca ring fields lie immediately south of
soils. This may further explain why creosote rings are not
the western Garlock Fault.
found in old Pleistocene soils:15-17: such soils usually have
Discussion
impenetrable calcic and argillic horizons that prevent
creosote roots from penetrating deep enough to reach
Radial growth away from a central “seed” location is
year-round water.
the simplest possible growth pattern in both 2D and 3D
Regarding clones in their relatively small study area,
spaces. It is seen on every scale from microscopic (in petri
McAuliffe et al.14 say, “The greatest concentration of
dishes) to hundreds of meters. Although the detailed
2019 desert symposium
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large clones occur in medial or distal parts of fans on
young surfaces. Alluvial deposits that may be as little
as a few centuries old constitute the surfaces where the
largest clones are found, yet ages of large clones like
the ones at that site have been estimated to be on the
order of at least several thousand years (Vasek, 1980a).”
After lengthy analysis, McAuliffe et al. conclude that
the plant germinated on older (now buried) Pleistocene
surfaces that are now covered by younger Holocene
sediments, perhaps aeolian in nature. We can surmise that
germination took place before significant calcic or argillic
horizons had developed.
Mesquite is a different story. It grows much faster
than creosote, many cm per year, and may live only
100 years. Therefore, all mesquite trees are young, and
certainly much younger than any nearby creosote bush.
This probably explain why most mesquite nabkhas have
no creosote growing in them: creosote grows too slowly
to avoid being covered up by the faster growing mesquite
and associated coppice dune.
Plant growth patterns discussed here seem to have
three types or stages: (1) single plant, (2) single plant
ring, and (3) ring fields. Yet the question “Why do some
plants grow in rings, while others do not” remains to be
unraveled. Many answers have been suggested.1-4 While all
seem reasonable, no one of them seems to explain all ring
situations. An equally intriguing question is this: “Why
do some ring-forming plants grow in ring fields in some
places but not in others?” Are soil or other environmental
gradients involved?

Conclusions

4. Lanta, V., Stepan Janecek and Jiri Dolezal, Radial growth
and ring formation process in clonal plant Eriphorum
angustifolium on post-mined peatland in the Sumava Mts,
Czech Repubic, Ann. Bot. Fennici, 45, 44-54 (2008).
5. Borum, Jens, Ane Løvendahl Raun, Harald Hasler-Sheetal,
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Eelgrass fairy rings: sulfide as inhibiting agent, Marine
Biology, 161(2) 351-358 (2014)
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The recognition of ring fields is the major contribution of
this paper. I have identified at least two new species of ring
forming plants, mesquite and fourwing saltbush. Many
mesquite rings grow as coppice dunes. The largest field of
yucca rings is not in the Upper Johnson Valley Preserve
but rather in the western Mojave. Different species of rings
fields rarely overlap.
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Fall blooming of the western Joshua tree
(Yucca brevifolia)
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abstract—The western Joshua tree typically blooms in late winter and early spring. Fall blooming
is not known for this species. In mid-November of 2018, I found numerous western Joshua trees that
produced one to three inflorescences. Blooming plants were located near the towns of Joshua Tree and
Yucca Valley, San Bernardino County, and Joshua Tree National Park, California. The unusual, early
bloom may have been associated with a major storm that deposited 52 mm of rain in the area on 13
October 2018, followed by 30 days of seasonally warm weather.

Background
In 2007, Lee Lenz, of the Rancho Santa Ana Botanical
Garden, proposed that two subspecies of the Joshua
tree, Yucca brevifolia brevifolia and Y. b. jaegeriana, be
elevated to full species rank. Lenz advocated Joshua tree
populations in the western half of the species’ range
should be referred to as western Joshua trees (Y. brevifolia)
and those in the eastern portion of the range classified as
eastern Joshua trees (Y. jaegeriana). In formulating the
proposal, Lenz considered differences in shape of fruit,
floral characteristics, and pollinator species. Fruits of Y.
brevifolia are ovoid whereas those of Y. jaegeriana are
ellipsoid. Flowers of the western Joshua tree are globose
whereas flowers of the eastern Joshua tree are bell shaped.
More importantly, Y. brevifolia flowers have longer stylar
canals than those of Y. jaegeriana, a critically important
difference with regard to pollinator access. This appears
to explain why the western Joshua tree is pollinated by
the moth Tegeticula synthetica, with its longer ovipositor,
and the eastern Joshua tree by Tegeticula antithetica
with its shorter ovipositor (Smith et al., 2008). A recent
study indicates this reproductive isolating mechanism is
generally operational even in Nevada’s Tikaboo Valley
where both species of Joshua tree and the two Tegeticula
moths are sympatric (Royer et al., 2016). For these reasons,
I conclude there are two species of Joshua tree though
it is the western Joshua tree, Yucca brevifolia, that is the
primary focus of this paper.

Introduction
Depending upon the reference consulted, the blooming
season of Joshua trees (Yucca brevifolia; Y. jaegeriana) is
April and May (Baldwin et al., 2012), March through May
(Munz, 1974; Shreve, 1964) or between February and April
(Harrower and Gilbert, 2018). During annual monitoring
on six study sites from 1988 through 2016, the earliest
recorded bloom of the western Joshua tree (Y. brevifolia) I
recorded was 7 March. On four study sites supporting the
eastern Joshua tree (Y. jaegeriana), the earliest recorded
bloom was 26 February. There are no published records of
either species of Joshua tree blooming before 26 February.
2019 desert symposium

On 16 November 2018, I was contacted by Joe Zarki,
retired Chief of Interpretation at Joshua Tree National
Park. He discovered eight naturally occurring western
Joshua trees which had developed inflorescences near his
home in the town of Joshua Tree, San Bernardino County,
California. I examined the eight trees on 17 November
and found three with inflorescences with mature flowers.
The inflorescences of the remaining trees were in bud
and had not yet blossomed. Six of the trees had one, and
two of the trees had two inflorescences. I also observed
two Mojave yuccas (Yucca schidigera) in bloom on that
date. In January 2019, I was informed by Neil Frakes,
vegetation branch chief at Joshua Tree National Park, that
the early bloom included the park with 12 trees producing
inflorescences before 1 December 2018.

Methods
To determine if the fall bloom was a unique event, I
reviewed published literature containing comments on
Joshua tree inflorescences or blooming. Publications with
blooming information include: Borchert and DeFalco,
2016; Cornett, 2018; Esque et al., 2010; Harrower and
Gilbert, 2018; Jaeger, 1941; Lenz, 2007; McKelvey, 1938;
Pellmyr and Segraves, 2003; and Rowland, 1978. I also
communicated with nine individuals who lived or worked
in and near Joshua Tree National Park for two or more
decades and were familiar with Joshua tree flowering:
J. Emmel, C. Mendoza, S. Myers, P. Rimmington, D.
Shade, C. Snodgrass, L. Snodgrass, C. Von Halle, and
J. Zarki. I also reviewed my own personal records. The
unusual initiation of a fall bloom in 2018 was covered in
the Yucca Valley newspaper, the Hi-Desert Star (Moore,
2018). Archives were reviewed by the editor, S. Moore, to
determine if an early start to the blooming season had
been reported in previous years.
To determine the frequency of trees in bloom in and
around Joshua Tree National Park, I inventoried two,
40- by 400-meter belt transects. One was located at an
approximate elevation of 1,065 meters just south of the
town of Joshua Tree (34° 6’ 17.38”N, 116°19’54.34”W to
34° 6’27.31”N, 116°20’4.64”W). A second was located
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Results
The literature review yielded no indication
that either species of Joshua tree have ever
bloomed in fall. With but one exception,
neither I nor the nine local persons contacted
had notes or recollections of western
Joshua trees producing inflorescences in
November. The exception was an image
taken by Joe Zarki on 8 December 2015.
The tree had a single inflorescence and was
the only tree with an inflorescence in the
area. The Hi-Desert Star had articles on
various aspects of Joshua tree ecology and
environmental impacts but no past articles
of fall blooming (S. Moore). Personnel at the
five parks in other regions indicated they had
no observations or reports of Joshua trees
blooming in the fall of 2018. In addition, park
personnel were unaware of any Joshua trees
blooming at times other than late winter and
spring. Within four of the parks October
2018 precipitations was well below the longterm mean (Table 2). A fifth park, Mojave
National Preserve, received twice but not
four times the long-term mean as received
in the Joshua Tree National Park region.
I concluded the initiation of Joshua tree
seasonal blooming in fall was likely a unique
event restricted to areas in and around Joshua
Figure 1. Joshua tree (Yucca brevifolia) with inflorescence containing mature
Tree National Park.
blossoms. Photograph taken 30 November 2018.
Within the two established belt transects,
415 mature (branched) western Joshua trees
approximately 1.5 km east of Yucca Valley at an elevation
were examined for new inflorescences. Of the 415 trees,
of 1,025 m (34° 7’2.74”N, 116°22’9.02”W to 34° 7’11.76”N,
eight (1.9%) had inflorescences. Of the eight trees, four had
116°21’57.62”W). All mature (branching) Joshua trees
inflorescences with fully developed flowers and four were
within each transects were examined for inflorescences in
in bud as of 20 November (Figure 1). On 12 January 2019,
any stage of development on 19 and 20 November. Trees
I revisited the eight trees. Six of the inflorescences had
found with developing or mature inflorescences were
revisited on 12 January 2019 to determine if inflorescences withered away without producing fruit. One inflorescence
remained in bud and one had produced a single,
had produced flowers or fruit.
developing fruit. Of the 415 trees within the two transects,
To determine if an early initiation of the blooming
those with one or more inflorescences had increased to
cycle might be occurring at other locations within
44 (10.6%). The maximum number of inflorescences on
the range of the western Joshua tree, personnel at five
preserves were contacted: H. Clark, Death Valley
National Park; A. Gilliland, Mojave National
Table 1. Mean October precipitation for years 1990 through 2018
Preserve; C. Hon, Saddleback Butte State Park;
was 9 mm. Climate data shown is for years with four or more times
D. Laughlin, Red Rock Canyon State Park; B.
October precipitation. Temperature data is 30-day average daily
temperature following largest October precipitation event in each year
Peloquin and J. Humphreys, Red Rock Canyon
(⁰ Celsius).
National Conservation Area (Nevada).
To determine if weather conditions may have
30-Day Average
been associated with the fall initiation of the
October:
Daily Temperature
Year
Precipitation (mm)
seasonal bloom, I retrieved weather and climate
± SD
data from the Remote Automatic Weather Station
2004
62*
10.6 ± 2.7
located in Yucca Valley, California (https://wrcc.
dri.edu). Weather data was available for the years
2005
44
14.8 ± 3.8
1990 to 2018 as were long-term climate summaries
2018
52
15.8 ± 5.4
for the 28-year period.
* Two distinct precipitation events.
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The early blooming cycle may also be tied
to rising temperatures associated with global
warming. It has been demonstrated that numerous
plants in the Sonoran Desert have shown a shift
October 2018
Long-Term
Preserve
towards earlier blooming and this shift has
Precipitation
October Precipitation
been linked to a long-term and sustained rise in
Death Valley Nat. Park*
4
15
temperature (Bowers, 2007). It should be noted
33
15
Mojave Nat. Preserve**
that Joshua trees in and around JTNP are at
Saddleback Butte St. Pk.
2
7
the southern edge of the species’ distribution,
presumably at the limits of their physiological
Red Rock Canyon St. Pk.
2
9
tolerances. It seems reasonable to assume this
Red Rock Canyon NCA
6
13
southerly population would respond first to climate
* Hunter Mountain Station
warming and increased frequency and intensity
** Mid Hills Station
of drought (Cole et al., 2011; Cornett, 2014). At the
southern distribution limit, the kind of responses
a single tree increased from three to eight. Neil Frakes
might include an increase in death rate, decline in
(JTNP) indicated that from November into January the
establishment of juvenile trees, or changes in the timing of
number of Joshua trees in bloom had been increasing.
the reproductive cycle.
If the early bloom of 2018 is the first indication
From 1990 through 2018, mean precipitation for
of a long-term shift in seasonal blooming, this could
October at the Yucca Valley RAWS location was 9
have profound effects on Joshua tree reproduction due
mm (https://wrcc.dri.edu). In 2018, however, October
precipitation was 52 mm, nearly six times greater than the to impacts upon its pollinator. The moth Tegeticula
mean for the 28-year recording period. Though the total
synthetica is the lone pollinator of the western Joshua
October precipitation was unusually high, the event was
tree (Pellmyr and Segraves, 2003). With but one apparent
not unique. In October of 2004, 62 mm of precipitation
exception, none of the blossoms that appeared in
were recorded, nearly seven times the long-term mean. In
November were pollinated.
October 2005, 44 mm fell, nearly five times the long-term
Finally, knowledge of all circumstances surrounding an
mean (Table 1).
early initiation of the blooming season may also shed light
on simultaneous masting cycles of Joshua trees. Masting
Discussion
cycles appear to be a critically important reproduction
strategy of Y. brevifolia (Borchert, M. and L. DeFalco,
The gradually increasing number of inflorescences
2016).
recorded from November into January in both transects
and in JTNP resulted in my concluding the fall bloom
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U-Pb age of siliciclastic sediments north of
Alamo Lake, Arizona
William J. Elliott* and Joseph L. Corones

P. O. Box 541, Solana Beach, CA 92075, 760-505-8009, *redbeds77@gmail.com

An approximately two feet thick volcanic ash was found
in tilted siliciclastic sedimentary deposits north of Alamo
Lake, Arizona (Figure 1). The U-Pb date is 12.63 +0.21
Ma, -0.26 Ma, 96.1% confidence, n=12, middle Miocene
(Figure 2) (LaserChron Laboratory, 2018). Assuming
the section is not overturned, sediments immediately
below are suspected of being slightly older and sediments
immediately above are suspected of being slightly
younger (Figure 3). Any assertions beyond this are pure
speculation.
The zircons we had dated are judged to be euhedral
igneous (volcanic) grains with sharp pyramidal
terminations at the ends. We carefully trained the
laser ablation beam at crystal terminations to avoid
contamination with central portions of the crystals that
may have originated in an older environment.
The sampled site is located on the west side of Alamo
Road (County Road 15), between Alamo Lake and Yucca,
Arizona. It is at virtual mile post 56.5, and approximately
0.4 mile north of the lake’s northern shore line. Google
Earth Global Positioning System coordinates are: 34° 15’
51.13” N., 113° 35’ 34.94” W.
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Figure 2. Zircon age plot, N = 12, for zircons collected from an
approximately 2 feet thick ash sample found sandwiched within
red beds in Alamo Road wash, north of Alamo Lake.
2019 desert symposium

Figure 1. Geologic map showing Capin Wash formation and
location of ash bed used for U-Pb age dating. WJE 2-14-2018
modified after Spences, 1991, p. 11. Solid dot: location of ash
sample for age dating.

Figure 3. White ash in Chapin Wash rec beds. Dated ash sample
was taken from the pale green-white ash sandwiched in between
siliciclastic red beds.  Sample No. 37, collected 4-18-2017.
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abstract—A small isolated outcrop of blue-gray schist, about 1.83 x 0.31 km in dimension, occurs
north of Alamo Lake, AZ. Visual comparison of this metamorphic rock was made with samples of
Orocopia Schist on the northwest side of the Plomosa Mountains, AZ, and at Cemetery Ridge, AZ. At
the hand-lens level of identification, save expected natural variations, these three schists appear to be
all but indistinguishable, one from the other.
Massive quartz “breccia” bodies, with occasional well-rounded quartz clasts, occur within Alamo
schist. This seemingly unlikely combination may represent well-cemented collections of disaggregated
ocean-bottom ribbon quartz in combination with far-traveled quartz-pebble turbidite sequences from
some distant shore.
Proterozoic granite-gneiss gravel and boulders, found resting on the present-day schist surface,
were likely washed in from nearby Proterozoic outcrops.
Relative probability U-Pb age of detrital zircons obtained from the Alamo schist is 167 Ma (middle
Jurassic). This is compatible with U-Pb schist ages for the Orocopia Schist at Cemetery Ridge and at
Plomosa Mountains.
We tentatively suggest that this exposure may be an isolated occurrence of Orocopia-like schist—
perhaps an artifact of an exhumed portion of the Farallon Plate.

Introduction
The purpose of this essay is to describe the
location and outcrop characteristics of recently
discovered blue-gray schist, and to report its U-Pb
age. The scope of work consisted of literature
review, field mapping, identification of rocks and
minerals with a hand-lens, and U-Pb age dating.

Methods
Field work began with literally stumbling across
an outcrop of blue-gray schist and a massive
quartz breccia along Alamo Road on October 24,
2016. The original purpose of this journey was
to explore for exposures of middle Miocene red
beds near Alamo Lake, AZ (Elliott and Corones,
2018-b).
Reconnaissance level field mapping was
completed to identify approximate schist outcrop
boundaries; samples were collected for age dating.
Forays were made by the authors to recent
discoveries of Orocopia Schist at Cemetery Ridge,
AZ (Haxel and Jacobson, 2013-a, 2013-b) and at
the northwest end of the Plomosa Mountains, AZ
(Strickland and others, 2017) to observe geologic
and geomorphic settings, as well as to collect
hand-samples to compare with samples of Alamo
schist.
Orocopia Schist samples were also collected
from Shavers Well (Box Canyon Road, SR-195)
and Painted Canyon, both located at the northern
end of the Orocopia Mountains, CA. These
Figure 1. Location map.
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hand-samples were compared with Alamo, Cemetery
Ridge, and Plomosa Mountains schists.
A representative sample of Alamo schist was processed
for detrital zircons by JR Morgan at San Diego State
University. Laser-ablation U-Pb techniques were used to
obtain an age at the LaserChron Center at the University
of Arizona, Tucson, AZ.
Literature was searched for Pelona-Orocopia-Rand
(POR) and related schist citations to provide a geologic/
geomorphic foundation and background for this essay.

Previous work
A succinct historical overview of the Pelona, Orocopia,
and Rand schist story can be found in Haxel and
others, 2002, p. 100-102. The saga begins north of Los
Angeles, CA, with Hershey’s 1902 investigation of
quartzofeldspathic schists in the Sierra Pelona, which
he named “Pelona Schist.” Beginning in the 1950s and
continuing today, Pelona Schist has been recognized and
studied in isolated, scattered outcrops from Sierra de
Salinas, CA, southeast to Cemetery Ridge, AZ (Haxel and
others, 2002, p. 100-102; Chapman, 2016, Figure 1, Table
1; Jacobson and others, 2011, Figure 1). Haxel and others
(2002, p. 122-125) conclude with a discussion of Orocopia
Schist at Neversweat Ridge (Haxel and Dillon, 1978).
More recent additions to the Orocopia Schist story
include schist at Cemetery Ridge (Haxel and Jacobson,
2013-a, 2013-b; Jacobson and others, 2017), as well as
schist at the northwest end of the Plomosa Mountains
(Strickland and others, 2017; Strickland and others, 2018;
Seymour and others, 2018). See also Figure 1, this paper,
for site locations.
Discussion of detrital zircon provenance, protolith
origin, Farallon Plate slab underplating, schistose
metamorphism, northwestern versus southwestern schist
variations and exposures, and uplift and exhumation
of POR and associated schists is beyond the scope of
this essay. These and associated subduction topics, for
example, can be found in: Haxel and others, 2002; Grove
and others, 2003; Jacobson and others, 2011; Spencer
and others, 2011; Haxel and Jacobson, 2013-a, 2013-b;
Chapman, 2016; Jacobson and others, 2017; Strickland
and others, 2017.

1. Tbf—undifferentiated Pliocene-Miocene continental
basin fill, located to the north and east of our mapped
area.
2. Tmbb—basaltic andesite of Black Mesa, dated by K-Ar
at 9.6±0.3 Ma, located south-southeast of our mapped
area.
3. p€s—massive porphyritic orthoclase, biotite,
Proterozoic Signal granite, located north and west,
and within our mapped area.
4. p€gn—folded orthoclase granitic gneiss, located
westerly and within our mapped area.
5. Miscellaneous tiny outcrops of varying composition.
Nowhere in Lucchitta and Suneson’s (1985) mapping is
there any mention of blue-gray schist mixed with pods of
quartz breccia. To say the least, this is a puzzle to us, but
it is beyond the scope and intent of this essay to resolve
differences in field mapping.

Outcrop description
Figure 2 shows the approximate outcrop area of our
Alamo schist outcrop. In plan view, its boundaries look
like a long and narrow, badly distorted, north-south

Previous detailed mapping
Lucchitta and Suneson (1985) mapped the Artillery Peak
Northwest [Signal] 7½’ quadrangle. This map includes
our site in the west-central portion of the quadrangle
(west half of sections 28 and 33). Their mapping of
our area shows multiple short and discontinuous,
northwesterly and northeasterly crisscrossed faults. These
discontinuities create a jigsaw puzzle of small irregular
blocks of varying rock types.
Lucchitta and Suneson (1985) mapped five main rock
groups in the same are we investigated. They are:
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Figure 2. Geologic Map. Reconnaissance geologic map showing
approximate outline of Alamo schist outcrop. Site is at virtual
mile post 40.5, south along Alamo Road from Yucca, Arizona.
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trending sine curve. Total outcrop length is ~1.83 km;
average width is ~0.31 km. It occupies an area of ~ 0.78
square km. Nominal outcrop elevations range from about
700 to 760 meters. Vegetation in this desolate Sonoran
Desert environment includes isolated creosote, paloverde
and mesquite bushes, Joshua trees, saguaro, and other
cactus varieties.
We have named this schist the Alamo schist. It is
located on the southeastern edge of the McCracken
Mountains (USGS, 1990-b, 2014). These mountains were
mapped by Wilson and Moore (1959) and by Spencer
and Reynolds (1989, p. 6 and 7) as being underlain by
Proterozoic granite-gneiss.
Alamo schist is well-exposed along Alamo Road
(Mohave County Road 15), between Yucca and Alamo
Lake, Arizona. A roadside outcrop can be found at virtual
mile post 40.5. National Geodetic Survey Bench Mark
BM-V-481 (1981) is cemented into a large schist boulder
on the west side of the road (Photo 1).
Google Earth coordinates for this benchmark are: 34°
25’ 55.13” N., 113° 44’ 13.56” W. Elevation 2404’. Township
and Range coordinates are: SW¼, SW¼, SW¼, Section 28,
T13N, R14W, GSRBM (USGS, 1990-b).
This quartzofeldspathic, blue-gray schist resembles
Orocopia Schist in both hand-sample and in geologicgeomorphic description. Texture is typically flaggy and
schistose, with short wavelength, low amplitude, wavy
mullion-like structural edge views. Flaggy surfaces
oftentimes display “lumpy” porphyroblastic texture.
Clear, glassy, nearly equidimensional quartz grains
and gray-black plagioclase can be seen in handsamples. Accessory minerals include garnet and
sphene (occasional) and hornblende (rare). Several 1 to
2 cm, equidimensional, egg-shaped, and odd-shaped
monomineralic and “salt and pepper” igneous clasts are
also present. This suggests a continental source.
Milky-white, nearly equidimensional quartz breccia
inclusions (blobs) are an integral part of the Alamo schist
outcrop. Outcrops are scattered throughout the exposed
schist outcrop. Well-rounded, pebble-sized milky-white
quartz clasts are included within this breccia (Photo 2).
These seemingly out-of-place quartz outcrops might have
originated as an amalgamation of pelagic ribbon quartz
and occasional gravelly quartz-rich turbidites from some
distant continental shore.
As observed at Cemetery Ridge, AZ, and at the
northwest end of Plomosa Mountains, AZ, Alamo schist
also weathers deeply to produce subdued outcrops and low
rounded hills. Relatively fresh outcrops are usually found
in road cuts, in deep arroyos, and occasionally on ridge
lines.
Visual comparison of Alamo schist with outcrops of
Orocopia Schist at Cemetery Ridge and at the northwest
end of the Plomosa Mountains, Arizona, and in the
Orocopia Mountains, California (at Shavers Well and
in the narrows of Painted Canyon), shows that, with the
exception of expected natural variations, samples of each
130

Photo 1. Alamo schist at BM-V-481. (© W. J. Elliott, 2-4-2018)

Photo 2. Rounded quartz clasts in far traveled turbidite mixed
with Alamo schist. (© W. J. Elliott, 2-17-2018)

are all but indistinguishable one from the other (Photo
3). These schists are all characterized by the ubiquitous
presence of gray to black plagioclase, a common thread
seen in POR schists up and down California and western
Arizona (Chapman, 2016, p.7). In general, this gives these
schists a collective dull gray/black hue.
Proterozoic granite-gneiss boulders were found on the
present-day erosion surface of the Alamo schist (Photo
4). These likely rolled into place from nearby outcrops of
nearby Signal Granite (Lucchitta and Suneson, 1985).
side bar — tertiary rocks
Numerous outcrops of felsic and mafic
volcanics (most undated) were observed
in and around the area surrounding
the Alamo schist outcrop. In one place,
a small outcrop of felsic volcanic rock
2019 desert symposium
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Photo 3. Side by side visual comparison of Alamo schist,
Plomosa Schist, and Cemetery Ridge Schist. (© W. J. Elliott,
2-17-2018)

Figure 3. Relative age probability plot, n=108. Sample No.:
Alamo Road #1_18Jan2018 at LaserChron Laboratory,
University of Arizona, Tucson, Arizona.

In two locations, middle Miocene red
beds were found resting unconformably
on Alamo schist. Between these two
small outcrops, dozer prospect pits had
been dug into a manganese vein. Red
beds overlying the Alamo schist suggests
that it saw daylight prior to deposition
of the red beds, sometime prior to about
middle Miocene.

Age

Photo 4. William J. Elliott leaning on Proterozoic granite-gneiss
boulder sitting on Alamo schist. (© J. L. Corones, 2-5-2018)

intrudes Alamo schist, suggesting that
it is younger than the schist. Besides
volcanic rocks, the remaining geology
in the general area of the Alamo schist
consists of Quaternary alluvium, fan
deposits, and terraces.
Basaltic andesite, mapped by
Lucchitta and Suneson (1985) along
the southern edge of Alamo schist, was
dated at 9.6±0.3 Ma (K-Ar, Shackelford,
1980), middle Miocene.
Although located approximately 16
miles south, an approximately 2’ thick
volcanic ash intercalated within tilted
siliciclastic sediments was found to have
a U-Pb date of 12.53 ± 0.16 Ma (n=21,
middle Miocene) (Elliott and Corones,
2018-a). This suggests that at least some
of the other volcanics in the immediate
vicinity of the Alamo schist are of
Middle Miocene age.
2019 desert symposium

The relative age probability U-Pb date for equidimensional
detrital zircons from the Alamo schist protolith is 167
Ma (n=106, middle Jurassic) (Figure 3). Zircons were
separated from a sample of Alamo schist collected at
BM-V-481, Google Earth coordinates: 34° 25’ 55.13” N.,
113° 44’ 13.56” W. This age compares favorably with the
~150 to ~175 Ma mid- to late-Jurassic protolith age spread
found at Cemetery Ridge and at the northwest end of
the Plomosa Mountains, AZ (Jacobson and others, 2017,
Strickland and others, 2017, Seymour and others, 2018).
These same authors also found late Cretaceous U-Pb age
peaks.

Conclusions
Blue-gray schist occurs along Alamo Road, south of
Yucca, and north of Alamo Lake, AZ. The exposure is
~1.14 mile long and ~0.2 mile wide, occupying ~0.3 square
miles. It weathers to low, rounded hills and is best exposed
in road cuts and arroyos. Quartz breccia that accompanies
the schist is thought to be an intermixing of ocean-floor
ribbon quartz and occasional quartz-pebble-bearing
turbidites. Cenozoic rhyolite and basalt abut Alamo schist
contacts. Boulders of Proterozoic granite-gneiss lies as lag
gravel on the surface of the Alamo schist outcrop.
Relative probability detrital Zircon U-Pb Alamo schist
age is ~167 Ma (middle Jurassic). This appears to be
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compatible with U-Pb Orocopia Schist ages at Cemetery
Ridge and at Plomosa Mountains.
Based on visual comparisons of rock type, texture,
weathering patterns, and age, it is possible that Alamo
schist is an Orocopia-type schist.
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Distributed fault slip in the eastern California
shear zone: adding pieces to the puzzle near
Barstow, California
Elizabeth K. Haddon, David M. Miller, Vicki Langenheim, and Shannon A. Mahan
abstract—We investigate the dextral Lockhart and Mt. General faults, which are among four active
structures in the northwestern portion of the eastern California shear zone (ECSZ). Early mapping
depicts the Lockhart and Mt. General faults as discontinuous fault traces that continue northwest
of the Lenwood fault. Recent work indicates that the Lenwood fault slips at ~0.2–1.0 mm/yr over
the past ~8 ka and 0.8 ± 0.2 mm/yr since ~37 ± 7 ka. We reconstruct the record of fault slip for the
Lockhart and Mt. General faults using high-resolution Structure-from-Motion built topography, field
observations, geochronology, and gravity data. Geomorphic offsets along a Holocene-active trace of
the Lockhart fault indicate dextral displacement between ~4 and 6 m. A feldspar infrared stimulated
luminescence (IRSL) age implies surface abandonment and at least one earthquake after 3540 ± 880
ka (2σ). The implied Holocene fault slip rate on the Lockhart fault is between ~0.9 and 2.3 mm/yr.
Holocene-active traces of the 19-km-long Mt. General fault are marked by southwest-facing scarps
and dextral offsets of ~4–5 m on alluvial fans, with down-to-the-southwest vertical offset of ~0.3
m. Summing dextral displacements across subparallel fault strands yields a maximum of ~7–8 m. A
feldspar IRSL age indicates deposition of the alluvial fans since 11,380 ± 1700 ka (2σ). This results in a
Holocene slip ~0.3–0.6 mm/yr, possibly ranging up to 1.0 mm/yr. Taken together, these observations
imply a net Holocene dextral slip rate for active faults in Hinkley Valley at 1.2–3.3 mm/yr—higher
than expected given published fault slip rates along-strike to the southeast.

Introduction
Interactions among discontinuous strike-slip faults
modulate the magnitude and frequency of large
earthquakes affecting infrastructure and urban
populations (e.g., Wesnousky, 2006). Structural
discontinuities within fault networks, marked by fault
branches, bends, stepovers, and terminations, introduce
stress heterogeneities that may terminate or distribute
a large and potentially damaging earthquake surface
rupture—thus lowering its magnitude (e.g., Harris and
Day, 1993; Schwartz et al., 2002; Duan and Oglesby, 2006;
Wesnousky, 2006; Lozos et al., 2011). The 1992 Mw 7.3
Landers and the 1999 Mw 7.1 Hector Mine earthquakes
in the ECSZ, however, breached through several mapped
geometric discontinuities (e.g., Hart et al., 1993; Sieh et
al., 1993; Treiman et al., 2002) and caused coulomb static
stress changes that impacted adjacent faults and may
induce future surface ruptures (e.g., Bennett et al., 1995;
Pollitz et al., 2002; Price and Burgmann, 2002) (Figure 1).
Likewise, past studies of earthquakes in the ECSZ have
shown that paleoearthquakes cluster temporally and
spatially (e.g., Rockwell et al., 2000), potentially influenced
by long-term fault interactions (e.g., Dolan et al., 2007).
As such, the distribution of active dextral shear across
the network of ECSZ faults is a topic of focused research,
with implications for the role of various structural
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discontinuities and the unique hazard presented by strikeslip faults (e.g., Andrew and Walker, 2017).
The Lockhart and Mt. General faults accommodate
a portion of the northern eastern California shear zone
(ECSZ) dextral slip budget (Figure 1) (Dokka and Travis,
1990). Previous mapping in Hinkley Valley (e.g., Dibblee,
1960; Bryant, 1987; Jennings, 1994) showed discontinuous
traces of the Lockhart and Mt. General faults that nearly
adjoin with the Holocene-active Lenwood fault but are
separated by a southeast-plunging Quaternary anticline
underlying the city of Barstow. The close proximity
of these dextral faults, associated structures, and
contractile deformation to an urban population of 24,000
underscores the importance of understanding the amount
and timing of dextral fault slip on individual Holoceneactive fault structures (Figure 2). Critical lifelines,
including rail and road transport, power transmission
lines, communications cable routes, and water and fuel
pipelines, cross this zone of discontinuous faulting. One
natural gas pipeline and compressor station in Hinkley
Valley were the locus of sustained chromium releases
and groundwater contamination, and the location of
basin-bounding Quaternary active faults influenced the
subsurface movement of contaminants (Miller et al.,
2018).

2019 desert symposium

e. k. haddon, d. m. miller, v. langenheim, s. a. mahan | distributed fault slip in the eastern california shear zone

2000; Meade and Hager, 2005; Oskin et al.,
2007; Oskin et al., 2008; Spinler et al., 2010)
(Figure 1).
The Lockhart and Mt. General faults,
together with the Helendale, Harper Lake,
and Gravel Hills faults (Figure 2), occupy
the relatively undeformed Mojave domain
of the ECSZ (Dokka and Travis, 1990) with
dextral faults slipping at rates of ~1 mm/
yr or less. Strike-slip faults in this zone are
considered nascent based on geologic and
geophysical evidence, which indicate total
dextral offsets ranging from ~0.7 to 6 km
on a single fault, with the Harper Lake and
Gravel Hills faults at the upper end of that
range (Meisling and Weldon, 1989; Dokka
and Travis, 1990; Jachens et al., 2002; Andrew
and Walker, 2017). Among faults in the
northern and central ECSZ, however, there is
a postulated delocalization of fault slip on the
Figure 1. Eastern California shear zone (ECSZ) and Walker Lane (WL) surface
Calico fault (e.g., Oskin et al., 2007) (Figure
fault traces from the US Geological Survey and California Geological Survey
2). Field mapping demonstrates that Calico
(2012), including the Lockhart–Lenwood fault, Mt. General fault (MG),
fault slip becomes increasingly distributed
Gravel Hills fault (GH), Harper Lake fault (HL), Helendale fault (HF), and
Camp Rock fault (CR). Yellow transect indicates integrated slip from GPS
northwestward onto adjacent active strands of
and geology across the ECSZ (Sauber et al., 1994; Dixon et al., 1995; Oskin et
the Harper Lake, Manix, Tin Can Alley, and
al., 2008; Lifton et al., 2013; Xie et al., 2018). Orange stars and shaded zones
Blackwater faults (e.g., Selander, 2015) (Figure
indicate the extent of historical earthquake ruptures in the ECSZ, which are
1). The northwestward redistribution relates to
the 1992 Landers, and 1999 Hector Mine earthquakes. Inset shows the extent
the termination of strike-slip faults, which is
of Figure 1 within the ECSZ and Wl. faults: CL, Coyote Lake fault; CM, Cave
in turn accommodated in part by permanent
Mountain fault; MF, Manix fault; SA, San Andreas; SDV, Southern Death
Valley fault; SNFF, Sierra Nevada frontal fault; ST, Salton Trough; TA, Tin Can off-fault deformation (e.g., Shelef and Oskin,
2010; Herbert et al., 2014)—but also deflection
Alley fault. Green dots, selected towns and geographic features. Topographic
or oroclinal folding of the Garlock fault
basemap is from the 10-m National Elevation Data set (U.S. Geological
Survey).
by regional through-going dextral shear
(e.g., Hatem and Dolan, 2018). Although
previously unidentified, the northwestward
Geologic setting
redistribution or delocalization of the dextral slip budget
The eastern California shear zone (ECSZ) and Walker
on the Calico fault (3.2 ± 0.4 mm/yr) (Xie et al., 2018)
Lane (WL) form a primary dextral shear zone that, along
should manifest as increased activity northwestward
with the San Andreas fault system, accommodates most
along strike for nearby strike-slip fault systems, like the
of the relative Pacific–North American plate motion
Lenwood–Lockhart fault, that span the entire ECSZ
(Atwater, 1970) (Figure 1). The ECSZ is a distributed
network.
network of predominantly strike-slip faults that
The Lenwood–Lockhart fault is a major thoroughgoing
branches northwest from the San Andreas near the
Holocene-active dextral strike-slip fault zone within
Salton Trough and adjoins the southern Walker Lane
the ECSZ (Figure 2). The ~142 km-long surface trace is
(Stewart, 1988; Wesnousky, 2005), continuing towards the
arcuate overall, from its left stepping southern termination
north–northwest along the eastern margin of the Sierra
near Old Woman Springs at the northern edge of the San
Nevada–Great Valley microplate (Dixon et al., 2000)
Bernardino Mountains to its branching termination a
(Figure 1). Geodetic measurements spanning the ECSZ
mere ~20 km south of the Garlock fault and northeast of
indicate present-day dextral shear of 10.6 ± 0.5 mm/yr
California City (Bryant, 1987). The ~74 km-long Lenwood
(Lifton et al., 2013), approximately 25% of the relative
section strikes N30°W and is moderately to well-defined
Pacific–North American plate motion (Sauber et al.,
by tectonic geomorphic features indicative of Holocene
1994; Dixon et al., 2003). Partitioning the total budget of
dextral slip, such as dextrally offset alluvial fans and
contemporary dextral shear onto individual northwestdrainages, fault-parallel linear drainages, sidehill benches,
trending strike-slip faults in the ECSZ—and conflating
shutter ridges, closed depressions, linear scarps, and
those block model predictions with geologic estimates of
vegetation contrasts on late Pleistocene and Holocene
fault slip—is problematic because it results in persistent
alluvium (Morton and others, 1980; Manson, 1986;
geodetic–geologic slip rate discrepancies (e.g., Gan et al.,
Padgett, 1994) (Figure 2). The Lockhart section strikes
2019 desert symposium
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were photogrammetrically combined
using Structure from Motion (SfM)
software to generate high-resolution
topography (e.g., Fonstad et al., 2013;
James and Robson, 2012; Javernick,
Brasington, and Caruso, 2014; Johnson
et al., 2014; Snavely, Seitz, and Szeliski,
2006; Westoby et al., 2012). Resulting
digital surface models (DSMs) are 11
and 18 cm grid cell size for the north
and south parts of Hinkley Valley,
respectively. 3-dimensional control relies
on ground surveys with a kinematic
ground positioning system (GPS), and
the final DSMs are accurate within
approximately ± 15 cm. Mapping of
inferred and concealed fault traces also
relied upon the location of steep gravity
gradients in Hinkley Valley that we
interpret to reflect the position of longterm fault traces. These gradients were
located using the maximum horizontal
gradient method of Blakely and Simpson
(1986).
We assess fault slip rates for the
Lockhart and Mt. General faults in
Hinkley Valley based on our mapping
and additional topographic analyses,
which include cross-correlation of offset
geomorphic features with the Ladicaoz
v2.1 Matlab analysis tool*. We evaluate
Figure 2.  Map of active faults comprising the ECSZ, including the Lockhart fault
the SfM-built topography to estimate
and Mt. General fault (MG) examined in this study. Inset boxes and black points
the components of fault slip from offset
indicate the location of slip rate studies, reported values, and corresponding
landforms identified both in the DSM
duration. Inset hillshade map in Hinkley Valley shows the extent of Structureand by field investigation. Slip rates
from-Motion (SfM) digital surface model. White boxes, selected towns; black lines,
calculations combine these measurements
faults. TCA, Tin Can Alley fault; OWS, Old Woman Springs fault. Published slip
of apparent fault displacement with
rates are from Oskin and Iriondo (2004), Oskin et al. (2007 & 2008), Padgett and
infrared stimulated luminescence (IRSL)
Rockwell (1994); Petersen and Wesnousky (1994), Selander (2015), Strane (2007,
and Xie et al. (2018). 10-m National Elevation Data set is from the U.S. Geological
ages for sediment samples collected by
Survey.
driving polyvinyl chloride (PVC) tubes
into freshly cleaned soil pit exposures.
N46°W and is generally delineated by subdued northeastIRSL dating results rely on laboratory
facing, dissected scarps in Pleistocene alluvium, showing
analysis of the polymineralic fine silt fraction (4–11 μm) of
little geomorphic evidence of Holocene displacement
the sediment contained within the samples.
(e.g., Bryant, 1987). Petersen and others (1996) combined
Lockhart fault slip rates
the Lockhart, Lenwood, and Old Woman Springs faults
as a single seismic source and termed this structure
Anastomosing surface traces of the Lockhart fault branch
the Lenwood-Lockhart fault zone, although there are
northwestward of the Lenwood fault near the town of
insufficient data on the timing and extent of surface
Lenwood define a zone that is ~1 to 2 km wide (Figure
rupturing earthquakes on the Lockhart fault.
2). Although young alluvium deposited by the modern,
incised Mojave River conceals the southern part of the
Methods
fault, the Lockhart fault is contiguous with traces of the
We use 1:24,000 geologic mapping to describe the
Lenwood fault to the south. A single fault trace dextrally
character and extent of surficial materials, also
offsets a young flood plain deposit formed on the north
characterized by Bowen (1954), Dibblee (1960, 1968), and
bank of the modern Mojave River. Dextral offsets
Garcia et al. (2014). Fault zones were studied in detail by
measured from one levee, two swales, and one riser range
acquiring 1,10:000 scale high-resolution aerial images that from 4 to 6 m (Figure 3A & B). A single feldspar IRSL age
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Figure 3. Holocene-active trace of the Lockhart fault and dextral geomorphic offsets on 3540 ± 880 ka flood plain near the town
of Hinkley (see Figure 2 for location). (A) Structure-from-Motion orthomosaic draped over a hillshade map with a 14-cm ground
sample distance per pixel shows dextral offsets including two levees and a single swale. (B) Oblique field view to the southwest along
the crest of the easternmost levee (see Figure 3A for perspective). Vertical component of the fault offset is up (U) to the southwest
and down to the northeast (D). RL, right-lateral; VS, vertical separation. (C) Soil profile exposure and log showing Holocene capping
deposits (Av–Bw horizons) above a buried erosional surface on late Pleistocene soil (Bk horizon). Av, vesicular mineral soil horizon;
A, mineral soil horizon; AB, A-B transition horizon; Bw, weathered illuvial horizon; Bk, carbonate-rich illuvial horizon; IRSL,
infrared stimulated luminescence.

for the Holocene alluvium, sampled at a depth of ~55 cm
in a soil pit in a levee crest, indicates abandonment of the
surface as recently as 3540 ± 880 ka (2σ) followed by at
least one late Holocene earthquake (Figure 3A & C). We
note that this age assessment may reflect the inclusion of
relatively young eolian silt. Based on these data, however,
we calculate a slip rate of 0.9–2.3 mm/yr. This slip rate for
the Lockhart fault is similar to the late Pleistocene slip
rate for the Lenwood fault (0.8 ± 0.2 mm/yr) determined
by by Oskin et al. (2008) based on neotectonic study.
Holocene slip on the Lockhart fault appears somewhat
high, however, compared with the Holocene rate for the
Lenwood fault, based on paleoseismic study with reported
rates at 0.5 +0.5/-0.3 mm/yr (Padgett and Rockwell, 1994)
and ~0.67 mm/yr (e.g., Strane, 2007). At least one post
2.6-4.5 ka surface rupture on the Lockhart section is
congruent with the Lenwood fault earthquake chronology,
2019 desert symposium

which documents a ~2 ka earthquake at Soggy Lake
(Padgett and Rockwell, 1994).

Mt. General fault slip rates
Holocene surface rupture is most distinct on a central
portion of the Mt. General fault, where two traces cut
early to mid-Holocene alluvial fans, producing prominent
southwest-facing scarps as high as ~1.5 m (Figure 4A).
Apparent dextral offsets of incised channels, levees, and
bar topography in Holocene deposits average ~4–5 m
with down-to-the-southwest vertical offset measured
across these landforms averaging ~0.3 m (Figure 4B
& C). Summing average displacements across the two
subparallel fault strands results in a maximum dextral
offset of ~7–8 m with a corresponding down-to-thesouthwest vertical offset of ~0.4 m. A single feldspar IRSL
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age sampled from a soil pit
(Figure 4B & D) indicates
deposition and burial at
11,380 ± 1700 ka (2σ), in
close agreement with the
~8 to 16 ka range suggested
by regional correlation of
early Holocene deposits
based on soils, surface
characteristics, and plant
communities (e.g., Miller et
al., 2010) (Figure 4B & D).
Relatively low scarps (< 0.3
m) in younger, mid Holocene
alluvium, regionally dated
between ~3–9 ka, leave open
the possibility of more than
one Holocene-aged surface
rupture. Taken together,
evidence for Holocene offset
on the Mt. General fault
yields a slip rate estimate of
~0.3–0.6 mm/yr and possibly
as high as 1.0 mm/yr.

Dextral strain budget for
Hinkley Valley
The combined Holocene slip
budget for the Mt. General
and Lockhart faults implies
net dextral strain release
between 1.2 and 3.3 mm/
yr, which is higher than
Holocene estimates for the
Lenwood fault. Reported
rates for the Holocene based
on paleoseismic studies
are relatively low and well
constrained between 0.5
Figure 4. Mt. General fault scarps formed on Holocene deposits with dextrally offset bar and
+0.5/-0.3 mm/yr (Padgett and swale landforms that record fault slip in the past 11,380 ± 1700 ka (Figure 2). (A) View to the
Rockwell, 1994) and ~0.67
northwest of the scarps separating upthrown surfaces to the northeast and downthrown surfaces
mm/yr (Strane, 2007). Given to the southwest. Perspective of photo indicated by yellow arrow labeled “A Field Photo” in B. (B)
SfM-built shaded relief map with mapped surface traces of the Mt. General fault (MG) cutting
that fault slip rates for the
Lockhart and Lenwood faults Pleistocene (Qia2 and Qia3) and Holocene (Qya4) alluvial fan deposits on the southwest flank of
Mt. General. Yellow points indicate offset geomorphic features measured by this study. (C) View
are more or less similar, it is
to the southwest and across the MG towards downthrown side. Perspective of photo indicated
possible that surface ruptures by yellow arrow labeled “C Field Photo” in B. (D) Soil profile exposure showing IRSL sample
on the Lenwood–Lockhart
location and horizons at depth below the alluvial fan surface. Location is shown in B and labeled
fault system, which defines
“D Soil Pit”. See Figure 3 for explanation of abbreviations.
a relatively well developed
and thoroughgoing fault
Acknowledgements
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abstract—The “Lower” and “Upper” Titus Canyon Faunas (TCFs) occur in the lower red beds (=
basal part of variegated facies) of the continental Titus Canyon Formation (TCFm.) in the southeastern
Grapevine and northwestern Funeral Mountains of Death Valley National Park, southeastern
California. The faunas comprise nine new local faunas (LFs), with two in the “Lower” TCF and six in
the “Upper” TCF of the Titus Canyon-upper Titanothere Canyon area in the southeastern Grapevine
Mountains, and one from the northwestern Funeral Mountains. Regional first appearance datums
(RFADs) for the ischyromyid Quadratomus? gigans and the amphicyonid Daphoenictis n. sp. in the
East Fork of Titus Canyon LF at California Institute of Technology (CIT) 257 indicate the “Lower”
TCF is a correlative of the earliest late Duchesnean, Lower Porvenir LF from the basal part of the
Chambers Tuff Formation (CTFm.) below the lower marker bed (LMB) in Far West Texas. The RFAD
for the cylindrodontid Dolocylindrodon texanus and regional last appearance datums (RLADs) for D.
n. sp. and the rhinocerotid Teletaceras mortivallis in the West Fork of Titus Canyon-Southwest LF at
CIT 254, and the RLAD for the helaletid Colodon stovalli in the West Fork of Titus Canyon-Northeast
LF at CIT 255 indicate the “Upper” TCF is coeval with the late early late Duchesnean, Upper Porvenir
LF from the lower (but not basal) part of the CTFm. above the LMB. The Upper Porvenir LF, in turn,
shares the brontotheriid Teleodus uintensis with the type Duchesnean Lapoint Fauna of northeastern
Utah. The ages of the Porvenir LFs and, by correlation, the TCFs are constrained by corrected
40
argon/39argon age determinations for the Buckshot Ignimbrite (37.680–38.288 Ma) and Bracks
Rhyolite (37.141–37.273 Ma), which bracket the CTFm. Such ages are considerably greater than the
oldest one for the Monarch Canyon Tuff Bed (34.775 Ma), which lies well above the “Upper” TCF. The
age range of the Buckshot Ignimbrite approximates or slightly postdates initiation of crustal extension
in the Death Valley region. Extension was accompanied by development of syndepositional normal
faults and local fault-bounded basins into which sediments constituting the TCFm. were deposited.

Introduction
Fossil land mammal remains from the continental Titus
Canyon Formation (TCFm.) of southeastern California
were first reported by Stock and Bode (1935). The remains
were all found in the lower red beds of Stock and Bode
(1935:plate 2) (= basal part of variegated facies of Reynolds
1969). The corresponding taxa, then only preliminarily
identified, were assigned to the Titus Canyon Fauna
(TCF). Wood et al. (1941) and some later workers
considered the assemblage early Chadronian in age,
while others regarded it as late Duchesnean. Taxa of the
TCF, most of which were described by Stock (1936, 1949),
are now represented by 100 cataloged and numerous
uncataloged fossil vertebrate specimens from less than
6.5 km southwest of the California-Nevada state line in
northeastern Inyo County and what is now Death Valley
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National Park (DEVA). The specimens were collected at 24
sites or 21 numbered California Institute of Technology
(CIT), Natural History Museum of Los Angeles County
(LACM), National Park Service (NPS), and University
of California Museum of Paleontology (UCMP) fossil
localities in the Titus Canyon-upper Titanothere Canyon
(TC-UTC) area of the southeastern Grapevine Mountains
and in the adjacent northwestern Funeral Mountains to
the southeast (Figs. 1–3). Titus Canyon and Titanothere
Canyon, the next subparallel drainage to the southeast,
are major, southwesterly draining canyons in the
southeasterly trending Grapevine Mountains, which are
aligned with and separated from the similarly trending
Funeral Mountains by Boundary Canyon, another major,
southwesterly draining canyon (Fig. 1). Both ranges
border the northeastern margin of northwestern Death
Valley and are parts of the Amargosa Range.
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of the respective fossil sites
and the corresponding
land mammal
assemblages, which are
assigned to nine new local
faunas of the “Lower”
and “Upper” TCFs (new).
Finally, this contribution
correlates the assemblages
with those for which
North American Land
Mammal Age (NALMA)
assignments are well
constrained.

Methods
Several tasks supporting
the current contribution
documented geographic
locations and stratigraphic
levels of fossil localities
in the lower red beds of
the TCFm., especially
those sites occurring in
the TC-UTC area of the
southeastern Grapevine
Mountains. Museum
archival searches included
studies of (1) CIT, LACM,
NPS, and UCMP locality
catalogs and maps, (2)
CIT locality photographs
archived at the LACM,
and (3) Dr. J. Howard
Hutchison’s 1987 field
notes, locality maps,
and photographs on file
at the UCMP. Geologic
literature and map reviews
concentrated on (1)
appropriate stratigraphic
columnar sections in
Figure 1. Geographic distribution of Titus Canyon Formation, Grapevine Mountains. Base map:
Stock and Bode (1935:
USGS Beatty and Saline Valley 30 x 60 Minute Quadrangles, California-Nevada (1986 and 1985,
plate 2), (2) Reynolds’
respectively; scale = 1:100,000). Geology after Reynolds (1969:plate 1) and Niemi (2012:plate 1).
(1969:plate 1) geologic map
Abbreviations: CC = Chloride Cliff, CP = Corkscrew Peak, DP = Daylight Pass, DS = Daylight
of the TC-UTC area that
Spring, DVB = Death Valley Buttes, GP = Grapevine Peak, HG = Hells Gate, HRS = Hole in the
Rock Spring, KLS = Klare Spring, KS = Keane Spring, MP = Mount Palmer, MS = Monarch Spring, was compiled at a scale of
“about three inches per
RP = Red Pass, TP = Thimble Peak, USMM = United States Mineral Monument, WP = Wahguyhe
Peak, WS = Willow Spring.
mile” (i.e., ca. 1:21,200)
on the 1957 United
This report reviews the historic development of the
States Geological Survey
current stratigraphic concept of the TCFm., especially
(USGS) Grapevine Peak Quadrangle, California-Nevada
in light of revised 40argon/39argon (Ar/Ar) radiometric
(Topographic), 15-Minute Series (scale = 1:62,500),
age determinations. It also updates previous taxonomic
and (3) the columnar reference section for the TCFm.
identifications for some of the remains from the TCFm.
described in his appendix 7 and illustrated in his plate 8.
by Lander (2016). In addition, the paper documents
National Agriculture Imagery Program satellite imagery
stratigraphic levels and approximate geographic locations
of 8-9-2013 provided in the 2015 edition of the USGS
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Thimble Peak Quadrangle,
California-Nevada,
7.5-Minute Series (scale =
1:24,000), and by Google
Earth (esp. “street view”)
and Google Maps was
used extensively and in
conjunction with other
data sets in documenting
stratigraphic levels of fossil
localities. Of particular
use in that regard were
archived CIT and UCMP
locality photographs and
those shot during field
surveys for the present
investigation. Individual
layers in the lower red
beds or variegated facies
are clearly visible in such
imagery and photographs.
The Thimble Peak
Quadrangle, including the
1988 provisional edition,
also provided topographic
map coverage of the study
area.
Field surveys of
late 2017 and early
2018 covered (1) the
western and eastern (or
southeastern) forks of
Titus Canyon, (2) the
canyon’s middle segment,
which lies between its
confluences with the
two forks, and (3) upper
Titanothere Canyon.
Surveys were undertaken
Figure 2. Geographic distribution of fossil localities and respective local faunas constituting Titus
Canyon Faunas, Titus Canyon-upper Titanothere Canyon area. Base map: USGS Saline Valley
to relocate previously
recorded CIT, LACM, and 30 x 60 Minute Quadrangle, California-Nevada (1985, scale = 1:100,000). Geology after Reynolds
(1969:plate 1). USMM = United States Mineral Monument.
UCMP localities and to
recover any potentially
because of the small map scale, 1:250,000. UCMP
identifiable fossil remains
at those sites and at previously unrecorded localities. Field localities were plotted more accurately on the Grapevine
efforts were conducted under United States Department of Peak Quadrangle in 1987–1988. Sites discovered or
the Interior, National Park Service Scientific Research and relocated during the 2017–2018 surveys were plotted
even more accurately using satellite imagery or a Global
Collecting Permit No. DEVA-2017-SCI-0037. The permit
Positioning System receiver. NPS localities were found in
authorized collection of fossil remains from the TCFm.
early 2018 by Matthew Ferlicchi, the NPS Paleontological
and compilation of biostratigraphic data. It was issued to
Research Associate at DEVA.
Dr. Torrey Nyborg (Principal Investigator) of Loma Linda
All taxonomically identifiable land mammal specimens
University (LLU), Loma Linda, California, with the author
now known from the TCFm. were studied for the
of this report being listed as a Co-Investigator.
present research effort. They are contained in the LACM,
CIT sites were originally plotted on the 1913 and 1910
NPS, and UCMP collections. The LACM collection
editions, respectively, of the USGS 1-degree Ballarat and
also includes the CIT specimens. Each specimen was
Furnace Creek Quadrangles, California-Nevada, in 1934–
identified to specific level. Some generic and specific
1935. Unfortunately, localities were plotted inaccurately
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Figure 3. Stratigraphic columnar sections, Titus Canyon Formation, Grapevine and northwestern Funeral Mountains, showing
levels of fossil localities and dated tuffaceous units. Modified from Stock and Bode (1935:plate 2), based on results of 2017–2018 field
surveys and reviews of satellite imagery. Facies and numbered units after Reynolds (1969:appendix 7, plate 1). Most other units from
Stock and Bode (1935:plate 2). When appropriate, Ar/Ar age determinations corrected as prescribed by Kuiper et al. (2008).

names used by Lander (2016) are updated herein (or
changed entirely when specimens were reassigned to other
taxa). Anteroposterior lengths of individual cheek teeth
and cheek toothrow segments were used in identifying
taxa. Such data reflected adult body size and were used
to separate successive but morphologically similar
samples or species of an evolutionary lineage or genus.
Many lengths were previously published. Measurements
compiled firsthand for this study were taken to the nearest
0.1 mm with the external jaws of a dial caliper, but the
internal jaws were used when acquiring distances needed
to compensate for cracking and accompanying spreading
of individual teeth or spaces between two adjacent teeth.
The Duchesnean and Chadronian NALMAs were
defined by Wood et al. (1941). Subdivisions used
herein follow Lander and Hanson (2006) and Lander
(2013). However, the early late Duchesnean and earliest
Chadronian NALMAs are subdivided further herein,
based on regional first appearance datums (RFADs)
or changes in body size between successive samples or
species.

Titus Canyon Formation
The stratigraphic concept of the TCFm. has changed
markedly since the formation (fm.) was originally
described by Stock and Bode (1935). Some later workers
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removed units from the fm., while others extended it into
areas beyond those in which Stock and Bode (1935:plate 1)
first mapped it. Chronological development of the current
concept of the TCFm. as recognized in the southeastern
Grapevine Mountains and illustrated in Figs. 1–3 is
discussed below.
Stock and Bode (1935)
The name Titus Canyon Formation was applied by Stock
and Bode (1935) to a thick sequence of continental strata
confined almost entirely in what was then Death Valley
National Monument. As recognized in their plates 1–2, the
TCFm. was restricted to the Grapevine and northwestern
Funeral Mountains in northeasternmost Inyo County,
southeastern California, and adjacent southeasternmost
Esmeralda and southwesternmost Nye Counties in
southwestern Nevada (Figs. 1, 3). Consequently, the unit
was also limited virtually completely to what became
DEVA. According to Stock and Bode (1935:573), the
“typical occurrence” of the TCFm. lay in Titus Canyon
(i.e., southeastern Grapevine Mountains) (Fig. 2). They
regarded the TCFm. as the lowermost (i.e., oldest) Tertiary
unit in the Grapevine and Funeral Mountains, where a
pronounced angular unconformity of high topographic
relief separated it from underlying Neoproterozoic and
Paleozoic units.
2019 desert symposium
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Stock and Bode (1935:plate 2) recognized a number of
mostly superposed stratigraphic units in the TCFm. The
units were all identified in the Titus Canyon area, but
only the geographically more extensive ones were found
throughout most of the Grapevine and northwestern
Funeral Mountains. In stratigraphic succession, the
TCFm. then consisted of (1) a widespread basal limestone
breccia unit that included a monolithologic lower part
and an heterolithologic upper part that contained
quartzite boulders, a thick sequence comprising (2) a
quartzite conglomerate unit that graded downward into
the upper part of the underlying limestone breccia unit,
(3) the fossil-bearing lower red beds, (4) the first green
conglomerate unit, which included a thin calcareous
mudstone bed at its top, (5) a variegated member (mbr.)
that contained a thin tuff marker bed at its base and
a geographically extensive algal limestone zone at its
top, and (6) another thick interval that included the
middle sandstone and conglomerate beds, the upper red
beds, which contained a second thin tuff marker bed
immediately below a thin calcareous mudstone or algal
limestone bed its top, and the upper green sandstone unit
(Fig. 3). Its basal stratigraphic position in the Tertiary
section indicated the monolithologic lower part of the
limestone breccia unit represented the oldest strata of
Cenozoic age in the region. The units (including two
tuff marker beds) are visible in satellite imagery of the
TC-UTC area and were observed during the 2017–2018
field surveys.
The thin calcareous mudstone bed shown by Stock
and Bode (1935) in their plate 2 overlying the upper tuff
marker bed (= Unit 38 Tuff Bed, new; see below) was not
recorded by Reynolds (1969:appendix 7) in the TCFm.
reference section and is not apparent in satellite imagery
of the TC-UTC Canyon area. Consequently, its inclusion
in plate 2 is presumed to have been a mistake (Fig. 3).
Cornwall and Kleinhampl (1961, 1964)
Beginning with Cornwall and Kleinhampl (1961,
1964), monolithologic breccia deposits were removed
from the TCFm. by some workers (e.g., Reynolds
1969). Such deposits were separated from the overlying
TCFm. by a sedimentary contact in the northwestern
Funeral Mountains, but (M.W. Reynolds 1961 verbal
communication in Cornwall and Kleinhampl 1964:J7)
were interbedded with the fm. in the TC-UTC. As so
recognized, monolithologic breccia deposits corresponded
to the monolithologic lower part of the limestone breccia
unit of Stock and Bode (1935:575, see plate 2, “west fork of
Titus Canyon” section) in the Titus Canyon area.
Reynolds (1969)
Reynolds’ (1969:plate 1) mapping was limited to the
TC-UTC area, but covered most of the Thimble Peak
Quadrangle (Fig. 1). In part because Stock and Bode
(1935) never specified or described a type section and
failed to clearly define the fm.’s upper contact, Reynolds
2019 desert symposium

(1969:appendix 7, plate 8) compiled and described a
columnar reference section for the TCFm. It extended
along the north-south-trending ridge situated on the
eastern side of upper Titus Canyon (i.e., that segment of
canyon lying north of confluence with canyon’s western
fork) (Fig. 2). However, Reynolds (1969), like some other
workers beginning with Cornwall and Kleinhampl (1961,
1964), excluded monolithologic megabreccia breccia
deposits from the TCFm. because they occurred at widely
separated stratigraphic levels and, so, were of substantially
differing ages. Compositional similarities indicated that
megabreccia deposits of Reynolds (1969) were the same
as monolithologic breccia deposits of Cornwall and
Kleinhampl (1961, 1964), but only where they underlay the
TCFm. were such deposits the same as the monolithologic
lower part of the limestone breccia unit of Stock and Bode
(1935:575, see plate 2, “west fork of Titus Canyon” section)
(Fig. 3).
Reynolds (1969) also described and, in his plate 1,
mapped a number of largely successive and intertonguing
sedimentary facies in the TCFm. They included (1) a
heterolithologic sedimentary breccia facies (= unit 1 or
limestone breccia unit of reference section in his appendix
7) that contained quartzite pebbles and cobbles, lay at or
near the base of the fm. (i.e., it unconformably overlay
Cambrian units), and, in the eastern fork of Titus Canyon,
intertongued to the west with megabreccia deposits, (2)
a brown conglomerate facies that underlay and perhaps
intertongued with the sedimentary breccia facies on the
divide between Titus Canyon and its western fork, (3)
a variegated facies (= units 2–38 of reference section)
that interfingered with the sedimentary breccia facies,
graded laterally and in a southwesterly direction into
the brown conglomerate facies in the western fork,
was the geographically most widespread of the facies
constituting the lower part of the TCFm., and included a
tuffaceous sandstone unit (= unit 38 or Unit 38 Tuff Bed;
see below) at its top, and (3) a green conglomerate facies
(= units 39–47), which locally constituted the upper half
of the fm. and unconformably overlay the variegated
facies (Figs. 2–3). However, Reynolds (1969:plate 1) also
mapped megabreccia deposits and the variegated facies in
addition to the sedimentary breccia facies as locally and
unconformably overlying Cambrian marine units in the
eastern fork of Titus Canyon, where megabreccia deposits
appear to have underlain the variegated facies (Fig. 3).
Compositional similarities indicated that Reynolds’
(1969) sedimentary breccia facies was the same as the
heterolithologic upper part of the limestone breccia unit of
Stock and Bode (1935:575, see plate 2, “west fork of Titus
Canyon” section). Reynolds (1969) noted that the brown
conglomerate facies, as mapped on the eastern side of the
divide between upper Fall Canyon and the western fork
of Titus Canyon in his plate 1, probably represented the
quartzite conglomerate unit of Stock and Bode (1935:plate
2), which was shown in their “Fall Canyon” section
(and identified in “west fork of Titus Canyon” section)
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(Fig. 3). However and contrary to the latter authors,
Reynolds (1969) recorded and, in his plate 1, mapped
the sedimentary breccia facies and, in the western fork,
the brown conglomerate facies as interfingering with the
variegated facies (including lower red beds of Stock and
Bode 1935) rather than just underlying it.
Reynolds’ (1969:appendix 7) unit 8, a tuffaceous
sandstone and limestone interval, was the sole tuffaceous
unit documented in the lower part of the variegated
facies in the TCFm. reference section, whereas units 26,
28, 30–31, and 35–38 were the only tuffaceous intervals
recognized in the upper part. Units 8 and 38 are the only
tuffaceous units in the variegated facies recognizable
throughout the Titus Canyon area (Fig. 3) and clearly
identifiable in satellite imagery. They represent the lower
and upper tuff marker beds in Stock and Bode’s (1935)
plate 2. Because unit 38 was the uppermost unit of the
variegated facies, that facies included Stock and Bode’s
(1935:plate 2) lower red beds, first green conglomerate
unit, variegated mbr. (with lower tuff marker bed [=
unit 8] at base), middle sandstone and conglomerate
beds, and upper red beds (with upper tuff marker bed
[= unit 38] near/at top) (Fig. 3). Similarly, the overlying
green conglomerate facies comprises their upper green
sandstone unit (Fig. 3).
Recorded fossil localities in the lower red beds of
the TC-UTC area were all in places underlain by the
variegated facies as mapped by Reynolds (1969:plate 1)
(Figs. 2–3). Mason (1988) was the first author to attribute
the corresponding fossil remains to that facies. Saylor
(1991:fig. 6) mapped the facies in the northwestern
Funeral Mountains, where fossil localities in the lower red
beds were also in the variegated facies (Fig. 3).
Wright and Troxel (1993) and some later authors
Beginning with Wright and Troxel (1993), some authors
(e.g., Slate et al. 1999, Snow and Lux 1999) followed Stock
and Bode (1935:plate 2) in retaining monolithologic
breccia and megabreccia deposits of Cornwall and
Kleinhampl (1961, 1964) and Reynolds (1969), respectively,
as the basal unit of the TCFm. However, comparing their
mapping with subsequent mapping by Carr et al. (1996),
Slate et al. (1999), and Niemi (2012) indicated that Wright
and Troxel (1993) had removed the green conglomerate
facies of Reynolds (1969) (= upper green sandstone unit
of Stock and Bode 1935:plate 2) from the TCFm. (Fig. 3).
Niemi (2012) followed Snow and Lux (1999) in reassigning
the green conglomerate facies to their Panuga Formation
(Fm.). Consequently, the unconformably underlying
variegated facies of Reynolds (1969) with the Unit 38 Tuff
Bed at its top (= lower red beds, first green conglomerate
unit, variegated mbr., middle sandstone and conglomerate
beds, and upper red beds of Stock and Bode 1935:plate 2)
then represented the upper unit of the TCFm. This report
follows Wright and Troxel (1993) and the more recent
workers in excluding the green conglomerate facies and,
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correspondingly, any megabreccia deposit overlying the
variegated facies from the TCFm (Figs. 1–3).

Titus Canyon Fauna and local faunas
As recognized herein, the TCF is of moderate taxonomic
diversity (Table 1; see below). Corresponding land
mammal remains identified to specific level are all
from the TC-UTC area of the southeastern Grapevine
Mountains (those from northwestern Funeral Mountains
not identified below class level). The respective
assemblages and localities are discussed below.
Southeastern Grapevine Mountains
Currently, 83 cataloged vertebrate fossil specimens
are recorded from 19 sites or 16 numbered museum
localities in the lower red beds or basal part of the
variegated facies of the TCFm. in the TC-UTC area of
the southeastern Grapevine Mountains (Figs. 2–3). Of
those specimens, 81 represent at least 16 genera and 18
species of primitive extinct land mammals (ischyromyid
Quadratomus? gigans; aplodontid cf. Prosciurus sp.
indet.; cylindrodontid Dolocylindrodon texanus; smaller
hyaenodontid Neohyaenodon n. sp.; smaller, dentally
primitive amphicyonid Daphoenictis n. sp.; secondarily
smaller equid Mesohippus viejensis [including M. texanus;
this report], endemic brontotheriids including Protitanops
curryi, secondarily larger P. n. sp.; secondarily larger,
dentally primitive helaletid Colodon stovalli; rhinocerotids
including secondarily smaller Teletaceras mortivallis,
primitively smaller, dentally primitive Penetrigonias
hudsoni, endemic, primitively larger Trigonias n. sp.;
very large oromerycid ?Montanatylopus matthewi;
agriochoerids including secondarily larger, dentally
derived protoreodontine Eomeryx transmontanus, smaller,
dentally and basicranially primitive agriochoerine
Agriochoerus n. sp. A; endemic smaller protoceratid
“Pseudoprotoceras” robustus; leptomerycids including
endemic Hendryomeryx blacki, secondarily larger H.
n. sp.) (Table 1; see Lander 2016). With respect to the
species, seven are based on type specimens (including
presumptive type specimens for two new but currently
unnamed species) from the TCFm. (Tables 2–3). Six
local occurrences represent the species’ RFADs, but four
others also constitute RFADs for the corresponding
genera (Table 3). While 14–16 species represent their sole
California records, 10–12 of those also signify the only
such occurrences for the respective genera (Table 3). Nine
taxa are shared with the late Duchesnean Porvenir Local
Fauna (Table 3; see Wilson 1978, Lander 2016), which
brackets the lower marker (LMB) bed in the lower part of
the Chambers Tuff Formation (CTFm.) in Far West Texas
(see Wilson 1978:fig. 7).
The TCF of the TC-UTC area comprises eight new
local faunas (LFs). They appear to occur in two successive
intervals in the lower red beds and, so, are of slightly
differing ages. The older assemblages are assigned to the
“Lower” TCF, which contains two new LFs, whereas the
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a thin, resistant, brownish-gray sandstone interval near
the middle of a thick soft reddish-brown mudstone unit
(= lower red beds), but far above a dark greenish-gray
to nearly black, pebble to cobble conglomerate lens still
lower in the unit (Fig. 3; see Stock and Bode 1935:plate
2). The lower red beds are overlain by the first green
conglomerate unit of Stock and Bode (1935:plate
2) and the overlying lower tuff marker bed (=
unit 8 of Reynolds 1969:appendix 7), far above
CIT 257 (Fig. 3). The East Fork LF shares RFADs
for Quadratomus? gigans and Daphoenictis n.
sp. with the correlative Lower Porvenir LF (new)
from the basal part of the CTFm. below the LMB
(Tables 2–3; see Stock 1949, Wilson 1978:tables
4–5, Gustafson 1986, William W. Korth 2016
unpublished data, Lander 2016).
The West Fork of Titus Canyon (West Fork)Southwest LF (West Fork-SWLF) is from a thick
reddish-brown mudstone interval (= lower red
beds) overlying the quartzite conglomerate
unit of Stock and Bode (1935:plate 2) (= brown
conglomerate facies of Reynolds 1969) (Fig. 3;
see Stock and Bode 1935:plate 2). The lower red
beds are exposed well west of the mouth of the
western fork of Titus Canyon and south of the
fork’s main wash (Fig. 2). The West Fork-SWLF
includes assemblages from CIT 254 (= UCMP
87020) (comprises three quarry sites), NPS DEVA
018-002, and UCMP 87017 (10–20 m higher in
lower red beds than CIT 254) (Fig. 3). Of the 87
cataloged mammal specimens from the TCFm.,
51 or 58.6% are from CIT 254. The corresponding
assemblage shares the RFAD of Dolocylindrodon
texanus, regional last appearance datums
(RLADs) for Daphoenictis n. sp. and Teletaceras
mortivallis, Mesohippus viejensis (also found at
UCMP 87017), Colodon stovalli, Penetrigonias
hudsoni (also occurs at NPS DEVA 018-002),
and probably temporally restricted Eomeryx
transmontanus with the coeval Upper Porvenir
LF (new) from 0–26.8 m above the LMB or in the
lower (but not basal) part of the CTFm. (Tables
2–3; see Stock 1949, Wilson 1978:table 6, Wilson
and Schiebout 1984, Prothero 2005, Gustafson
1986, Hunt 1996, Lander 2013, 2016, William W.
Korth 2016 unpublished data). Consequently,
the West Fork SWLF is a member of the “Upper”
TCF. The Upper Porvenir LF, on the other hand,
shares the temporally restricted brontotheriid
Duchesneodus uintensis, RLADs for C. stovalli
and the small hyracodontid Hyracodon medius
(including H. primus; Rasmussen et al. 1999),
P. hudsoni, and probably E. transmontanus
with the correlative late (type) Duchesnean
Lapoint Fauna of northeastern Utah (Table 3; see
Prothero 1996, 2005, S.G. Lucas 1981 personal
communication in Wilson 1984, Wilson 1984,

Same

Pseudoprotoceras semicinctus

“Leptomeryx” blacki

Agriochoerus n. sp. A

“Pseudoprotoceras” robustus

Hendryomeryx blacki

Protoceratidae

Leptomerycidae

(Mason 1988)

Hendryomeryx defordi

Same
Eomeryx transmontanus
Agriochoeridae

Artiodactyla

Hendryomeryx n. sp.

Same
Same
Penetrigonias dakotensis
Trigonias osborni
camelid?
Colodon stovalli
Teletaceras mortivallis
Penetrigonias hudsoni
Trigonias n. sp.
?Montanatylopus matthewi
Helaletidae
Rhinocerotidae

(Stock 1949)

Protitanops curryi
Protitanops n. sp.

(Stock 1949)

Hyaenodon (Neohyaenodon) horridus
Daphoenictis n. sp. A
Mesohippus westoni
Same
Neohyaenodon n. sp.
Daphoenictis n. sp.
Mesohippus viejensis
Protitanops curryi
Hyaenodonta
Carnivora
Perissodactyla
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Oromerycidae?

Pseudocylindrodon texanus
Dolocylindrodon texanus
Cylindrodontidae

Hyaenodontidae
Amphicyonidae
Equidae
Brontotheriidae

Same
cf. Prosciurus sp. indet.
Aplodontidae

(Stock 1949), Lander (2012,
2013)
Lander (1998, 2012, 2013)

Smaller mountain beaver-like
rodent
Smaller comb rat-like/gundilike rodent
Larger cursorial “creodont”
Smaller cat-like bear dog
Smaller three-toed horse
Large horned brontothere/
titanothere
Very large, horned
brontothere/titanothere
Larger cursorial tapir
Smaller rhinoceros
Medium-sized rhinoceros
Larger rhinoceros
Very large oromerycid (camel
relative)?
Larger protoreodontine
agriochoere oreodont
Smaller agriochoerine
agriochoere oreodont
Smaller protoceratid
(oreodont relative)
Very small chevrotain/mouse
deer
Small chevrotain/mouse deer

Larger squirrel-like rodent
Same
Quadratomus? gigans
Ischyromyidae
Rodentia

Identification by Lander (2016)
Genus & Species (this report)
Family
Order

Table 1. Faunal list, Titus Canyon Faunas. Updated from Lander (2016).

First/Previous Author/
Identifier
(Stock 1949), W.W. Korth
(2016 unpublished data)
(Stock 1949), W.W. Korth
(2016 unpublished data)
(Stock 1949), W.W. Korth
(2016 unpublished data)
—
(Stock 1949)
(Stock 1949), (Mason 1988)
Stock (1936), Mihlbachler
(2008)
(Stock 1936), (Mihlbachler
2008)
(Stock 1949)
(Stock 1949), Hanson (1989)
—
(Mason 1988)
—

Common Name

younger assemblages are referred to the “Upper” TCF,
which comprises six new LFs (Fig. 2, Tables 2–3). One of
the oldest assemblages, the East Fork of Titus Canyon LF
(East Fork LF) is a member of the “Lower” TCF from CIT
257, which is on the northeastern side of the eastern (or
southeastern) fork of Titus Canyon (Fig. 2). The site is in
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Table 2. Distributions of species in Titus Canyon Faunas by locality and local fauna.

Rasmussen et al. 1999, Mihlbachler 2008, Lander 2013).
Thus, the assemblage from CIT 254 is coeval with the
Lapoint Fauna, too. CIT 254 also yielded Trigonias n.
sp. (RFAD for genus), which is slightly larger than T.
osborni. The latter species is presumed to be from the
Ahearn Fauna of southwestern South Dakota and the
“Lower Titanotherium Beds” (≈ Ahearn Member [Mbr.] or
basal unit of Chadron Formation [CFm.] in Chadronian
148

NALMA type area). The Lower Ahearn Fauna (new)
and the correlative Lower Yoder LF (new) from the
bottom 4.6 m of the stratotype for the Yoder Mbr. of the
CFm. in southeastern Wyoming share the RLAD for
Mesohippus viejensis, whereas the RFAD of secondarily
larger M. westoni is in the Upper Ahearn Fauna (new) and
probably the “Middle” or “Upper” Yoder LF (new) (see
Schlaikjer 1935:fig. 2, table page 82, Clark and Beerbower
2019 desert symposium
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Table 3. Distributions and accountings of species in Titus Canyon Local Faunas, southeastern California, Lapoint Fauna,
northeastern Utah, and Porvenir and Little Egypt Local Faunas, Far West Texas.

1967:fig18.3, Kihm 1987:table 5). The temporally restricted,
secondarily larger oreodontid Prodesmatochoerus n. sp.
B also occurs in the Lower Ahearn Fauna. The Ahearn
Mbr. underlies the Peanut Peak Mbr., the lower unit of
the CFm. and the Chadronian NALMA stratotype in
northwestern Nebraska (Terry 1998:figs. 9–10). Therefore,
the Lower Ahearn Fauna and Lower Yoder LF are the
oldest Chadronian assemblages and, accordingly, early
earliest (not late early) Chadronian in age.
The Lower West Fork-Northeast LF (Lower West ForkNELF) is from UCMP V87015 and the second red bed
below a reddish-green mudstone bed that lies at the top of
the lower red beds, contains a tuff marker bed at or near
its base, and underlies the first green conglomerate unit
(Fig. 3). The tuff marker bed lies immediately above the
2019 desert symposium

CIT 255 quarry site (see below). It is named the CIT 255
Tuff Bed herein. UCMP V87015 comprises two sites just
west of the mouth of the western fork of Titus Canyon and
north of the fork’s main wash (Fig. 2). Its stratigraphic
position and shared occurrences of Trigonias n. sp. (Tables
2–3) suggest the Lower West Fork-NELF and the West
Fork-SWLF from CIT 254 are coeval. Consequently, the
Lower West Fork-NELF is also a member of the “Upper”
TCF.
Of the remaining assemblages in Titus Canyon, (1)
the Upper West Fork-Northeast LF (Upper West ForkNELF) is from CIT 255, which lies immediately west
of the mouth of the western fork and north of its main
wash, (2) the West Fork-Southeast LF (West Fork-SELF)
is from CIT 256, which is situated just west of the mouth
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of the western fork and south of the main wash, and (3)
the Middle Segment of Titus Canyon LF (Middle Segment
LF) occurs at LACM 8030, which is located just east of
upper Titus Canyon and its confluence with the western
fork (i.e., immediately east of TCFm. reference section)
(Fig. 2). The three LFs occur in the first red bed below
the CIT 255 Tuff Bed and the first green conglomerate
unit (Fig. 3). Along with the West Fork-SWLF from
UCMP V87017, they represent the youngest assemblages
of the TCFs. Consequently, they, too, are assigned to
the “Upper” TCF. The Upper West Fork-NELF contains
Protitanops n. sp. and shares the RLAD of Colodon
stovalli and Penetrigonias hudsoni (also part of Middle
Segment LF) with the Upper Porvenir LF (Tables 2–3).
Colodon n. sp. in the succeeding Little Egypt LF from the
Reeves Bonebed, 18.3 m below the top of the CTFm., is
secondarily smaller than ancestral C. stovalli. However,
the Little Egypt LF also contains secondarily smaller
Prodesmatochoerus dunagani instead of its larger ancestor,
Pr. n. sp. A (= Merycoidodontidae gen. and sp. indet. 1
of Wilson 1971) from the Lower Porvenir LF (RFAD for
genus), or its successive larger descendants, Pr. n. sp. B and
Pr. macrorhinus (including Merycoidodon presidioensis;
this report), which occurs in the middle earliest (not
late early) Chadronian Airstrip LF from the Capote
Mountain Tuff Fm. (overlies CTFm.). Therefore, the Little
Egypt LF is latest Duchesnean (not earliest Chadronian)
in age. Accordingly, the Upper Porvenir LF, Lapoint
Fauna, and “Upper” TCF are late early late Duchesnean
in age, whereas the Lower Porvenir LF and “Lower” TCF
are earliest late Duchesnean (i.e., TCFs are early late
Duchesnean in age, not earliest Chadronian).
The Lower Titanothere Canyon LF is from CIT 253 in
upper Titanothere Canyon (Fig. 2). Because it contains
Protitanops curryi (RFAD for genus) instead of Protitanops
n. sp. (Tables 2–3) and occurs in a thick red bed interval
(= lower red beds) far below the first green conglomerate
unit (Fig. 3; see Stock and Bode 1935:plate 2), the Lower
Titanothere Canyon LF is probably a correlative of the
East Fork LF, a member of the “Lower” TCF, and, thus,
earliest late Duchesnean in age.
UCMP V87019 is west-northwest of CIT 253 and in
the first red bed below the CIT 255 Tuff Bed and the
first green conglomerate unit (Figs. 2–3). It produced
the Upper Titanothere Canyon LF, which contains
Hendryomeryx n. sp. (Tables 2–3). Therefore, the Upper
Titanothere Canyon LF is another member of the “Upper”
TCF, coeval with the West Fork-SE LF, and, thus, late early
late Duchesnean in age.
Northwestern Funeral Mountains
Additional land mammal remains representing three or
four cataloged and at least two additional uncataloged
specimens are recorded from three or four numbered
museum localities in the lower red beds (or variegated
facies) of the northwestern Funeral Mountains (Fig. 3,
Table 2; see Stock and Bode 1935:plate 2). The respective
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assemblages constitute an unnamed LF. At least three
localities (LACM 3899, NPS DEVA 018-006–018-007)
are near the northeastern corner of the range, but one
(LACM 3898) might instead be from Boundary Canyon.
The two LACM localities were identified as “fossil bone”
in Stock and Bode’s (1935) plate 2 (Fig. 3). Unfortunately,
locality data for LACM 3898 and the location of the
corresponding stratigraphic columnar section in Stock
and Bode (1935:plate 2) and Fig. 3 are incompatible.

Geochronology
As appropriate, earlier Ar/Ar radiometric age
determinations cited below have been corrected herein.
They were revised if respective analyses used Fish Canyon
Tuff sanidine (FCTs) as the neutron fluence monitor (or
calibration standard) and one of its previously accepted
Ar/Ar ages, 27.79 and 27.84 million years (Ma). The
referenced ages were recalculated using the Microsoft
Excel application developed by McLean (2009) for
converting earlier determinations that used one of the
two former FCTs ages. Doing so ensured a revised age
conformed to the currently accepted Ar/Ar age of 28.201
Ma for FCTs reported by Kuiper et al. (2008).
The ages of the Porvenir and Little Egypt LFs and, by
correlation (Lander 2016), the TCFs are constrained by
Ar/Ar age determinations for the Buckshot Ignimbrite
(37.680–38.288 Ma) and Bracks Rhyolite (37.141–37.273
Ma) (Kelly et al. 2012), which are early late to late and late
Eocene in age, respectively, and bracket the Chambers
Tuff Formation (Wilson 1978:fig. 5). Those ages are
considerably greater than the oldest Ar/Ar age for the
TCFm. reported by Saylor and Hodges (1994), 34.775
Ma (late Eocene). The dated tuffaceous sandstone layer is
near the northeastern corner of the Funeral Mountains
in upper Monarch Canyon and named the Monarch
Canyon Tuff Bed herein. Its occurrence in the “bottom
part of the formation” (Saylor and Hodges 194:88) (i.e.,
variegated mbr.) indicates the bed is the same as Reynolds’
(1969:appendix 7) unit 8, the only tuffaceous sandstone
bed he documented in the lower part of the variegated
facies in the TCFm. reference section. Unit 8, in turn, is
clearly the same layer as the lower tuff marker bed shown
by Stock and Bode (1935:plate 2) well above the fossilbearing interval and capping the red bed at the top of the
first green conglomerate unit in the TC-UTC area (Fig.
3). It was observed in that area during the field surveys of
2017–2018 and is visible in satellite imagery.
The age range of the Buckshot Ignimbrite approximates
or slightly postdates initiation of crustal extension in
the Death Valley region. Extension was accompanied by
development of syndepositional normal faults that, in
turn, led to the formation of local fault-bounded basins
into which sediments constituting the TCFm. were
deposited.
The Ar/Ar age for Reynolds’ (1967:appendix 7) unit 38,
the tuffaceous sandstone bed at (not near or 20 m below)
the top of the TCFm. in his reference section, is 30.399 Ma
2019 desert symposium
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(early Oligocene) (Fig. 3, Saylor and Hodges 1994, Beverly
Z. Saylor 2015 unpublished data). That layer immediately
underlies the angular unconformity at the top of the
TCFm., is clearly visible in satellite imagery of the Titus
Canyon area, and is named the Unit 38 Tuff Bed herein.
Correspondingly, any unit in the Grapevine or Funeral
Mountains previously assigned to the TCFm. but younger
than 30.399 Ma in age is reassigned to the Ubehebe or
Panuga Fm., which successively overlie the TCFm.
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Paleoecology of the Slug Bed and other
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abstract—Over 5,000 specimens of non-marine mollusks were recovered by the Raymond M.
Alf Museum of Paleontology from the upper member of the Barstow Formation, but just a single
gastropod shell was found in the middle member after extensive prospecting. The discord in sample
sizes of mollusks between the two members is likely correlated to differences in depositional
environment. Sites with large samples of mollusks from the upper member are usually dominated by
species that prefer a freshwater aquatic habitat and come from lithologies that suggest a lacustrine
depositional environment. The Slug Bed in the upper member is unique as its mollusk assemblage
is dominated by Craterarion pachyostracon, a non-aquatic slug. The Slug Bed is composed mainly
of mudstones and siltstones up to one meter in thickness that can be traced laterally for hundreds
of meters. Its lithologic composition, combined with the common occurrence of both the aquatic
gastropod Lymnaea mohaveana and the teeth and skeletal elements of the beaver Monosaulux pansus,
suggests that the Slug Bed also represents an extensive lacustrine environment. Thus, the abundance
of slug tests at the Slug Bed may reflect expansive episodes of lake deposition where marginal lake
habitats suitable for slugs were inundated by freshwater or that Craterarion pachyostracon preferred a
more aquatic habitat than previously thought.

Introduction

also recovered from this site. We also review molluscan
assemblages from other RAM localities and discuss
their importance concerning the paleoecology of the
middle and upper members of the Barstow Formation,
with reference to Taylor (1954), who considered Lymnaea
mohaveana, Lymnaea megasoma, Menetus micromphalus,
and Planorbula mojavensis to represent aquatic species
and Helminthoglypta alfi, Vallonia cyclophorella,

Dwight Taylor studied non-marine mollusks from the
Barstow Formation in the Mud Hills north of Barstow
while in high school (The Webb Schools) under the
tutelage of Raymond Alf, and eventually described eleven
taxa that included four new species, Lymnaea mohaveana,
Menetus micromphalus, Craterarion pachyostracon, and
Helminthoglypta alfi; the last named in honor of Raymond
Alf (Taylor, 1954). Since 1993,
crews from the Raymond M.
Alf Museum of Paleontology
(RAM) have recovered large
numbers of mollusks from the
Barstow Formation. Some of
these specimens were described
(Plyley et al., 2013; Abersek et
al., 2016) and a biostratigraphic
analysis of the RAM molluskbearing sites was presented
(Abersek and Lofgren, 2017).
Here we describe the molluscan
assemblage and the stratigraphic
setting of the Slug Bed (named
for its abundance of the slug
Craterarion pachyostracon), as
Figure 1: Stratigraphic ranges of gastropods based on taxa recovered from RAM localities
well as specimens of the beaver
that occur in the middle and upper members of the Barstow Formation (from Abersek and
Monosaulax and a previously
Lofgren 2017; fig. 4). Isotopic dates of the Hemicyon Tuff and Oreodont Tuff are about 14.0
unreported bivalve that were
Ma and 15.8 Ma respectively (Woodburne et al., 1990).
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Craterarion pachyostracon, and Pristiloma chersinellum to
represent nonaquatic species. e

Materials and methods
The RAM mollusk collection from the Barstow Formation
consists of over 5,000 specimens, about 80% of which
are internal shells of the slug Craterarion pachyostracon
from the Slug Bed (RAM localities V94083 and V200515).
All RAM mollusk specimens are from sites in the lower
part of the upper member (between the Skyline Tuff and
Hemicyon Tuff, Figure 1), except for a single gastropod
from the middle member at RAM locality V94026.
Gastropod species identified in the RAM collections
include Helminthoglypta alfi, Vallonia cyclophorella,
Craterarion pachyostracon, Lymnaea mohaveana,
Lymnaea megasoma, Menetus micromphalus, Planorbula
mojavensis, and Pristiloma chersinellum and these
taxa were thoroughly described by Taylor (1954), with
additions by Abersek et al. (2016). The only molluskbearing site where beaver remains were recovered was
the Slug Bed. Dimensions of specimens were measured
with a digital caliper (recorded in mm) and photographs
were taken using a high-resolution Canon digital camera
system with Stackshot USB control. Images of Barstow
Formation gastropod taxa housed at the RAM not
provided here (i.e. Vallonia cyclophorella, Helminthoglypta
alfi, Lymnaea megasoma, Menetus micromphalus,
Planorbula mojavensis, Pristiloma chersinellum) were
presented in Abersek et al. (2016, fig. 2, 4, 6-9) based on
specimens from the Lake Bed.

The Slug Bed
The Slug Bed is one of the most productive fossil-bearing
sites in the Barstow Formation. When Taylor (1954)
described the slug Craterarion pachyostracon, it was
based on specimens from his Lake Bed Horizon (Taylor
apparently was not aware of the Slug Bed at that time).
Later, Lindsay (1972) screen-washed matrix from the Slug
Bed (University of California Museum of Paleontology
locality V5501) to recover small-bodied mammals, and
slugs were also found, but were not described. In 1993,
when a RAM crew first visited the site, small mollusks
shaped like a bivalve with white growth lines were
collected, so the site was erroneously named “Tiny Clams”
(RAM locality V94183). After collecting at RAM locality
V200515, which is in the same stratigraphic unit as RAM
locality V94183, it was determined that the tiny clams
were indeed slugs. RAM crews have recovered over 4,000
specimens of C. pachyostracon and other mollusks, as
well as the teeth and skeletal elements of a beaver from
this site, and a description of the mollusk assemblage and
stratigraphic setting of the Slug Bed appears here for the
first time.
The Slug Bed is composed of 50-100 cm of gray to dark
green siltstone and mudstone that can be traced laterally
for hundreds of meters on the north side of Fullers Earth
Canyon (section 15, township 11 north, range 2 west) in
2019 desert symposium

Figure 2: Stratigraphic column of 1.4 m of the upper member
that includes the Slug Bed (lithologies between 0.2 m to 1.2 m);
scale in meters.

the western part of the Mud Hills. The dark green color
of weathered Slug Bed strata provides vivid contrast to
the brown and gray colored sediments that comprise the
upper member of the Barstow Formation in Fullers Earth
Canyon. The Slug Bed is thickest in the vicinity of RAM
localities V200515 and V94183 and a stratigraphic section
was measured there in 2016 (Figure 2). In this area,
extensive exposures of the Slug Bed line the banks of two
drainages that empty into Fullers Earth Canyon. Forty
meters west of the RAM localities, Slug Bed exposures
are truncated by a fault, and to the east, the Slug Bed
can be traced about 500 meters across two fault scarps,
where it then thins and appears to interfinger with strata
approximately laterally equivalent to the Lower Hemicyon
Tuff, which is about 15 m below the Hemicyon Tuff
(Abersek and Lofgren 2017, fig. 2).
The Slug Bed is about 1 m thick (at the RAM sites)
and rests upon a light brown volcano-clastic siltstone
that contains pebble-sized clasts of white pumice and is
overlain by a coarse-grained gray sandstone (Figure 2).
The Slug Bed consists of three distinct units, a light brown
volcano-clastic mudstone, overlain by 80 cm of gray
siltstone and dark green mudstone that is capped by an
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indurated dark brown volcanoclastic mudstone. The lower
light brown mudstone contains small fragments of black
organic debris along with white gastropod shell fragments
and partial shells. Intact densely calcified slug tests are
also present in the lower light brown mudstone but are
rare here compared to their abundance in the overlying
units of the Slug Bed.
The middle section of the Slug Bed is the thickest
and is composed of a relatively thin bed of gray
siltstone sandwiched between two thick beds of dark
green mudstone (Figure 2). The siltstone and the two
mudstones are massively bedded and their contacts
are not well defined. Slickensides, sulfur-colored zones
of mineralization, and plant fragments preserved as
thin black films (3-7 mm in length) are common in the
siltstone and mudstones; these features and the massive
bedding of the siltstone and mudstones are evidence
of bioturbation and paleosol development, although
root casts were not observed. Slugs and the gastropod
Lymnaea mohaveana are commonly present in the dark
green mudstones. However, only a few complete shells of
L. mohaveana were recovered because they were usually
destroyed during excavation because of their delicate
preservation (Figure 3), compared to the densely calcified
slug tests. Screen-washing of the upper dark green
mudstone yielded juvenile specimens of L. mohaveana and
a very small bivalve (Figure 4) that could not be identified
to taxon but represents a new record for the Barstow
Formation.
The upper part of the Slug Bed is composed of 10 cm of
finely laminated and indurated dark brown volcanoclastic
mudstone that weathers to a brownish-gray color. This
unit contains shell fragments and crushed shells that are
the general size and shape of Helminthoglypta alfi. Slugs
occur in greater concentration in this uppermost unit
of the Slug Bed, compared to the units below. Like the
densely calcified slug tests from the Lake Bed, eroded
shells of Craterarion pachyostracon also litter the outcrop
surface at the Slug Bed. The upper dark brown mudstone
is overlain by gray sandstone (Figure 2). The Slug Bed is
about 12 m below the Lake Bed and at least 15 m below the
Hemicyon Tuff (Abersek and Lofgren (2017, fig, 2).
Mollusks recovered from the Slug Bed include
about 4,000 specimens of Craterarion pachyostracon
(RAM 14226-14227, 14229-14245, 16261-16277, 16302,
16419, 16576, 16591-16593, 16599-16604, 16606-16607,
16609-16612, 16614-16622, 16624-16625, 16627-16646,
16649-16650, 16653-16662, 16667-16668, 18649, 18651,
20801-20802; shells were often batch cataloged, so
most catalog numbers represent about 50 specimens).
Craterarion pachyostracon is orange-brown to bronze
in color, has multiple white growth lines on its dorsal
surface, and is similar in shape to a peanut that has
been cut in half (Figure 5). A small protrusion on
the ventral side of the shell is present in many larger
specimens. When the lengths of 1,000 slugs were plotted
on a histogram, the result was a bell curve (Figure 6),
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Figure 3: Lateral view of RAM 18638, a complete shell of
Lymnaea mohaveana (maximum width 7.7 mm, length 15.7
mm) from the Slug Bed still partially encased in matrix
(complete shells of this species were rarely recovered).

Figure 4: Dorsal view of RAM 18672, an unidentified bivalve
(maximum length 3.0 mm) from the Slug Bed.

indicating that a single species is present. Specimens of
C. pachyostracon from the Lake Bed (N = 5) are slightly
smaller than those measured from the Slug Bed, as they
have a mean length of 5.3 mm (Abersek et. al, 2016), while
those from the Slug Bed (N = 1,000) have a mean length
of 6.4 mm, a difference probably related to the disparity in
sample sizes.
Lymnaea mohaveana, is also common at the Slug
Bed and 38 specimens were recovered, most of which
represent juveniles (RAM 16301, 16312, 16519, 1659416596, 16605, 16608, 16626, 16647, 16652, 16663, 16666,
18626-18636, 18638, 18645, 18648, 18673-18681, 20800,
20803). Additional taxa present include Helminthoglypta
alfi (RAM 18650, 18652), Pristiloma chersinellum (RAM
16598, 16651, 16664-16665, 18644), and an unidentified
bivalve (RAM 16597, 18639-18640, 18643, 18647, 1866018672) that has well defined growth lines and is white
2019 desert symposium
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Figure 5: Dorsal (A) and ventral (B) views of RAM 20801 (left;
length 6.4 mm) and RAM 20802 (right; length 5.8 mm), two
specimens of Craterarion pachyostracon from the Slug Bed.

curved in Monosaulax (Korth, 1999). Parafossettids in
RAM beaver p4s from the Slug Bed are curved (Figure
7B). RAM specimens of Monosaulax pansus (N = 42)
are mostly isolated teeth (Figure 7A and 7D), but more
complete dental material is present (RAM 7618 dentary
with p4-m1, Figure 7B; RAM 7661 dentary with m1-2,
Figure 7C; and RAM 16161 partial skull with P4-M3), as
well as a nearly complete femur (RAM 18557, Figure 8).
Gastropods from the Slug Bed represent a mixed
aquatic and nonaquatic assemblage dominated by
Craterarion pachyostracon and Lymnaea mohaveana,
with lesser numbers of Pristiloma chersinellum, and
Helminthoglypta alfi. Palynology of the Slug Bed is based
on two samples collected from a dark gray, carbonaceous
claystone (Fisk and Maloney, 2015) that is probably
equivalent to one of the dark green mudstones in Figure
2. Analysis of these samples revealed a rather low
taxonomic diversity, with the most common taxa being
rushes and sedges and freshwater algal cysts (Fisk and
Maloney, 2015). Interpretation of the assemblage suggests
that the Slug Bed represents a shallow fresh water lake/
pond surrounded by wetlands (Fisk and Maloney, 2015).
The thick accumulation of very fine-grained strata that
comprise the Slug Bed and the common presence of beaver
teeth also provide support for a lacustrine depositional
setting.
Craterarion pachyostracon was interpreted to have
lived in a dry habitat among brush and leaves, perhaps
beside a stream or pond (Taylor, 1954) and the abundance
of this nonaquatic slug throughout the entire one-meter
thickness of sediments that comprise the Slug Bed is
problematic because the Slug Bed apparently represented
a lacustrine depositional setting. Although the relative
number of specimens of Lymnaea mohaveana (aquatic
species) in the Slug Bed sample compared to those
of Craterarion pachyostracon is biased towards the
latter (slug tests are relatively indestructible), it still
does not explain why slug tests are so abundant. Two
possible explanations are: 1) Ponds, lakes, and streams
in the Barstow Formation were lined by aquatic plants,
shoreline emergent vegetation, and riparian trees and

to tan in color (Figure 4). It is not known if this taxon
represents a new species, but it does represent a new
record for the Barstow Formation.
Numerous isolated teeth, two jaw fragments, a crushed
skull, and a femur of a beaver were also recovered from
the Slug Bed. Most of the beaver specimens were found
as float, but an isolated tooth, as well as the femur and
crushed skull were excavated from the middle 80 cm
of the Slug Bed. Isolated beaver teeth collected from
the Slug Bed by the University of California Museum
of Paleontology in the 1960s
were referred to Monosaulax
pansus (Lindsay, 1972). However,
Monosaulax was considered
synonymous with Eucastor because
the holotype of Monosaulax pansus
had been lost (Stirton, 1935; Skinner
and Taylor, 1967). But Korth (2000)
identified Yale Peabody Museum
specimen YPM-PU10575 as the lost
holotype of Monosaulax pansus
and argued that Monosaulax and
Eucastor were distinct genera (Korth,
2002). One important dental feature
that distinguishes Monosaulax and
Figure 6: Histogram of lengths in mm of 1,000 specimens of Craterarion pachyostracon
Eucastor is the parafossettid in the
from the Slug Bed.
p4 of Eucastor is straight, while it is
2019 desert symposium
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shrubs and various aquatic plants (Nowak
and Paradiso, 1964; Macdonald 2001). Thus,
support for this hypothesis rests solely on
the mutual occurrence of the beaver and
slug remains.

Other mollusk assemblages
Snail Farm and Chert Ridge (RAM
localities V201201 and V201202,
respectively). These two sites are
stratigraphically equivalent; Snail Farm is
approximately 200 m east of Chert Ridge
(Abersek and Lofgren, 2017). Planorbula
mojavensis (RAM 18815-18851, 1888518918, 20555-20556 ) represents 72 of the 73
specimens recovered from Snail Farm, the
one exception being a single specimen of
Lymnaea mohaveana (RAM 18919). Chert
Ridge yielded 119 specimens that represent
three gastropod taxa. Of these, 115 are
Planorbula mojavensis (RAM 18920-18996,
18998-19027, 19029-19031, 19034-19038),
and the other four are Lymnaea megasoma
(RAM 18997, 19028, 19032) and Menetus
Figure 7. Occlusal view of four specimens of Monosaulax pansus from the Slug
micromphalus (RAM 19033). Lymnaea
Bed, A) RAM 18556, left p4; B) RAM 7618, right dentary with p4-m1; C) RAM
megasoma, L. mohaveana, Menetus
7661, right dentary with m1-m2; D) RAM 18547, left m3.
micromphalus, and Planorbula mojavensis
are aquatic gastropods and the lack of
bushes (Reynolds and Schweich, 2013, 2015; Fisk and
non-aquatic
taxa
at Snail Farm and Chert Ridge indicates
Maloney, 2015). There probably were periods where the
the
sites
represent
an aquatic environment most favorable
size of lacustrine environment of the Slug Bed ebbed
to
P.
mojavensis.
and freshwater lake habitats were replaced by moist lake
Helminthoglypta alfi Type Locality (RAM Locality
margin habitats that generated leaf litter where slugs
V200114).
This site equals Locality 1 of Taylor (1954)
thrived. The slugs were then transported into the lake
whose
description
of Helminthoglypta alfi was based
during flooding events or their habitat was inundated
on
a
monospecific
sample
of 150 specimens. The RAM
by freshwater during episodes when the size of the lake
collections
from
this
site
consists
of 147 specimens, 136
expanded; and 2) Craterarion pachyostracon is only
of
which
represent
Helminthoglypta
alfi (RAM 17361known from early Miocene strata in western North
17362,
18259,
19040-19099,
19500-19523,
19556-19603,
America (Taylor, 1954; Abersek and Lofgren, 2017) and
20302).
Present
also
are
Pristiloma
chersinellum
(RAM
the non-aquatic habitat preference of C. pachyostracon is
19555),
Planorbula
mojavensis
(RAM
18258),
Menetus
based on that of extant slugs (Taylor, 1954). But perhaps
micromphalus (RAM 19553, 19554), and Vallonia
this Miocene slug was more adapted to a freshwater
cyclophorella (RAM 19524, 19525-19527, 19550-19552).
habitat than extant slugs.
Helminthoglypta alfi, Vallonia cyclophorella and Pristiloma
A highly speculative but intriguing hypothesis is that
chersinellum were considered nonaquatic gastropods
Miocene beavers ate slugs that lived along the edge of
the lake to supplement
their herbivorous diet
and the densely calcified
slug tests were deposited
as feces into the lake and
entombed adjacent to
the remains of aquatic
gastropods. However, the
feces of extant beavers are
composed of wood fiber
that has a sawdust -like
appearance as their diet
Figure 8. RAM 18557, a right femur of Monosaulax pansus (length 5.5 cm) from the Slug Bed.
consists entirely of trees,
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(Taylor, 1954) and they comprise 98% of all specimens
from the site. This indicates a depositional setting that
differs from that of Chert Ridge and Snail Farm, probably
a moist environment not inundated by freshwater for
significant periods of time.
Quarry 5 (RAM Locality V94026). Only one specimen
of Planorbula mojavensis (RAM 20364) was recovered,
the only gastropod from the middle member in the RAM
collection. The site represents a channel deposit which
yielded a high number of mammalian elements, some
of which are heavily water worn (Abersek and Lofgren,
2017).
Lake Bed (RAM Locality V200025). The site is
equivalent to the Lake Bed Horizon or Locality 3 of Taylor
(1954) and represents a series of mudstones, siltstones,
and marls that yield abundant gastropods. The Lake Bed
exhibits the greatest diversity of gastropods in comparison
to any other Barstow Formation site (Abersek et al.,
2016). Referred specimens include: Helminthoglypta
alfi, RAM 19531-19549, 20080-20083, 20247, 20259,
20274-20277, 20290-20291, 20297-20302 (37 specimens);
Lymnaea mohaveana, RAM 19898-19902, 19905, 1990819919, 19921-19923, 19925-19928, 19930-19941, 1994419949, 19951-19953, 19957-19960, 19962, 19964, 19967,
19969-19970, 19973, 19976-19977, 19980, 19982, 19985,
19988-19989, 20073, 20168-20271, 20292-20296 (321 total
specimens; some numbers represent batches of up to 20
specimens); Lymnaea megasoma, RAM 19904, 19906,
19920, 19929, 19942-19943, 19966, 19968, 19975, 19978,
20084-20112 (39 specimens); Planorbula mojavensis,
RAM 19903, 19950, 19990, 20049-20068, 20280-20281,
20286-20289 (29 specimens); Vallonia cyclophorella, RAM
19907, 19924, 20074-20079 (8 specimens); Pristiloma
chersinellum, RAM 19954-19955, 19963, 19965, 19971,
20005-20035, 20037-20048, 20278-20279 (50 specimens);
Menetus micromphalus, RAM 19956, 19986-19987, 2006920072 (7 specimens); and Craterarion pachyostracon,
RAM 19961, 19972, 19974, 19979, 19981, 19983-19984,
20000-20004, 20272-20273, 20282-20285 (18 specimens).
Of the large gastropod sample collected from the Lake
Bed, 87% represent aquatic species (Lymnaea mohaveana,
Lymnaea megasoma, Planorbula mojavensis, Menetus
micromphalus) (Abersek et al., 2016). Also, the fine
grained lithostratigraphic units that comprise the Lake
Bed strongly suggest a low energy environment. Thus,
both lines of evidence suggest the Lake Bed is a lacustrine
deposit. The relatively few nonaquatic gastropods present
(Helminthoglypta alfi, Vallonia cyclophorella, Pristiloma
chersinellum, Craterarion pachyostracon) probably lived
adjacent to the lake (Abersek et al., 2016).
Bird Bone Bed (RAM Locality V98004). This site
includes a 10 cm thick siltstone lens that yielded numerous
small-sized mammalian and avian skeletal elements
(Lofgren et al., 2014), as well as three specimens of
Helminthoglypta alfi (RAM 19528-19530). The gastropods
indicate a nonaquatic depositional setting for the siltstone
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lens, a stratigraphic interval that may represent a nesting
area of diurnal raptors (Lofgren et al., 2014).
Doc’s Level (RAM Locality V200047). A single
specimen of Planorbula mojavensis (RAM 20363) was
recovered from the same canyon as the Lake Bed, but 5-10
m stratigraphically below (Abersek and Lofgren, 2017).

Upper member paleoecology
According to Taylor (1954), gastropods recovered from
the Barstow Formation indicated the presence of ponds
or slow-moving streams, in which lived freshwater
aquatic snails, with nearby vegetation furnishing habitats
for non-aquatic snails. The high percentage of aquatic
gastropod species at the Lake Bed, Snail Farm, and Chert
Ridge localities supports a lacustrine depositional setting
for part of the upper member. Even though the Slug
Bed yields a massive number of shells of the nonaquatic
slug (Craterarion pachyostracon), palynological analysis
(Fisk and Maloney, 2015), the presence of beavers, and
its fine-grained lithology, indicate a lacustrine setting.
The only gastropod locality from the upper member of
the Barstow Formation that is clearly dominated by a
nonaquatic species other than a slug is the type locality
of Helminthoglypta alfi. Thus, based on both the large
number and relative abundance of aquatic gastropod
species recovered from upper member strata, lacustrine
settings were probably numerous when these rocks were
deposited.
Fossil mammals are found in equally large numbers
from both the middle and upper members of the Barstow
Formation, but only a single gastropod was recovered
by RAM crews from the middle member, compared to
over 5,000 specimens from the upper member. The upper
member is composed mostly of lacustrine sediments and
the middle member is composed mainly of alluvial and
conglomeratic sandstone (Woodburne et al., 1990). Thus,
the disparity in the number of gastropods recovered from
the two members appears to be related to depositional
setting (Abersek and Lofgren, 2017).
Paleontologists from the University of Michigan
have recently investigated the diversity of mammalian
taxa in relation to changes in depositional setting and
climate in Miocene non-marine strata in the Mojave
Desert, including the Barstow Formation (Badgley et
al., 2015; Loughney, 2017). Based on analyses of facies,
stable isotopes of carbon and hydrogen from biomarkers,
and phytoliths from the middle and upper members
of the Barstow Formation, the middle member mostly
represents braided stream channels and floodplains,
while upper member strata mostly represent extensive
wetlands and floodplains (Loughney, 2017). The wetlands
and floodplains of the upper member probably were
more desirable habitats for mollusks than the channels
and floodplains represented by the middle member,
as indicated by the great disparity in size of the RAM
mollusk samples from these two members of the Barstow
Formation.
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abstract—A hot (53°C), ~1.2 m diameter mud pot/spring appeared in a farmer’s field near Niland,
CA in May 2018. It was located in the Wister Fault zone and changed rapidly week by week. By
November 22, 2018 it had ceased flowing and had been partially dissected by an irrigation ditch that
provided a cross sectional view of the dry vent. The depression and an upper apron surrounding it
were covered with a thin layer of rippled white aragonite. An interesting aspect of the vent was the
presence of minute shiny black ooids, which formed a subsurface layer and a thin coating on the
aragonite apron. The ooids consisted of nuclei of sand grains, with a thin overcoat of aragonite. The
black color is attributed to the presence of thin discontinuous layers of iron sulfide in the overcoat.
The formation of the ooids seems to be analogous to the formation of cave pearls, whereby calcitearagonite is precipitated around a nucleus as a result of continuously agitated water saturated in
calcium carbonate.

Introduction

2. The Davis–Schrimpf mud volcano field located at the
intersection of Davis and Schrimpf Roads5-7
3. Ambient temperature mound springs near the
intersection of Gillespie Road and State Route 1117,8
4. Linearly aligned mud pots defining the Wister Fault
(southeastern extension of the San Andreas Fault)9
5. Dry moderate-temperature (36°C) thermal vents on Red
Island10
In this paper we describe the visual, physical and some
chemical properties of a new, short-lived mud pot near
Niland, Imperial County, CA (Figure 1).

The Salton Trough is a topographic low in southern
California and northern Baja and Sonora Mexico that
represents the transition between the San Andreas Fault
system and rifting centers in the Gulf of California.1
The area is seismically active and has a high geothermal
gradient that supports a number of commercial
geothermal electricity generating plants. The heat from
the geothermal field is the result of a shallow magma
body from one or more spreading centers. The Salton Sea
occupies the lowest part of the Salton Trough in Imperial
County, CA.
Mud pots, mud volcanoes, and other structures formed
Properties, appearance and time changes
by fluidized sediment are well known in geothermal
regions.2 They are often driven by rising CO2 that entrains Witnessing the formation and demise of a mud pot or
mud spring is a rare occurrence. Such an event that took
subsurface water and carries it to the surface. If the
place on the Wister Fault9 starting in May 2018 (Figure
mud is low viscosity, mud pots form. If viscous, mud
2). The mud pot was located at the edge of an agricultural
volcanoes form. They can change from one to the other
field near the corner of English and Noffsinger roads. It
as conditions vary, and may be hot (up to 100°C) or at
was visited ten times between 12 June and 17 Jan 2019.
ambient temperature.
Most endure for decades
or more and undergo
changes as meteoric water,
underground plumbing,
and flux of CO2 change.
Salton Trough
geothermal activity
has been documented
from a number of areas
near Niland in Imperial
County. These include:
1. Boiling mud pots and
fumaroles in five fields
Figure 1. Map of mud pot locality near Niland, Imperial County, CA. Mud pot is located 1.6 km
near Mullet Island3,4
west of CA SR111 in Niland and just south of Noffsinger Rd. The approximate location of the Wister
Fault is shown as a dashed line in the right-hand panel above.
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destroyed the beautiful mud pot,
it did reveal some of its internal
structure. Samples from the mud
pot at various depths were collected
at that time.
The mud pot (mud spring)
initially eroded the surrounding
sediments. The pot took the form of
a small pond in a slightly depressed
basin filled with muddy water a
meter or so in diameter. The central
region was vigorously bubbling
and muddy water was being
projected above the surrounding
pond. Bubbling water emerging
from the center of the basin was at
53°C (127°F), and remained at that
temperature until late October, by
which time the temperature had
Figure 2. Carol Zamora watching the mud pot in June 12, 2018. View looking north.
dropped to 47°C (117°F). To prevent
spillage into the field, the famer dug
Owing to the rapid changes on time scales of days-toa shallow trench leading south along an unnamed road
weeks, we cannot say what took place between visits. By
and piled the dirt on the east side of the trench. No water
November 22, 2018 the spring had ceased flowing. At
was collected or analyzed.
that time, we observed that the mud pot had been cut in
half by a newly dug irrigation trench. While the trench

Figure 3. Time sequence showing the mud pot’s changes between June 12 and 22 November 2018.
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inner cone was nearly white and
contrasted sharply with the greatly
enhanced, black material that
surrounded it. Upon returning
on November 22, we found that
a 2 m-deep diversion channel
had been excavated that bisected
the mud pot and created a near
vertical cross section (Figure 4)
which allowed access to the mud
pot’s interior. The cross section
of the pot was complicated, and
we could not easily distinguish
intrinsic complexity from mixing
and distortion caused by the
trenching device.
The remnant of the mud pot
consisted of a conical depression,
lined with a thin white crust
(Figure 5) with a rippled surface,
resembling white plastic balls that
had partially melted together. It
Figure 4. Cross-section view of inactive excavated mud pot on November 22, 2018. Tan
showed a fabric whose orientation
fibrous material (circles), adjacent to a layer of black ooids, is located on both sides of the
was ~vertical, i.e., radial with
vent, just beneath the surface crust. The distribution of materials is not as orderly as we
respect to the pot’s vertical axis.
might have expected.
The white layer was about 0.25
m thick and was surrounded by
Following the initial observations described above,
a slightly elevated apron of the same material coated
the pot was different with every visit, sometimes
with a thin layer (1-2 mm) of shiny rounded black ooids
drastically so (Figure 3). In only 12 days after June 12, the
(Figure 6). Just beneath the surface, there are regions of
emerging water changed from brown to black. The July 11
fragile, low-density tan fibrous material adjacent to a layer
observations revealed a dark colored and slightly elevated
of black ooids (Figure 7). The lower part of the vent is
rim of material surrounding the vent and above it, but
only 12 days later (23 July), the vent rim was light brown,
like the color of the emergent water. On September 20
the rim had vanished but a thin ring of fibrous, spongy
material was seen, even as the emerging water had become
black again. After September 20, the upwelling water
remained black until the pot’s demise, and the gray or
black crater rim formed again, also being present to the
end.
By November 11, the mud pot had changed
significantly. Water was no longer emerging from it
but the remaining black water was weakly bubbling
approximately 0.25 meter below the crater rim. The

Figure 5. Hand sample of the white crust showing its rippled,
corrugated surface. Water flow by gravity is from upper right to
lower left along the obvious ripples.
2019 desert symposium

Figure 6. (a) Hand sample of the black layer on the white crust.
(b) Optical micrograph of the black layer of ooids.
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X-ray diffraction (XRD) in order
to identify the major phases
present.
Black Ooids
The XRD pattern revealed that
the surface of the black ooids
was composed primarily of
aragonite, the low temperature
form of calcium carbonate. In
contrast, the XRD pattern of the
ground ooids consisted of major
aragonite, quartz, and plagioclase
feldspar (minor). Figure 8 shows
a backscattered electron image of
a cross section through the white
crust and surficial black ooids. The
thickness of the white crust varied
Figure 7. Tan fibrous material. The material was found on both sides of the vent, at about
between ~550-650 μm and EDS
the same depth, ~10 cm below the surface. The strands were tightly packed and nominally
indicates it consists of Ca-C-O
vertically oriented. Locally, however, the fibers were curved. See Figure 4 for location.
Photo taken 22 Nov 2018.
which is consistent with the
identification as aragonite by XRD.
composed of gray sand and red-brown clay (bottom). The
The ooids consist of layered aragonite of varying thickness
vent materials are set into muddy sand.
that surround nuclei.
The ooids varied from equant to ellipsoidal in cross
Laboratory Analyses
section with the maximum dimension ranging from 5 μm
Selected samples were potted and vacuum impregnated
to 750 μm with a mean of 180 μm. The nuclei of the grains
with epoxy and cross-sectioned. These included a piece of
are primarily silicates (quartz, plagioclase and K-feldspar)
the white horizontal crust covered with black ooids, the
but isolated grains of iron sulfide (pyrite) and barium
loosely cemented black ooids adjacent to the subsurface
sulfate (barite) were also observed. The latter appeared
fibrous region, and a portion of the brown fibrous
bright in the backscattered SEM images. From EDS, the
material. The potted samples were ground successively
overcoat of the ooids consists primarily of Ca-C-O, which
with 180-, 320- and 600-grit SiC paper and polished with
is consistent with the identification of aragonite by XRD.
1-micron diamond paste. The samples were carbon coated
The thickness ranges from 5-135 μm with an average
and examined with a scanning electron microscope (SEM) of 30 μm. Some of the thicker rims contain localized
equipped with a Si drift detector (SDD) energy dispersive
discontinuous bands of iron sulfide (Figures 9, 10). While
spectrometer (EDS). Several samples were analyzed by

Figure 8. Backscattered SEM image of polished section through
black ooids and underlying white crust. Bright nucleus at upper
right consists of iron sulfide, other darker nuclei are silicates,
primarily quartz and feldspars
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Figure 9. Backscattered SEM image of polished section through
black ooids. Bright nucleus at upper right consists of iron sulfide,
other darker nuclei are silicates. Notice partially periodic bands
of light-colored iron sulfide around the two of the largest ooids.
The line is the trace of the EDS line profile in Figure 9.
2019 desert symposium
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that showed thin discontinuous coatings on the
black ooids that contained Na-S-O and Na-Cl,
respectively.
Fibrous Material
The tan fiber bundles (Figure 7) are composed
primarily of aragonite with minor amounts of
quartz, based on the XRD pattern. They appear
to be identical to “veinlets” in calcite, gypsum
and other asbestiform minerals.11,12 Such growth
requires specialized and rare conditions. According
to Taber,11
“Calcite and gypsum are not normally
fibrous, and wherever they have
developed this structure it is due to
the physical conditions which have
prevented crystal growth, except in one
direction. Merrill has described fibrous
incrustations of gypsum forming on the
walls of caves [Figure 11], and notes that
the growing crystals not infrequently
force off pieces of the limestone
of considerable size. Laboratory
experiments and field investigations
indicate that the essential conditions for
the growth of fibrous minerals, such as
Figure 10. Top: Backscattered SEM image of cross section through the
calcite and gypsum, are: (i) the growing
aragonite coating on a black ooid with a quartz nucleus in Figure 9.
crystals must be in contact at their base
Bottom: EDS line profiles showing discontinuous bands of iron sulfide.
with a supersaturated solution; and (2)
the solution must be supplied through
the color of pyrite in macro specimens is golden, the
closely spaced capillary or subcapillary
streak, which consists of fine particulates, is greenish
openings in the surface of the wall rock.”
black to brownish black. The size of the individual Fe-S
The fibers in these veins are nominally solid singlegrains in the rims is on the order of < 5 μm and this
crystals and may either grow from the walls of the veins
probably accounts for the black appearance of the ooids.
(antiaxial) or from the center (syntaxial)13. Figure 12a
In the cross sections, not all beads displayed Fe-sulfides
shows an SEM image of a polished cross section through
but, because of their localized discontinuous nature, the
the tan fibrous aragonite vein. Surprising, the fibers
section does not always intersect them. A polished cross
are not solid single-crystals but consist of bundles of
section through the poorly cemented subsurface layer of
much smaller crystallites (Figure 12b). This is consistent
black ooids was very similar to the thin coating of black
with the fragile low-density nature of the material. The
ooids on the surface of the white crust. The size of the
boundary between the two fibrous regions consists of
ooids ranged from 30 μm to 375 μm with a mean of 150
calcium carbonate with varying degrees of porosity.
μm, which is slightly less than the ooids on the surface of
Figures 12c and 12d show high magnification SEM
the white crust (180 μm). The thickness of the overcoat
images of the surface of one of the “fibers”. It consists of
varied from 5 μm to 50 μm with a mean of 15 μm, which
is half of that from the surface black ooids.
White Crust
The rippled surface of the white crust (Figure
5) is reminiscent of textured ridged surfaces
of travertine in hot springs and caves. It
was therefore no surprise to find that the
XRD pattern of the surface of the white
crust consisted predominantly of a mixture
of aragonite, thenardite and quartz with
minor halite, dolomite and perhaps barite.
The presence of thenardite and halite was
corroborated by SEM-EDS measurements
2019 desert symposium

Figure 11. Veinlet structure of fibrous calcite, gypsum and asbestiform
minerals. Adapted from Merrill12.
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The black ooids are
completely mantled with
a tangentially-layered
structure as shown by the
repetitive banding of iron
sulfides, when present.
Their formation is probably
analogous or related to that
of cave pearls. CaCO3 in
some form is precipitated
around a nucleus as a
result of continuously
agitated water saturated
in calcium carbonate16.
In the case of cave pearls,
the agitation is a result of
water dripping from the
roof of the cave into splash
cups,16,17 while with the
mud pot, rising gas bubbles
of carbon dioxide produced
continuous or intermittent
movement of sand grains.
The incorporation of
microscopic iron sulfide
Figure 12. SEM images of the fibrous material. (a,b) polished cross sections. Notice porous nature of grains in discontinuous
individual fiber bundles in (b). (c,d) surfaces of fibers consist of nano aragonite needles.
layers in many grains
imparts the black color
aggregates of minute (0.1 x 1.0 μm) aragonite needles. As
to the ooids. While bulk iron sulfides (pyrite, marcasite)
a result, the aragonite appears to represent a replacement
are brass-colored, it is noted that their streak (consisting
(pseudomorph) of a preexisting fibrous mineral. The
of fine powder particles) are greenish to brownish
most likely candidates are calcite and gypsum. The fact
black. Sulfides and sulfates are relatively common in
that there is minimal sulfur in the system suggests that
hydrothermal solutions associated with magma bodies.1-7
gypsum is unlikely, but it is difficult to explain the highly
This can be related to the deep-seated magmatic nature of
porous nature of the pseudomorphs if they represent
the geothermal fields in the Salton Trough.
replacement of calcite fibers. Replacement of aragonite
It is easy to understand the formation of the black ooids
by calcite is much more common than the reverse since
on the surface where there can easily be free movement.
calcite is the more thermodynamically stable. In contrast,
The presence of a subsurface layer of black ooids also
pseudomorphs of aragonite after gypsum have been
implies some movement of grains within the layer. This
reported as a result of bacterial sulfate reduction under
layer is adjacent to the fibrous aragonite and both are
anaerobic conditions14 and pseudomorphs of calcite and
symmetrically disposed around the vent. Fibrous mineral
aragonite after gypsum have been observed.15
veins generally form as a result of dilation of the vein
during fiber growth—satin spar gypsum is an example.18
Discussion
The white crust appeared late in the mud pot’s life and
The new mud pot is the eastern-most in the Niland area
after the water level had dropped below grade. It seems
showing elevated temperatures (53° C). It is one of a
reasonable to suppose that the crust and ooids were
sequence of mud pots along the Wister Fault, the majority
produced and deposited by a supersaturated solution
of which are inactive at this time, the exception being the
of CaCO3, and halite as the water level receded. Such
reactivated mound spring at Gillespie Road and SR 111.8
deposition may be similar to the formation of travertine
Whatever was responsible for reactivation of this spring
flowstone and other speleothems in caves.
may also have influenced the formation of the new mud
The short ~7-month life of the mud pot may be due to
pot described here. Temperatures of other fumaroles,
exhausting a pressurized subsurface CO2 chamber. For
located to the west of the new mud pot, range from 100°C
some reason (earthquake?) an opening to the surfaced
in the Mullet Island fumaroles,3-4 62°C in the Davisoccurred, allowing CO2 to migrate upward through the
Schrimpf mud volcanoes,5-6 and 36°C in the Red Island
water
table and drag water to the surface to form the mud
vents,10
pot. After depressurizing the CO2 chamber, the mud pot
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activity ceased. Transient or short-lived pressure releases
have been previously observed in the area before.8
Based on many previous studies of fibrous minerals,11,12
we assume that the individual tan fibers (Figure 7, 11, 12)
originally formed as single-crystals, probably of calcite or
gypsum. The fact that they are now composed of porous
aragonite and show no evidence of single, coherent
crystals strongly suggests that they are pseudomorphs of
aragonite after calcite or gypsum.

Conclusion
A new, small mud pot (mud spring) has been followed
throughout its short, seven-month life When
serendipitously cross-sectioned, it revealed a number of
interesting mineralogical phenomena of aqueous origin.
The three main structures described here – white crust,
black ooids and fibrous material are most easily explained
in term of processes commonly found in caves. It may be
useful for understanding mud pots to view them in terms
of cave systems and mechanisms.
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abstract—Along the southeastern edge of the Salton Sea, California, there are several areas with
geothermal mud pots and mud volcanoes. These features may change shape, but their locations
remain fixed. In 2016, adjacent to an older mound spring near Niland, a large, muddy CO2-driven
spring developed and began moving southwest. By early 2018 it was threatening local infrastructure;
railroad tracks, petroleum pipeline, fiber optic cables and California State Route CA SR 111. On
Oct 4, 2018 a sinkhole suddenly opened up, undermining part of the railroad tracks, that by then
had been abandoned as a precaution. The Union Pacific Railroad has built two detour tracks and
Kinder Morgan has rerouted its pipeline. The mud spring showed a variety of curious behaviors and
movement patterns. Current projections are that the mud spring will reach CA SR111 in a few years.

Introduction
Mud pots and mud volcanoes (gryphons) are common in
geothermal areas of the world. One place they are found is
the Salton Sea Geothermal Field in southern California.1-6
In this area, mud pots and mud volcanoes form when
upward moving gases (primarily CO2) produced below
the water table entrains water and carries it to the surface,
usually through sediment. If the sediment load is low and
the muddy water is inviscid, mud pots form. If the mud is
viscous enough to support itself, mud volcanoes form. In
both cases, water is brought to the surface by rising CO2,
not by hydrostatic pressure as in artesian springs.
The Salton Sea Geothermal Field and the moving mud
spring described here are in the Salton Trough, California.
The trough is an active tectonic pull-apart basin,1. the
result of right-hand steps in three right lateral transform
faults of southern California and northern Baja, Mexico:
San Andreas, Imperial and Cerro Prieto.2 The area is
seismically active and experiences frequent earthquakes
and earthquake swarms. Much of the trough is below
sea level. A number of geothermal electricity generating
facilities have taken advantage of the high geothermal
gradient.2
The Salton Trough is filled with several kilometersdeep Colorado River sediments that have been
deposited in the trough during the last 5 million years.2
Mineralogically the sediment is mostly very fine grained
quartz with virtually no clay minerals, but the submicron
particles produce clay-like plastic properties: slippery mud
when wet and hard, earth when dry. Basement is several
km down and rocks or boulders in the sediments are rare
except near the Salton Buttes. In historic times, the trough
has undergone periods of flooding, both naturally (Lake
Cahuilla7) and manmade (Salton Sea8).
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Carbon dioxide is the most common gas that seeps out
of the soil, and commercial mining of CO2 was carried out
in the early part of the 20th century. Such emissions are
widely distributed in the trough but go largely unnoticed
except where CO2 bubbles are apparent in surface water.
The origin of the CO2 has not been definitively identified:
it could be hydrothermal alteration of carbonates to
diagenetic greenschist facies9,10 or plutonic CO2 from the
shallow magma body10 producing the high geothermal
gradients. H2S is also present in the area, and ammonia
occurs in and around the Salton Sea’s geothermal features.
Methane is rare but not unknown.
While mud pots and mud volcanoes can change shape
as more fluid is brought to the surface, or precipitation
and wind erode them, their locations remain largely
unchanged. In 2016, however, a moving mud spring
developed11 on private land that threatened local
infrastructure: railroad tracks, petroleum pipeline, fiber
optic cables, and a highway. It soon became clear that the
spring was not going to stop and would eventually reach
the railroad tracks and beyond. As a result, the railroad’s
attempted mitigation was forced by circumstances to
become accommodation. In this paper we report the
chronological development of the mud spring, and many
aspects of its geology, hydrology and behavior.

Historical developments.
The origin of the mud spring is as murky as its water.
The landowner of the property near the southeast corner
of California State Route 111 (CA SR111) and Gillespie
Road in Imperial County (Figure 1) reported that a small
spring had been present at this location for decades, and
only grew to ~80 ft across in the early part of the 21st
century. Google Earth historic imagery shows a large
pond appearing between 2002 and 2005. Lynch and
Hudnut3 labeled this large shield-like mound spring “W9”.
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areas of surface moisture along WSW
lineaments (Figure 3). These moist
areas were thought to be water that was
related to the mud spring. Their WSW
trends suggested cross faults through
which water could come to the surface.
From 2005 to2016, water from W9
flowed west and south and came within
about 60 ft of the Union Pacific Railroad
(UPR) tracks. In 2014 the Imperial
Irrigation District cut a trench on the
Figure 1. Map of the mud spring’s area and its relation to the Salton Sea and Wister
Fault.
NE side of the W9’s caldera to redirect
the water away from the tracks. Yet
It is one of about 30 seeps, mud pots and other hydrologic
the
water
soon
found
a way to come even closer and was
structures defining a NW striking lineament called the
redirected
south
and
west
toward the Salton Sea.
3
Wister Fault. The Wister Fault is probably a southeast
extension or abandoned strand of the San Andreas Fault.
In about 2005 when W9 became apparent in Google
Earth, surface water and moisture also appeared west
of W9 on either side of the railroad tracks and adjacent
to the highway (Figure 2). By 2017, much of the soil in
a parking lot of the Wister Unit of the Imperial Valley
Wildlife Area located west of the highway began to show

The moving mud spring appears

In mid 2016, an ambient temperature CO2-driven mud
spring appeared that partially overlapped W9. Gas
sampling confirmed CO2 with minor H2S. The mud spring
began moving southwest toward the UPR tracks and
CA SR111 at about 16 ft per month (very uncertain). The
new spring, called W9a, is less than a
mile NE of the Wister Fault and it was
moving perpendicular to it, as though
along a cross fault.
UPR hired Shannon and Wilson,
Inc. in May 2018 to manage the site
and mitigate the threat. By this time
W9a had carved out a large basin about
11 ft deep that was filled with muddy
water (Figure 3). A number of acoustic
imaging studies were carried out and
riprap was dumped into W9a to “plug
the hole” but this didn’t work. Most
of the rock sank into the mud and
vanished below the water’s surface.
A 140 ft long sheet pile wall was
constructed in May and June 2018 down
to a refusal depth of about 75 ft (Figure
3). The goal was to stop or slow down
W9a’s southwesterly movement and to
maintain the integrity of the sediment
between the piles and tracks. Around
this same time, the mud spring seemed
to changed direction and began moving
more westerly.
As W9a advanced, it fluidized the
sediment and grew to a ~24,000 sq ft
basin about 11 ft deep, representing
the removal of 250,000 cf of sediment
(Figure 3). Water sampling revealed that
the sediment-to-water ratio was 0.051
by volume, and the sediment particles
Figure 2. Time series from Google Earth showing the appearance of W9 (arrow) and
in
the water were small, on average less
the first detection of the moving mud spring (2016) as a southwestern elongation of
than
a micron in diameter. Moving in a
W9. The moving mud spring only appears here after 10/2016. Moist areas are obvious
fairly
straight line, the spring remained
after 2005.
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tracks (Figure 3). It also allowed
for better monitoring of the
spring. Pumping involved
disposing of 5 million cubic feet
of water. When drained, the
basin was found to have a flat
bottom 10-15 ft deep, though
a little deeper at the spring.
Draining the basin obliterated
W9 but its original CO2 sources
remained evident: dozens of
small, bubbling mud pots and
mud volcanoes at the bottom
of the basin at the NE end.
Pumping W9a itself continued,
the discharge being somewhat
variable but averaging around
40,000 gallons per day (5100 cf/
day). Daily pumping is carried
out.
By mid July 2018, W9a had
Figure 3. Aerial view of the area around the mud spring W9a. View looking west. The
the sheet piles, 40 ft
reached
elongated basin is evident as are the two diversion channels leading southward that carried
from the tracks. Bubbling water
water from the basin to the Salton Sea. The UPR railroad tracks and CA SR111 are shown,
began to erode the sediment
along with the wet soil lineaments in the California Department of Fish and Wildlife parking
lot west of the highway. Photo taken 31 Aug. 2018, after the basin was drained in June 2018.
and expose the east side of the
piles (Figure 4). The sediment
a discrete, point-like structure and did not develop into a
on the west side remained
linear trench-like source as might be expected.
in place and continued to support the eastern railroad
In June a well was drilled NE of W9’s former location
track. At this time the spring remained more-or-less
and about 350 ft from W9a in the hope that it would
fixed immediately adjacent to the east side of the sheet
decompress the aquifer that was powering the spring.
piles, though it wandered a bit. There was concern that
When the drill reached a depth of 326 ft below grade,
the spring’s subsurface source was continuing to move
there was a blowout. Mud, CO2 and water shot from
westward under the sheet piles. This would eventually
the well to a height of around 100 ft. In a few hours the
undermine the sediment between the sheet piles and the
blowout gradually subsided, though the well produced
tracks. The fact that W9a appeared to remain stationary
water for many days afterwards. No
discernable effect on W9a was detected
following the blowout.
As a precaution, UPR constructed a
shoofly (detour track) west of the existing
tracks in July 2018. Owing to surface
moisture and scattered standing water with
alkaline deposits, a 500 ft long section of
soil was first dewatered and stabilized using
engineering lime down to a depth of about
two ft along the planned path. An elevated
railroad bed was prepared followed by
deposition of ballast and laying the tracks.
The plan was to use the shoofly temporarily
if the mud spring started to undermine
the existing tracks. Consideration was also
given to building a bridge over any failed
tracks if necessary.
In late June 2018, UPR decided to drain
the basin in order to reduce hydrostatic
Figure 4. Photograph of W9a with view looking northwest, with railroad tracks
pressure on the sheet piles and water
just beyond the exposed sheet piles. Centers of the sheet piles are 56 inches
diffusion through the sediment toward the
apart. Photo taken 12 Sept. 2018 by Carol Zamora.
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east of the sheet piles was because this location was the
only conduit though which the spring’s pressure could
be relieved. As we later found out, the spring was indeed
carving out a hollow in the sediment west of the sheet
piles.
In August 2018, UPR authorized drilling of two more
decompression wells, both east of the tracks. Well B-2
was 100 ft NNW of the spring (now hard against the
sheet piles) and well B-3 was 100 ft SW of the spring.
B-2 was advanced to a depth of 800 feet. It encountered
predominately dense to plastic clays with interbeds of fine
to medium sand and silt. No significant water-bearing
zones were found. One region of high pressure CO2 gas
was encountered around 550 feet. This zone was sealed
off with steel casing when the hole was drilled deeper. B-3
was drilled to about 405 feet and revealed similar dense
to plastic clays with interbeds of fine to medium sand and
silt. A high pressure CO2 gas zone was encountered near
400 feet that stopped the drilling for several days. Upon
the resumption of drilling, B-3 continued to vent CO2 gas
continuously when the wellhead valve was open. When
the valve was shut, CO2 pressure built up to at least 140 psi
after several days. Regardless of whether either valve was
open or closed, there was no discernable effect on the mud
spring.
In mid August 2018, W9a’s behavior changed
dramatically. Instead of a constant, vigorous bubbling
flow, it would stop for a few seconds or minutes, only to
resume. In the following three weeks, the spring began
cycling between the sudden onset of a violent, splashing
outburst and a more gradual lessening of activity leaving
the spring nearly quiescent for several minutes, except for
minor flow and isolated bubbles. Initially the period was
4–5 minutes but by late August had dropped to around a
minute. Soon the outbursts became hardly perceptible and
by early September the spring resumed its constant flow as
it had been doing in previous years. By then, many of the
sheet piles had become exposed down to a depth of 22 ft
(Figure 4), the average water level maintained by pumping.
Gas and water pumped from W9a were measured
every day. CO2 levels at the surface near the spring were
almost always within safe levels, rarely (and temporarily)
rising enough to be of concern. H2S levels were always
within safe limits. On August 26 (2018), a gas monitor
was lowered down along the sheet piles to within 2 ft of
the spring’s surface. Here CO2 was off scale (high), O2 was
2.4%, H2S was 61.7 ppm and SO2 was zero.

Sheet pile breach
During August and September 2018, W9a remained fixed
relative to the sheet piles and continued to erode the
pool’s periphery east of the sheet piles until the walls were
vertical. Bouguer microgravity measurements revealed an
area of reduced gravitation, suggesting that a cavity was
forming just west of the sheet piles. On October 3 gurgling
was heard coming from a surface crack that opened up
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immediately west of the sheet piles. Jets of muddy water
were also seen squirting to the east.
The next morning (October 4, 2018), a shallow, three
foot wide, bubbling mud puddle was seen about 3 ft
west of the sheet piles, an ominous sign. At 1:15p that
afternoon, a ~60 ft diameter, 25 ft deep sinkhole suddenly
opened up (Figure 5). It spanned the ground between the
sheet piles and the eastern most railroad track, which at

Figure 5. Before-and-after aerial photographs of the sinkhole.
North is up. On September 20th (upper) W9a had not breached
the sheet piles. On October 4th when it appeared (lower picture
taken October 5), the sinkhole was roughly the same width
as the mud spring basin east of the sheet piles (lower, photo
on 5 October 2018). The southwest lip of the sinkhole was just
touching the eastern track, which by this time had already been
taken out of service. A small spring was visible on the 5 Oct
image northwest of the main spring in a ~2ft diameter crater
(white arrow pointing to dark spot on the NW crater wall). This
would grow to become the dominant spring by early 2019.

171

d. k. lynch, t. deane, j. rogers, et al. | a mysterious moving mud spring near niland

the time had stationary railroad cars on
it. Travis Deane witnessed the collapse
and reported:
“In preparation of the scheduled
1330 call with UPRR and
other team representatives, I
approached the new mud spring
from the NE at about 1315 to
make observations before the
call. When I approached the
area, I observed jets of dust
shooting approximately 5 feet
vertically into the air where the
new mud spring had previously
been observed. The jets stopped
after about 15 seconds followed
by loud rattling of the sheet
piles. I ran over to the north
end of the sheet piles to observe
the geyser [mud spring] in the
caldera area and the sheet piles
Figure 6. Infrastructure near the mud spring. Railroad track locations are evident
when an explosive release of
and the approximate location of the Kinder Morgan pipeline and AT&T fiber optic
gas and dust occurred between
cables are shown.
the sheet piles and Main 1
track. I did not observe water
40 ft in order to monitor the spring’s movement and help
being released during the explosion.
predict its future path (Figure 6).
Several nearby people from the railroad
observed the gas explosion and began
Accommodation and later developments
recording video of the event with their
By mid October 2018, work crews refilled the basin with
cell phones. The ground collapsed about
sediment because it was dangerous, with steep sides and
20 to 25 feet between the sheet piles
containing much CO2. This allowed UPR to build a second
and the ballast shoulder, measuring
shoofly east of the mud spring, so that they once again
approximately 35 feet wide by 70 feet
had two operational tracks. Owing to the relatively sharp
long. The entire event occurred in less
than five minutes. The sinkhole
….. continued to cave on the
sides.”
With W9a exposed west of the sheet
piles, its true location could now be
measured. It was 20 ft SW of the sheet
piles. Based on its location of 40 ft NE
of the sheet piles in early July 2018, the
spring had moved about 60 ft SW, a rate
of about 110 ft/yr. Some measurements
suggest that the speed the spring is
moving is not constant.
Riprap was immediately dumped
into the sinkhole, this time west of the
sheet piles. As before, this was done
to keep the sediment in place that was
supporting the eastern shoofly. Soon
individual piles began to sink into the
mud and they began to tilt westward
into the sinkhole. So more rip rap was
placed in the sinkhole against the sheet
Figure 7. Aerial photograph of the mud spring areas showing the two shooflies
curving around the two formerly active tracks. View looking northwest on 31 Oct
piles. In late October 2018 the sink hole
was excavated to the southwest by about 2018.
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Between October 2018 and March 2019, a curious thing
happened. The main mud spring on the southeast side
of the sinkhole grew less active while the tiny spring on
the northwest flank expanded and became more active.
By January both springs were producing at about the
same rate and by March, the NW spring had become
clearly dominant. Such behavior had been seen before and
was interpreted as the spring “hopping around.” In this
case, however, it was clear that there were two separate
springs (at the surface) and their water production varied
inversely with one another.

Speculation on the causes of mud spring motion
Mud spring W9a has shown two kinds of movement: (1) a
short-term (weeks to months), where the spring appears to
hop around by 10–20 ft. and (2) a long-term southwesterly
displacement of hundreds of feet over a period of years.
Though the reason for the movement remains a mystery,
we suggest two related mechanisms that can to explain the
movement and are consistent with the observed geology
and hydrology in the area. Both involve subsurface
sediment collapse.
Figure 8. “Hydra” structure in water rising through sediment.
The short-term motion might be explained by a
As internal erosion causes sediment to collapse in a conduit,
“hydra” structure (Figure 8), analogous to the “flower”
upward flow is blocked. This creates excess pressure which
structure found in faults. As water approaches the surface,
forces the flow to shift to another conduit or make a new one.
it becomes progressively less constrained by hydrostatic
Although the spring appears to “hop” around, the underlying
pressure from the overlying sediments. Weak portions of
source is not changing.
the near-surface sediment allow the spring to split into
many branches. Being in sediment that is being eroded
curvatures of the shoofly tracks, trains were required to
by rising water and CO2, there are occasional sediment
slow down to about 30 mph to pass the mud spring.
collapses beneath the surface that block flow and locally
In late October 2018, two boreholes were drilled west
create extra pressure. The extra pressure causes the flow
of the west shoofly for Kinder Morgan, whose petroleum/
to push into or shift to another branch that reaches
gasoline pipeline was now only 150 ft from the spring.
Both reached a depth of 100 ft and produced very wet mud the surface. In this way, several surface springs may be
present. As one wanes and another one grows, the spring
at a depth of about five feet, probably residual moisture
appears to “hop around.”
from when W9a first appeared (Figure 2). Below that only
To explain the long-term motion of the spring, consider
interbedded dry sediment and sand were encountered.
a structure called a soil pipe.12,13 Soil
pipes are tubular flows through sediment
driven by gravity. While this spring is
driven by buoyant CO2 gas bubbles, both
would be expected to undergo internal
erosion of the enclosing sediments. This
could result in soil collapse that blocks
the flow and redirects it, thus moving the
surface location of the spring. The CO2
variant of the soil pipe model is shown
in Figure 9. If the conduit through which
water is brought to the surface is tilted,
erosion would tend to remove sediment
from the upper parts of the pipe and
deposit it on the lower parts. This would
Figure 9. A tilted soil pipe with water entrained by rising CO2 would be expected
lead to a gradual movement of the spring
to erode the walls of the pipe. This would remove sediment from the upper (right
that would also maintain the spring as a
hand) part of the pipe and deposit it on the lower (left hand) part, leading to a
discrete source. This model predicts that
gradual migration of the surface spring to the right, and toward a point on the
the spring would move toward a point on
surface that is directly above the deep source. At this juncture, movement of the
the surface directly above the deep source.
spring would cease.
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When this location is reached, the spring would stop
moving.
For this mechanism to work, the sediment must fall
to the bottom of the pipe, rather than be carried upward
by the water. This places some conditions on how the soil
collapses, the speed of the water, and particle size of the
sediment. Erosion could occur as a collapse of larger, more
intact chunks of sediment. Otherwise the small particles
might be carried upward and away, perhaps later settling
to the bottom when the flow slows down.

Discussion
The inverse production between the SE and NW springs in
the sinkhole after Oct 2018 supports the hydra structure
model. As the two springs varied, water production
remained constant, about 40,000 gallons per day. This
suggests an unchanging deep source whose gas and
water find their way to the surface by any route possible.
Production is conserved, whether through a singe spring
or several.
Regarding the hydrology of the area, we can only say
that the water table—if such a concept makes sense here—
is patchy and inhomogeneous. This seems reasonable
because there are two dry wells within 100 ft of W9a,
which is producing 40,000 gallons of water a day. The
explanation may be that the water source is not moving,
but rather the CO2 source is moving, and this is what is
driving the mud spring. If there is no major CO2 source
on either side of the spring, no water would be brought
to the surface and therefore the CO2 emission would pass
unnoticed.
Could W9a (or the CO2 source) be moving along a
northeast striking fault? It seems likely. The spring’s
movement in a southwesterly direction is nearly
perpendicular to the controlling faults in the area, mainly
the San Andreas, as though moving along a cross fault.
Cross faults are well known in the area, though none
have been mapped at the spring’s location, primarily
because the land surface has been heavily modified by
agriculture and conservation efforts. Scarps and other
tectonic structures have been largely erased. There is
nothing in the seismicity to suggest an active fault. The
moist soil lineaments in the parking lot of the California
Department of Fish and Wildlife parking lot west of CA
SR111 may be revealing an increase in near-surface water
in the last few years. Their SSW trends could be indicative
of cross faulting by which water reaches the surface.
Another fault geometry could also produce SW moving
spring (Figure 10). Instead of a cross fault striking NE,
suppose that a shallow dipping fault striking NW and
dipping SW was present. Such a fault might be a growth
fault, a nontectonic fault found in deltaic sediments.14,15
When rising water reached the fault plane, it would be
diverted along the fault in a SW direction. Even though
it would encounter a planar fault, the water would move
upward at an angle along the fault following the steepest
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Figure 10. A northwest striking, southwest dipping shallow
angle fault could provide the necessary conditions to explain the
direction of the mud spring’s motion. Water from a deep source
rises vertically until it reaches the fault. The fault—having
fractured sediment along its plane—provides the easiest route of
ascent. The direction of flow changes from vertical to obliquely
upward when it reaches the fault. Water rises along the steepest
angle of inclination, in this case southwest.

possible path (SW), thereby carving out a soil pipe, like
the ones shown in Figure 9.
As of this writing (March 2019), the situation is more
or less like that shown in Figure 7, except Kinder Morgan
has done significant excavation to reroute their pipeline
around W9a and the former location of W9.

Stay tuned!
If W9a’s movement remains unchanged, it is expected to
reach the western shoofly by the end of 2019. The pipeline
and fiber optic cables will be affected by mid 2020 and
SR111 by 2021. Exact predictions are impossible to make
because this spring is a unique geological mystery.
As interesting as the mud spring is, the railroad
is not amused. Nor are the pipeline, fiber optic cable,
and highway people, all of whom must deal with the
time, effort and cost to accommodate the apparently
unstoppable threat. At its current rate of movement—
about 110 ft per year southwest—W9a will remain a
fascinating headache for several years to come—maybe
more.
A moving mud pot is unique in our experience and in
this case, it appears to be unstoppable. We have described
its behavior and attempts at mitigation. Even though we
know a fair bit about the spring and its machinations,
there still remain a number of fundamental, unanswered
questions:
1. How can a spring move?
2. How can it move and remain a discrete source?
3. Why was the bottom of the basin (after emptying it) flat
and horizontal?
2019 desert symposium

d. k. lynch, t. deane, j. rogers, et al. | a mysterious moving mud spring near niland

4. What is the chemical source of the CO2 and from what
depth does it originate?
6. Why did the spring undergo periodic cycling?
7. What is the subsurface geometry of the spring?
8. What is the water table geometry, in light of the fact
that virtually no water was found within a hundred feet
of the mud spring down to a depth of over 500 ft?

13. Schneider, C. 2015. From Pores to Pipes: The Problem of
Underground Erosion in Soils. Soil Horizons, 55, 1-3
14. Susanna K. Taylor, Andrew Nicol and John J. Walsh,
2000 Displacement loss on growth faults due to sediment
compaction, J. Structural Geology, 30(3,) 394-405
15. Lerche, I. 1994 Notes on growth faults and sedimentary bed
motions, Mathematical Geology, 26(6), 677–715
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abstract—During the Last Glacial Maximum (LGM; ~23,000 to 19,000 years ago) and through
the last deglaciation, the Great Basin physiographic region in the western United States was marked
by multiple extensive lake systems, as recorded by shoreline remnants and lake sediments. However,
temporal constraints on the growth, desiccation, and timing of lake highstands remain poorly
constrained. Studies aimed at disentangling hydroclimate dynamics have offered multiple hypotheses
to explain the growth of post-LGM lakes; however, a more robust understanding is currently impeded
by a general paucity of spatially and temporally robust data. In this study, we present new data
constraining the timing and extent of lake highstands at three post-LGM age pluvial lakes: Lake
Newark, Lake Surprise, and Lake Franklin. This data is used in concert with previously published
data for these basins and others from the Northern Great Basin including Lake Bonneville, Lake
Chewaucan, and Lake Lahontan to compare the timings of lake growth and decay over a large spatial
scale and constrain how regional hydroclimate evolved through the deglaciation.

Introduction
The American West is characterized by aridity and low
precipitation, with many regions receiving less than 250
mm of rain per year. Furthermore, this region is projected
to become even drier in the coming years, though climate
models used for forecasting these changes disagree in the
magnitude of future changes in regional precipitation
(Scheff and Frierson, 2012; Seager et al., 2010). One
approach to improve our understanding of different
atmospheric processes that drive aridification in the West
involves using paleoclimate data, in conjunction with
data-model comparison, to study controls on past changes
in the regional water balance.
In stark contrast to the arid present-day, during
the Last Glacial Maximum (LGM; ~23 to 19 ka) and
subsequent deglaciation (19 ka through ~11 ka, the onset
of warming through the Younger Dryas and until the
Holocene), the sedimentary and geomorphic record
indicates that the region was marked by over 50 extensive
lake systems (Hubbs and Miller, 1948; Mifflin and Wheat,
1979; Reheis, 1999; Reheis et al., 2014; Ibarra et al., 2018;
McGee et al., 2018). The predominance of late Pleistocene
lakes in this now-arid region indicates significant
changes in the water cycle in response to changing
climate forcing. Water balance calculations indicate that
precipitation increases up to twice modern, as well as
reduced evaporation rates, may be needed to explain the
distribution of lakes at their greatest extent (e.g. Mifflin
_____
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and Wheat 1979; Matsubara and Howard, 2009; Ibarra
et al., 2014; Hudson et al., 2017; Ibarra et al., 2018; Quirk
et al., 2018; Ibarra et al., 2019). These calculations also
indicate that highstands (which largely occur after the
LGM) cannot be singularly driven by low evaporation
rates due to temperature depression associated with glacial
periods. As such, there must be a significant contribution
from precipitation driving these changes, particularly
those leading to lake highstands (e.g., Ibarra et al., 2014).
While the most recent iteration of global climate
models (PMIP3) has produced precipitation estimates
for the LGM (21 ka), the next youngest ensemble of
simulations is the mid Holocene (6 ka) (Braconnot et al.,
2012). This large gap in time makes it difficult to tease
apart temporal variations in atmospheric dynamics that
may be contributing to lake growth. In fact, only one
model has been used for transient simulations: Transient
Climate Evolution ‘TraCE’, run through the National
Center for Atmospheric Research Community Climate
System Model Version 3 ‘CCSM3’ (e.g. Liu et al., 2009, He,
2011). Comparison of PMIP3 precipitation simulations
for the LGM show a general lack of agreement, indicating
the atmospheric dynamics delivering precipitation to the
region are not yet well understood (Figure 1).
One set of constraints on the mechanism(s) driving
changes in hydroclimate comes from studies that
have dated carbonates and/or subaerial deposits (e.g.,
organic matter in soils) from paleoshorelines. These
chronologies can be used to provide insights into potential
mechanisms driving lake growth, including changes in
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elevation-age histories using radiometric
dating based on radiocarbon analysis. We use
our radiocarbon ages and previously published
work to constrain lake hydrographs and also
estimate a pluvial hydrologic index for each
lake to further constrain past hydroclimate
change in the northern Great Basin.

Materials and methods
Sample collection
New samples consisted of both tufa and
gastropod shells, which were collected from
the shorelines of three closed basin paleolakes
within the northern Great Basin in the western
United States. These shorelines were identified
through a combination of literature review
(e.g. Reheis, 1999; Mifflin and Wheat, 1979;
Hubbs and Miller, 1948; Ibarra et al., 2014),
and Google Earth observations. At each site,
care was made to ensure that all tufa and shells
were in situ. In many cases, this necessitated
digging pits ~1 meter into the ground using
shovels and/or augers (following Munroe
Figure 1: PMIP3-derived precipitation anomaly maps of the western United
and Laabs, 2013). Post-excavation, the GPS
States from individual simulations. The annual precipitation anomaly is
coordinates of each sample were recorded, and
calculated as LGM minus preindustrial simulation, in mm/year. The LGM
the elevation of each sample was determined
simulation is set to 21 ka, while the preindustrial simulation represents “0 ka”. using the USGS Elevation Point Query Service,
No bias correction was applied and all maps were made using the original
which reports ⅓ arc-second elevation data
resolution of the climate model output. The centroids of watershed polygons
across the continental United States with an
discussed in this study are plotted for reference. Model output is from the
elevation resolution of ~3 meters. For a subset
World Climate Research Programme’s Coupled Model Intercomparison
Project phase 5 (CMIP5) database. Labels = Lake Surprise (LS), Lake Newark of lake basins (Lake Chewaucan and most of
(NL) and Lake Franklin (LF). Other lakes include: Lake Bonneville (LB), Lake Lake Surprise), more precise LIDAR elevation
Lahontan (LL), and Lake Chewaucan (LC).

precipitation. Recent work indicates
non-synchronous lake highstands
across the Great Basin, with some
studies suggesting a latitudinal trend
in the timing of maximum lake extent
(Lyle et al., 2012; Munroe and Laabs,
2013a; Ibarra et al., 2014; Oster et al.,
2015; Egger et al., 2018; McGee et al.,
2018, Morrill et al., 2018). However,
at present, the temporal and spatial
evolution of lake highstands and
stillstands is not chronologically
constrained well enough to allow
for meaningful insight into the
atmospheric dynamics driving these
changes, and therefore that is the focus
of this initial work.
For this study, we collected
tufa and gastropods shells from
paleolake shorelines, including Lake
Surprise, Lake Newark, and Lake
Franklin (Figure 2), and determined
2019 desert symposium

Figure 2: Pluvial lakes included in this study or plotted in Figure 3. New ages are from:
Lake Surprise (LS), Lake Newark (NL) and Lake Franklin (LF). Other lakes include:
Lake Bonneville (LB), Lake Lahontan (LL), and Lake Chewaucan (LC). Blue area is
maximum pluvial lake extent during the LGM and deglacial, digitized from Mifflin
and Wheat (1979) estimates (Map made using Natural Earth physical vector data).
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datasets are available from previous publications (Ibarra
et al., 2014; Egger et al., 2018).

room temperature DI for up to 30 minutes to remove
loosely held contaminants and particles on the sample
surface. For shells with delicate internal chambers, a
small pick or tweezers were used to carefully scrape away
internal pieces of sand or secondary carbonate.
For tufa collection, small handheld drills were
sometimes necessary to remove carbonate from a host

Sample Preparation
Tufa and gastropod shells were first rinsed by hand in
deionized water (DI) to remove loosely-held secondary
material. If deemed necessary, they were sonicated in

Table 1: New Radiocarbon Ages for Northern Great Basin Pluvial Lakes
Lake
Basin

Sample Name

Sample
Type

GPS
Location

IntCal13
Age (ka)

2σ
min

2σ
max

Elevation
(m)

HI

Franklin

FranklinRW1_60_1A

Gastropod
shell

40,6472N;
-115,1388W

12.260

0.110

14.233

13.821

14.765

1826

0.21

Franklin

FranklinRW1_60_2A

Gastropod
shell

40.1832N;
-115.3760W

12.370

0.120

14.466

14.044

15.020

1826

0.21

Franklin

FranklinRW1_60_2B

Gastropod
shell

40.1832N;
-115.3760W

12.200

0.130

14.127

13.752

14.715

1826

0.21

Franklin

FranklinRW2_90_1A

Gastropod
shell

40.2813N;
-115.3760W

12.520

0.190

14.713

14.041

15.339

1838

0.36

Franklin

FranklinRW2_90_1B

Gastropod
shell

40.2813N;
-115.3760W

12.400

0.160

14.530

13.999

15.133

1838

0.36

Franklin

FranklinRW3_78_1A

Gastropod
shell

40.2809N;
-115.3601W

12.480

0.120

14.654

14.163

15.122

1841

0.39

Franklin

FranklinRW3_78_1B

Gastropod
shell

40.2809N;
-115.3601W

12.910

0.120

15.437

15.093

15.818

1841

0.39

Franklin

FranklinRW3_78_1C

Gastropod
shell

40.2809N;
-115.3601W

12.670

0.120

15.027

14.377

15.454

1841

0.39

Franklin

FranklinFRB_170_1

Tufa

40.6472N;
-115.1388W

14.730

0.180

17.925

17.492

18.362

1848

0.48

Franklin

FranklinHS1_86_1A

Gastropod
shell

40.2477N;
-115.1388W

13.230

0.140

15.891

15.408

16.277

1843

0.49

Franklin

FranklinHS186_1B

Gastropod
shell

40.2477N;
-115.1388W

12.980

0.160

15.529

15.088

16.029

1843

0.49

Franklin

FranklinHS1_86_1C

Gastropod
shell

40.2477N;
-115.1388W

13.280

0.140

15.960

15.493

16.361

1843

0.49

Newark

NewarkLmt3_185_1

Tufa

39.4776N;
-115.7882W

19.420

0.250

23.383

22.777

24.001

1826

0.196

Newark

NewarkLmt4_50_1

Tufa

39.4547N;
-115.7790W

9.650

0.120

10.973

10.658

11.253

1806

0.136

Surprise

SVDI12-T4A*

Tufa

41.4299N;
-119.9752W

18.780

0.270

22.697

22.039

23.354

1439

0.332

Surprise

SVDI12-T4B*

Tufa

41.4299N;
-119.9752W

18.350

0.270

22.181

21.532

22.807

1439

0.332

Surprise

SVDI12-T7*

Tufa

41.4280N;
-119.9725W

14.460

0.170

17.613

17.141

18.008

1472.5

0.424

Surprise

SVDI12-T3A*

Tufa

41.4299N;
-119.9752W

18.030

0.280

21.823

21.083

22.443

1427.8

0.306

Surprise

SVDI12-T3B*

Tufa

41.4299N;
-119.9752W

16.590

0.290

20.016

19.279

20.713

1427.8

0.306

Surprise

SVCW17-PT1

Tufa

40.9771N;
-119.8755W

13.520

0.340

16.303

15.289

17.288

1475

0.444

Surprise

SVCW17-PT2

Tufa

40.9770N;
-119.8755W

13.390

0.160

16.109

15.642

16.609

1475

0.444

Surprise

SVCW17-PT3

Tufa

40.9764N;
-119.8747W

13.790

0.190

16.684

16.126

17.258

1477

0.445

14

C Age
(ka)

14

C Age
SD

*Originally collected and dated by uranium-series only in Ibarra et a. (2014). Three of the five samples are concordant (at 2σ) with uraniumseries ages from the same hand-sample reported by Ibarra et al. (2014) (see their Table 5: SVDI12-T7 = 16.67 ± 6.57; SVDI12-T4 = 19.80 ±
2.00; SVDI12-T3 = 18.33 ± 1.82)
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rock. The resulting powder from this drilling process was
ground using a mortar and pestle until the carbonate was
a homogenous texture.
After creating a fine carbonate powder from each
sample, a small amount of 3% H2O2 was added to each
sample and left to react at room temperature for 1–4
hours. This process is commonly used to remove organic
material (e.g. Mering, 2015; Tripati et al., 2010; Suarez and
Passey, 2014). Post-reaction with H2O2, all samples were
dried in an oven set below 50°C, and placed in a desiccator
for storage prior to radiocarbon analysis (Tripati et al.,
2010; Suarez and Passey, 2014; Defliese et al., 2015).
Radiocarbon Dating
Age control was provided by radiocarbon dating. In this
study, radiocarbon dating was completed via Accelerator
Mass Spectrometry (AMS) at UC Irvine. The uncertainty
associated with the calibrated AMS ages was on the order
of hundreds of years (Table 1). Note that several tufas
were previously collected by Ibarra et al. (2014) and dated
using only uranium-series methods (see note in Table 1).
For all radiocarbon results (this study and others), we use
IntCal13 to convert conventional 14C ages to calibrated 14C
ages, expressed as thousands of years before present, “ka”
(Reimer et al., 2013). Reservoir corrections for IntCal13
are made using the procedure outlined in Stuiver and
Polach (1977), which uses independent age estimates
to constrain correction magnitudes during each time
interval. We plot the median calibrated probability and
the 2σ uncertainty.
Hydrologic Index (HI)
The “pluvial hydrologic index” is a physical basin
parameter that describes the ratio of lake surface area
to tributary area. Historically, it has been used as a
means to determine the partitioning of rainfall into
runoff and evaporation and otherwise approximate past
hydroclimate, assuming minimal change in drainage
area and basin’s hypsometric curvature (e.g., Mifflin and
Wheat, 1979; Reheis, 1999; Ibarra et al., 2014; Ibarra et
al., 2018). We calculate the HI of each basin as a function
of sample elevation (z) using hypsometric curves for each
lake basin from the HydroSHEDS/HydroBASINS datasets
(Lehner et al., 2008; Lehner and Grill, 2013; Messager
et al., 2016) using Equation 1, and summarize results in
Table 2.

Elevation Control
For each of the smaller lake basins analyzed (Chewaucan,
Franklin, Newark, and Surprise), differential isostatic
rebound is not taken into consideration for recorded GPS
elevations. However, differential post-lacustrine isostatic
rebound of up to 74 m is a known complicating factor
at Lake Bonneville (e.g. Oviatt et al., 1992). For Lake
Bonneville, most modern elevations plotted are translated
to estimates of pre-rebound elevation using a linear model
described in Oviatt et al. (1992). We use isostatically
adjusted lake areas calculated by Adams and Bills (2016).
For Lake Lahontan, similar simple elevation correction
models are not available, thus we do not correct for
isostatic rebound, though we note that it may be as much
as ~22 m (Adams et al., 1999).

Results
We compile existing age control that defines hydrographs
for a subset of northern Great Basin pluvial lakes with new
data from Lakes Franklin, Newark, and Surprise (Figure
3). We overlay simplified schematics of the implied paleolake histories for each basin that have been created based
on existing data compilations and alternative schematics
for Lakes Franklin, Newark, and Surprise, in light of new
data from this study. In order to assess spatial gradients
in moisture balance, we also plot HI against basin-center
latitude and longitude (Figure 4). We discuss the results in
order of geographic position of basin, beginning with the
southernmost basin.
Lake Newark
Pluvial Lake Newark (39.5°N, 115.7°W) was located in
east-central Nevada. Kurth et al. (2011) provide eight
radiocarbon ages of ancient shorelines and an estimated
lake highstand 16.4 ± 0.3 ka, which is roughly coincident
with that of nearby Lake Franklin (Redwine, 2003; Kurth
et al., 2011). LGM lake levels were generally moderate,
with a sharp transgression during the deglacial at ~16.7
ka followed by rapid decline to low levels. In this work, we
provide two additional radiocarbon ages that increase the
total range in paleolake elevations from previous studies
and constrain moderate lake levels during the LGM and
near desiccation by ~11 ka.
Table 2: Calculated hydrologic indices for each basin

Equation 1

For the elevations added to the literature in this study,
we use elevations pinned to a United States Geological
Survey Digital 30 m Elevation Model. We note that the HI
can be related to hydrologic cycle variables via steady-state
mass balance equations (e.g., Mifflin and Wheat, 1979;
Reheis, 1999; Ibarra et al., 2014) but for the purposes of
this study do not carry out a formal hydroclimate scaling
analysis.
2019 desert symposium

a

Pluvial Lake

LGM Maximum
Hydrologic Index
(19-23 ka)

Deglacial Highstand
Hydrologic Index
(11-19 ka)

Chewaucan

0.530

0.622

Surprise

0.447

0.604

Lahontan

0.162

0.275

Newark

0.196

0.278

Franklin

0.249

0.494

Bonneville

0.380

0.628a

Bonneville shoreline prior to spillover at ~18 ka
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(and its associated subbasins) have been studied
extensively, with radiocarbon dates from both
lacustrine and subaerial carbonate materials
(Adams, 1998; Benson et al., 2013; Benson et
al., 1995; Hostetler & Benson, 1990; Petryshyn
et al., 2016). Existing age control was compiled
from Benson et al. (2013) and Adams et al.
(2008) and schematic lake level curves after
those references (as well as Reheis et al., 2014)
are overlaid on Figure 3c. During the LGM and
early deglacial period, Lake Lahontan had a
consistent shoreline at 1256 m (although there is
a ~40 m spread amongst elevations). At ~17.8 ka,
Lake Lahontan transgressed to a near highstand
elevation of 1330 m, where it remained until
~14.1 ka. The 1338 m highstand at 15.7 ± 0.3 ka
appears brief within the broader context of the
higher elevation ages compiled by Benson et
al. (2013) and Adams et al. (2008). Lahontan’s
regression is constrained to a fast decline in
lake levels to 1206 m by 13.25 ka. Following
this regression, the subbasins of Lahontan were
isolated and are constrained primarily in the
Pyramid and Winnemucca subbasins (see more
detailed lake level curve of the deglaciation in
Adams et al., 2008).
Lake Franklin
Lake Franklin (40.2°N, 115.3°W) was located in
northeast Nevada, on the east side of the Ruby
Mountains. With a pre-LGM shoreline elevation
of 1823 m, lake transgression started slowly
in the late LGM, accelerated at ~17.3 ka, and
culminated in a lake highstand of 1850 m at ~17
ka. This highstand was followed by a regression
to 1820 m by 14 ka (Munroe and Laabs 2013a;
Figure 3: Radiocarbon based lake hydrographs for northern Great Basin
Munroe and Laabs 2013b). In this study, we
pluvial lakes. Basins are plotted from geographic northwest to southeast.
report 12 new dates derived from gastropod
Lake Bonneville and Lake Lahontan data define lake elevation envelopes
shells to further refine the lake hydrograph.
(see Oviatt, 2015; Benson et al., 2013; Adams et al., 2008), with terrestrial
We modify an existing lake level curve from
materials delineating a maximum lake extent, and lacustrine materials
Munroe and Laabs (2013a) and overlay it on
indicating a minimum lake extent. Projected lake level histories are
overlaid on each basin. Some of these lake level histories have been altered
Figure 3. Two high elevation samples, collected
from previous publications based on new data from this study. Errors in
from a lagoonal marsh in Lillquist (1994), are
calibrated radiocarbon ages represent 2𝜎  uncertainties  and  elevation  errors 
not included in the lake level curve (but are
are the same as originally reported for previous data, and are ±1.5 m for
plotted on the hydrograph), as these likely
this study. Chewaucan data after Egger et al., (2018) and Liccardi (2001),
represent an overestimate of lake extent (see
Lake Lahontan data after Benson et al., (2013) and Adams et al., (2008),
Lake Franklin data after Munroe and Laabs (2013), Lake Surprise data after discussion in Munroe and Laabs, 2013a). While
not significantly extending the temporal range
Ibarra et al. (2014) and Egger et al. (2018), and Lake Bonneville data after
of data, our dates lie well within previously
Oviatt et al. (2015) and Mering (2015).
published values on the lake hydrograph, and
Lake Lahontan
thus support the previously constructed lake
level history by Munroe and Laabs (2013a).
Lake Lahontan (38.75–40.75°N, 117.5–120.5°W) was
a spatially extensive lake system that, at its maximum
extent, covered over 22,000 km2 throughout northwestern Lake Bonneville
At its greatest extent, Lake Bonneville (38.5–43.5°N,
Nevada, northeastern California, and southern Oregon
111.5–114.5°W) extended via multiple subbasins
(Russell, 1885). Lake Lahontan reached its highstand at
throughout central and northwest Utah, and into
15.7 ± 0.3 ka (Adams and Wesnouwsky, 1998). This basin
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(2018). Our updated lake curve
indicates a gradual increase
in lake levels throughout the
LGM and early deglacial period,
culminating in a rapid rise
occurring in less than 1 ka.
Ibarra et al. (2014) first dated
the post-LGM highstand at
~15.2 ka, and finds evidence
of a maximum lake extent 176
meters above modern. In more
recent work, Egger et al. (2018)
added 12 radiocarbon dates
to an existing repository of 21
dated samples, including a new
higher elevation highstand
age of ~16.0 ka. This rapid rise
in lake levels is followed by a
slow decline over the next ~5
ka. In this work, we sought
to fill in ages from post-LGM
Figure 4: Hydrologic Indices (HI) plotted as a function of basin-center latitude (a) and
but
pre-highstand elevations,
longitude (b), with horizontal bars indicating the maximum geographic span of the lake.
including
new ages from the
Filled shapes indicate the maximum HI during the LGM (19-23 ka), while clear shapes
indicate the maximum HI during the LGM and the deglacial intervals. For each reported HI, southernmost subbasin of Surprise
the corresponding timing of each highstand is indicated. HI values are reported in Table 2. Valley (Duck Flat). These ages
compliment previously recorded
For Lake Bonneville, the deglacial HI is the maximum HI prior to spillover.
ages at Lake Surprise by Ibarra et
al. (2014) and Egger et al. (2018),
northeastern Nevada and southern Idaho. Lake
but provide more detail by filling in missing gaps during
Bonneville was comprised of the Bonneville Basin and
the deglacial, including four tufa samples dated within ~2
the Sevier Subbasin, and contains the modern Great Salt
ka of the highstand.
Lake. This basin was spatially extensive (over 50,000
2
km ), and has been studied in-depth in many publications Lake Chewaucan
since the original work by G.K. Gilbert (1890), including
Lake Chewaucan (42.7°N, 120.5°W) was located in
several recent studies constraining and compiling the
southern Oregon, and was comprised of four subbasins:
lake hydrograph (e.g. Adams et al., 2008; Godsey et al.,
Summer Lake, Upper Chewaucan Marsh, Lower
2005; Godsey et al., 2011; McGee et al., 2012; Mering,
Chewaucan Marsh, and Albert Lake. Albert Lake and
2015; Miller et al., 2013; Oviatt, 2015; Reheis et al., 2014).
Summer Lake are modern perennial lakes that become
Existing radiocarbon ages come from both lacustrine and
desiccated during mid to late summer each year, and
terrestrial proxies, and have been delineated as such in
at times completely dry up. In the past, these subbasins
Figure 3. The existing lake level curve indicates a gradual
had variable connectivity, depending on the lake levels.
rise in lake levels prior to the LGM, with a potentially
Previously reconstructed lake levels (with most data
rapid transgression at ~19 ka. The maximum lake level
deriving from Summer Lake) are compiled to produce
attained at Lake Bonneville persisted between ~19-15 ka;
a lake level curve for Lake Chewaucan (Hudson et al.,
however, as Lake Bonneville was not a closed basin during
2017; Egger et al., 2018; Licciardi, 2001). Most recently,
this period of time, this lake level is not representative of a
Egger et al. (2018) sought to reconstruct only the Summer
true hydraulic maximum (Oviatt, 2016). After this period,
Lake basin hydrograph due to the variable connectivity
Lake Bonneville stabilized at several lower-elevation
between the subbasins. There are two potential lake
shorelines, which have been denoted on Figure 3. We show
level trajectories for pre-LGM Lake Chewaucan, but
a simplified lake level curve after Oviatt (2015) with ages
both indicate a decrease in lake levels between 25-20
from all the above-mentioned studies and compilations.
ka. Following an initial rise in lake levels, there is short
desiccation at ~16 ka, prior to the highstand at 14-13 ka,
Lake Surprise
where the lake reached 1356 m. Lake regression began
Lake Surprise (41.5°N, 120°W) was located on the
~13 ka, and continued throughout the remainder of the
border of northeast California and northwest Nevada.
deglacial and into the early Holocene.
The geology and pluvial history of Lake Surprise was
originally studied in Ibarra et al. (2014) and Egger et al.
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Discussion
Timing of high stands and lake level fluctuations
Lake Newark
Although the data is sparse, there is evidence that
paleolake levels increased sharply at Lake Newark at
~16.9 ka (Kurth et al., 2011). Two new radiocarbon dates
from our study increase the temporal range of data, and
indicate moderate lake levels prior to the LGM, as well as a
continued decrease in lake extent during the late deglacial
period.
Lake Lahontan
Data from Lake Lahontan encompasses both subaerial
and lacustrine carbonates, with subaerial carbonates
providing maximum lake extents, and most of these
carbonates lying at higher elevations than the lacustrine
carbonates within a similar time frame, as expected.
The hydrologic history of Lake Lahontan is one of the
best-constrained, due to numerous studies contributing
hundreds of lacustrine carbonate and subaerial
measurements. The implied lake level history is overlaid
on Figure 3, and indicates a rapid rise from ~1260 m after
the LGM at ~17.8 ka, to a highstand at ~1328 m, dated
to 15.7 ka, before an eventual regression around 14.5 ka
(Adams and Wesnousky, 1998; Benson et al., 1995; 2013;
Benson, 2008; Adams et al., 2008).
Lake Franklin
New radiocarbon ages from Lake Franklin reported
in this study support the timing of the maximum lake
extent documented by Munroe and Laabs (2013a), who
put together the first cohesive lake history using new
radiocarbon data along with existing data from Lillquist
(1994). The oldest radiocarbon date provides evidence
that Lake Franklin may have once stood above 1850 m,
indicating that an overall highstand for Lake Franklin was
prior to the LGM, in contrast to neighboring pluvial lakes
(Munroe and Laabs, 2013a). However, Munroe and Laabs
(2013a) note that this sample (an assemblage of shells) may
have been taken from the wrong stratigraphic unit, and
for that reason, was not included in the hydrograph and
is thus correspondingly marked with a question mark on
Figure 3.
During the early LGM (22.5-20 ka), Lake Franklin
stood at an elevation of ~1823 m. Radiocarbon ages
reflecting anomalously high lake elevations in this
time period (~1850 m) are taken from lagoonal
deposits (Lillquist, 1992), and likely reflect a near-shore
environment above the main body of the lake. These
are also set apart with question marks, and not used to
construct the hydrograph itself (following Munroe and
Laabs, 2013a).
Continuing to the late LGM, Lake Franklin rapidly
grew to ~1830 m, where it remained relatively stable. There
are two data points from this period that are outliers:
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one at 1840 m and one at 1823 m. These were excluded
from the hydrograph because there is some uncertainty
regarding their exact GPS location and stratigraphic
context (see discussion in Munroe and Laabs, 2013a).
Between 16.8-17.3 ka, Lake Franklin rose from 1830
to its highstand elevation of 1850 m, a ~168% lake area
increase. Munroe and Laabs (2013a) argue for a rapid
and temporary regression during this time period, before
returning again to 1850 m.
Following the pluvial maximum, the lake stabilized
at 1843 m, and then 1840 m, with multiple radiocarbon
ages from each beach ridge indicating that lake levels may
have stabilized at both locations more than once. The new
ages from this study fit well with the lake hydrograph
trajectory described by Munroe and Laabs (2013a), with a
rapid transgression to the post-LGM highstand, followed
by shorelines that stabilized at 1843 m and 1840 m.
Lake Bonneville
Lake Bonneville is one of the most studied paleolakes
in the Great Basin to date, with over 300 radiocarbon
ages from lacustrine and subaerial carbonate and organic
matter through the last deglacial (e.g. Benson et al.,
2011; Kaufman and Broecker 1965; Broecker and Orr
1958; Godsey et al., 2011; Mering, 2015; Miller et al.,
2013; Nishizawa et al., 2013; Oviatt, 2015; Reheis et al.,
2014). Due to Bonneville’s great spatial extent and depth,
measurements of lake shorelines are approximately
corrected for the effects of differential isostatic rebound
that vary between different subbasins, with the greatest
rebound in the center of the basin (Adams and Bills, 2016).
However, the reconstructed lake level history still shows a
remarkably coherent story of lake level transgression and
regression (Oviatt, 2016; Reheis et al., 2014).
Previously-defined lake level histories for Lake
Bonneville have identified key events in the evolution
of the lake. The initial rise of Lake Bonneville was quite
rapid, potentially due to a diversion of the Upper Bear
River, although there are other possible mechanisms,
including a diversion from Cache Valley into the Great
Salt Lake basin (Reheis et al., 2014). The lake reached
its highstand at 18.6 ± 0.14 ka (McGee et al, 2012;
Oviatt, 2015) where its maximum elevation was limited
by intermittent overflow. This overflow limited its
maximum pluvial extent, and is thus a key constraint
for reconstructions of lake history. Putting a dramatic
end to this highstand, Lake Bonneville catastrophically
flooded to the nearby Snake River basin prior to ~18.2 ka
(potentially much sooner, after rising to an overflow point
near Red Rock Pass), and the shoreline transgressed to the
new, “Provo Shoreline” level, where it remained for several
thousand years (Godsey et al., 2005). The lake subsided
rapidly from the Provo shoreline, and ceased to overflow,
at about 15 ka (Godsey et al., 2011). With continued
regression following the Provo Shoreline time, Lake
Bonneville split into separate lakes, with Lake Gunnison
persisting in the interior of the Sevier subbasin until ~10
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ka, and the Gilbert-episode lake (a brief rise ~11.5 ka)
encompassing the modern Great Salt Lake (but ~15 m
higher) and extending to its west (Oviatt, 2014).
Samples at Lake Bonneville define a lake level
“envelope”, with subaerial samples indicating a maximum
lake elevation, and lacustrine samples indicating a
minimum lake elevation. Subaerial samples define a
consistent maximum lake elevation between ~18-20 ka,
but are intermixed with lacustrine carbonates during
other time periods (e.g., 27-23 ka and 18.0-15.0 ka).
This inconsistency could be explained by radiocarbon
reservoirs within ancient Lake Bonneville; however, many
existing studies suggest that this effect is relatively small
(Currey and Oviatt, 1985; Godsey, 2005; McGee et al.,
2012). For example, McGee et al. (2012) show concordant
radiocarbon and U-Th ages from Cathedral Cave in the
main body of Lake Bonneville. Furthermore, Benson
et al. (2011) show good correspondence between dates
derived from a paleomagnetic secular variation model and
radiocarbon ages from a sediment core taken from the
western edge of the basin.
Nonetheless, some caution should be taken when
interpreting radiocarbon ages when concurrent dating
methods are not used. Additionally, concurrence between
dating methods at a single location does not guarantee
it can be extrapolated throughout the entire basin. For
example, one area within ancient Lake Bonneville,
Tabernacle Hill, is a site of current hot springs, high
water tables, and tufa mounds dating to pre-Bonneville
times, all of which indicate that groundwater could
have provided a source of carbon for the Provo Lake.
Ultimately, there is no indication of a major radiocarbon
reservoir, but interpretation of radiocarbon ages should
still consider this potential source of uncertainty.

highstand is consistent with a northwest-trending change
in moisture delivery.
Figure 3 shows two potential trajectories for the
Lake Chewaucan prior to 25 ka, one at very high lake
levels and the other at low levels. There are several
explanations for the possible trajectories. For one, the
Summer subbasin sample locality (from which these older
samples were collected) contains the most active faults
of the region, so samples could potentially be displaced
from their original elevations (see discussion in Egger
et al., 2018; Liccardi, 2001). Second, as tufa defines a
minimum (but not absolute) shoreline, there is a chance
that both sets of elevations could be correct, but the
samples <1340 m formed deeper underwater. However,
we view this explanation as unlikely; as tufa formation
requires sunlight, its formation is limited to the photic
zone near the lake surface (Egger et al., 2018; Felton
et al., 2006, Nelson et al., 2005). Prior to the ultimate
highstand elevation, there is the possibility of a slight lake
desiccation around 17 ka. This is similar to observations
made at Lake Surprise (see below; Egger et al., 2018), but
not to the same magnitude.

Lake Surprise
Additional radiocarbon dates from pluvial Lake
Surprise (this study) largely support the trend in lake
levels indicated by previous work (Ibarra et al., 2014;
Egger et al., 2018). New data from ~20 to 24 ka compare
favorably with existing data, whilst filling in some
temporal gaps at 20 ka. Similarly, new data collected just
prior to the lake highstand at 15.2 ka is consistent with
previous lake histories, which suggest a rapid increase
in lake levels prior to the highstand (Ibarra et al., 2014;
Ibarra et al., 2018). Several radiocarbon dates from this
study show low lake levels until as late as almost 16 ka,
indicating that Lake Surprise transgressed to its highstand
more rapidly than constrained by previous work, possibly
suggesting a large and rapid precipitation forcing that is
also observed at Lake Franklin and Lake Lahontan.

Spatial Variability in Hydrologic Indices
The hydrologic index (HI) is a useful indicator for
past water balance because it normalizes changes in
lake elevation to basin area, such that proportional
changes can be directly compared between basins of
vastly different sizes. Assuming minimal changes in
groundwater storage or inputs, the HI can be directly
related to the mass balance of the watershed (see example
applications in Mifflin and Wheat, 1979; Reheis, 1999;
Ibarra et al., 2014). Additionally, when plotting HI versus
latitude or longitude, trends may indicate latitudinal
or longitudinal gradients in catchment-scale moisture
balance. All sites except Lake Bonneville show an increase
in HI following the LGM. Lake Bonneville, because it was
an overflowing lake after the LGM (Oviatt, 2016), did not
record meaningful HI for the deglacial.
The latitudinal gradient in HI shows a significant
increase in maximum deglacial HI with latitude, with
the highest HI of 0.530 attained by Lake Chewaucan
(Figure 4; Table 2). The longitudinal trend in HI shows
a dipole, with lower values between 115°W and 120°W
(roughly coincident with the eastern and western borders

Lake Chewaucan
According to previous highstand estimates, Lake
Chewaucan was the last studied lake to reach maximum
levels during the deglacial, between 13-14 ka. As the most
northwestern of the well-studied Great Basin lakes, the
2019 desert symposium

Summary of Lake Level Histories
Overall, we observe non-synchronicity in the timing
of lake highstands, progressing from the southeast to
the northwest during the deglacial period. In many
cases, lake transgressions to their highstand levels (from
moderate stillstand levels) happened in a relatively short
period of time between 17 and 14 ka, while regressions
tended to occur over a much longer period. New data
from this study provides higher temporal resolution for
hydrographs, and in some cases, extends the timeline of
hydrographs.
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of Nevada). Lakes in the west and east have contributing
watersheds that include the high-altitude Sierra Nevada
and Uinta Mountains, which may account for part of
this pattern. Here we primarily focus on a longitudinal
spread (111°W to 121°W) of lakes with minimal latitudinal
variation (38°N to 43°N), and further work is needed
in the southern Great Basin to more robustly constrain
latitudinal trends.
Overall, the lower-latitude sites with a longitude
between 115°W and 120°W experience the smallest
change in HI during the deglacial. This is likely not biased
due to low sampling resolution, as the lake basins from
the two smallest HI’s (corresponding to Lakes Franklin
and Lahontan), have a significant amount of data, and
demonstrate well-defined shorelines and hydrographs.
The fine scale trends in moisture gradients inferred from
HI values could be consistent with vapor transport by
atmospheric rivers (Lora et al., 2016), or other transport
mechanisms (e.g., Morrill et al., 2018; McGee et al., 2018),
though further work on the numerous pluvial lakes in the
Great Basin will be needed for this hypothesis to be tested.

Conclusions
Constraining the timing of lake highstands has important
implications for understanding the terrestrial and
atmospheric processes that transport moisture and impart
changes on the basin-scale hydrological cycle. Post-LGM
lake highstands at Great Basin pluvial lakes have
previously shown non-synchronicity, with lake highstands
progressing from the southeast to the northwest during
the deglacial period (McGee et al., 2018). This study added
22 additional carbonate ages to the existing repository
of data, and synthesized this new data with existing data
from the literature. Overall, new data largely supports
previously noted temporal trends in lake highstands, with
the most recent highstands occurring in the northwestern
lake basins.
New data from this study provide additional insight
into previously compiled lake hydrographs. For example,
radiocarbon ages from Lake Surprise provide more
precise constraints on the timing of the lake highstand,
and support a fast transgression at ~16 ka, suggesting
a large precipitation forcing similar to Lake Lahontan
and Lake Franklin. Additionally, new ages from Lake
Newark expand the temporal range of data, and provide a
better idea of pre-LGM lake levels. Finally, new data from
Lake Franklin and Lake Surprise fill in temporal gaps in
existing data, and largely support previously constructed
lake hydrographs.
Our analysis of pluvial hydrologic index (HI) with
latitude and longitude reveals systematic spatial trends
that will provide targets for future climate modeling
efforts (e.g. Ivanovich et al., 2016). The highest post-LGM
HI values are found at high latitudes, and either west of
120°W, or east of 115°W. Given further work, this spatial
variability in HI could be used to robustly infer temporal
and spatial changes in atmospheric moisture sources, and
184

will provide targets for future transient simulations of the
deglaciation.
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A tectonic model sequentially linking the
major tectonics of the southwestern United
States and northwestern Mexico since 30 Ma
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abstract—A tectonic model has been developed that details the mechanism that caused the plate
margin between the Pacific and North American Plates to evolve from a convergent, to an extensional,
and then to a transform boundary. The provided model describes the mechanism that links the
tectonic progression from North American Basin and Range Province extension, the initiation of the
Walker Lane Shear Zone and detachment of the Baja California Peninsula from the North American
Plate, the formation of the Garlock Fault, and the commencement of the San Andreas Fault.

Introduction
Numerous major tectonic structures exist in the
southwestern U.S. and northwestern Mexico that have
come into existence since 30 Ma. Those structures include
the North American Basin and Range Province (BRP),
the Walker Lane Shear Zone (WLSZ), the Sierra NevadaGreat Valley Microplate (SNGV), the Baja California
Microplate (BAJA), the Garlock Fault (GF), and the main
linear strand of the San Andreas Fault (SAF), which
extends from the northern most Gulf of California
spreading ridge at its southern end to the triple junction
off of the northern coast of California at its northern
end. Since those major tectonic structures coexist, it is
reasonable to believe that their development is interlinked
to some degree. Many tectonic models have provided
various mechanisms to explain the creation of some of
those major tectonic features, but none have identified
a mechanism that is sufficiently robust to explain all of
them.
This paper presents a data gap assessment of existing
tectonic model mechanisms, provides a summary
outlining the tectonic model presented in this paper,
and provides discussion and timing of the model’s key
features. The backdrop of many of the illustrations
used to present this model are from Atwater’s 2007
tectonic evolution visualization of the western U.S. and
northwestern Mexico (Atwater, 2007).

Model methodology
This model has been developed through ongoing
hypothesis testing. An initial theory was formed as to
the mechanism that produced the BRP. That theory has
been continually tested for fatal flaws through data gap
assessment, critical discussion with others, and literature
research. Over 25 years of thought, modification, fatal
flaw stoppages, and development have been put forth to
create the current model. The sharing of this paper is a
2019 desert symposium

request for your critical review and input (email address at
start of paper) so this model can continue to develop or be
dropped if fatally flawed.

Data gap assessment of existing tectonic model
mechanisms
The purpose of this data gap assessment is not to find
fault with existing models. But rather to highlight current
concepts, identify possible data gaps, and determine
whether existing models provide satisfactory mechanisms
that are capable of producing the BRP, GF, BAJA, and SAF.
One of the largest tectonic events that has occurred
in the southwestern U.S. and northwestern Mexico since
about 30 million years ago (Ma) is the rifting of the BRP.
Existing and sometimes conflicting tectonic models have
proposed various mechanisms to explain the development
of that major tectonic feature. They include: 1) overthickened crustal shortening followed by gravitational
collapse, 2) plate motion changes to reduce the confining
stress at the plate margin, 3) plate margin configuration
changes, 4) rifting as a result of mantle plumes, 5)
asthenospheric upwelling and rifting due to lithospheric
delamination, and 6) increased buoyancy forces in
association with shallow asthenosphere and a slab-free
window (Gans and Miller, 1993). However, most, if not all,
of the proposed mechanisms listed above have a “space
problem.” In other words, for extension to occur, a space
must exist into which the landmass can extend. Therefore,
proposed extensional mechanisms must include the
creation of space (which the above Nos. 1, 4, 5, and 6 do
not) or explain the creation of the proposed created space
(which the above Nos. 2 and 3 do not). Furthermore, any
proposed tectonic mechanism used to explain the creation
of the BRP must be sufficiently robust to have caused the
documented westward lithospheric stretching that extends
from the northern U.S. to central Mexico.
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a possible mechanism that
would cause extension. The
slab window is thought to
develop through either the
subduction of a spreading
center or through changes in
subduction that create a gap
by causing plate separation
or rotation. Primary issues
with a slab window as a
mechanism are: 1) a slab
window is the result of an
event and plate movement is
actually the mechanism that
would cause it to occur, 2)
mantle upwelling through
a slab window would not
cause extension (see previous
discussion), 3) a space
problem would exist as the
slab would have to move
into a previously filled space
to create a new open space,
and 4) it is unlikely that any
slab window would have the
geometry and size necessary
to have produced the BRP.
The mechanism that
produced the GF is still
a bit of a mystery. Some
researchers have proposed
Figure 1 – Progression of the U.S./Mexico BRP from ~30 to 15 Ma. The forces causing the EPR
that the GF formed as
spreading center were initially shared with the underside of the NAM as the EPR began to
a conjugate to the SAF,
approach the continent ~30 Ma (1a and 1b). Those forces were fully transferred to the continent
but the GF is older than
when that portion of the EPR was subducted ~20 Ma (1c and 1d). The shared/transferred tensional
the SAF. Others have
forces of the EPR caused the east-west extension of the BRP and initiated the uncoupling of the
suggested that the GF is an
BAJA and the SNGV from the NAM (1d). Illustrations adapted from Atwater (2007). Northern
intracontinental transform
and southern extent of the U.S./Mexico BRP during identified time periods estimated from their
fault that accommodates
current extent (USGS, 1995 and Henry and Aranda-Gomez, 2000).
BRP extension (Davis and
Burchfiel, 1973).
The idea that BRP extension is somehow related to the
Currently
the
most
widely
accepted model for the
subduction of the East Pacific Rise (EPR) is a longstanding
of
BAJA
by
the
PAC
is
through the migration of
capture
theory. Many authors have put forth in various ways the
triple
junctions
to
the
north
and
south from where the
idea that the EPR spreading center was subducted and
EPR
was
subducted.
In
that
model,
once the spreading
that the subducted spreading center produced the rifting
ridge
was
subducted,
subduction
ceased
and right-lateral
of the BRP. In the end, this idea has not been widely
transform
faulting
began
along
near-coastal
and inland
accepted as a viable mechanism because of the perception
faults
that
developed
to
accommodate
the
translational
that spreading centers and subduction cannot coexist
shear between the NAM and PAC. That translational
and because the geometry of the subducted EPR does not
shear caused the offshore faulting and the EPR spreading
match that of the BRP.
ridges located off of the future BAJA to then jump inland
Mantle upwelling has been put forth by some as a
to create the Gulf of California and produce the SAF
mechanism that may cause extension; however, mantle
(Atwater, 1970 and 2007). A key deficit with this model
upwelling is not actually a mechanism. The earth’s
is explaining why dextral shear and oceanic spreading
mantle is solid rock (behaving plastically), so mantle
ridges within the thinner oceanic lithosphere would jump
upwelling will not occur without a mechanism to drive
into the adjacent NAM. Another shortfall of this model is
the upwelling.
the lack of a mechanism that would allow a large portion
A slab window (development of a void or gap through
of continental lithosphere to be rifted from the continent
a subducting plate, or slab) is another idea put forth as
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Figure 2 – Progression of the U.S./Mexico BRP and the initiation of the GF and the SAF
between ~12 to 5 Ma. As the western tensional forces from the PAC began to decline
and its northwestern forces began to predominate, the northwest motion of the PAC
began to drag, in a northwesterly direction, the western BRP and the landmass that was
to become the SNGV and the BAJA. That transport initiated the WLSZ (~12-9 Ma) and
further detached the BAJA and the SNGV from the NAM (2a). As the northwestward
basal drag of the SNGV/BAJA progressed, differential basal drag caused a clockwise
rotation of the BAJA. That initial clockwise rotation caused the formation of the GF ~10
Ma (2a). As differential drag on the SNGV/BAJA continued, the basal drag of the PAC
on BAJA caused the BAJA to move past the GF, thereby initiating the SAF ~5 Ma (2b).
Illustrations adapted from Atwater (2007). Northern and southern extent of the U.S./
Mexico BRP during identified time periods estimated from their current extent (USGS,
1995 and Henry and Aranda-Gomez, 2000).

and for that landmass to become attached to the PAC.
Translational plate margin changes follow the paths of
least resistance. Therefore, plate margin right-lateral
motion tends to shear along the zones of least resistance
until a central linear shear is produced to accommodate
plate motion. That type of action would not rift a long
linear continental block like the BAJA from the continent.
If the BAJA was detached via right-lateral translational
shear, then the boundary on both sides of that plate
would tend be right-lateral faults and the BAJA would be
bounded by those faults and not attached to the PAC.

Model summary
In the most basic terms, the tectonic mechanism
presented in this model that produced the BRP, WLSZ,
BAJA, GF, and SAF were the plate forces of the Pacific
and Farallon Plates (PAC and FP, respectively) interacting
with the North American Plate (NAM). The forces
causing the rifting of the EPR spreading center were
2019 desert symposium

initially shared with the NAM
as the spreading center began to
approach the continent. When the
ERP was subducted, those forces,
which were once being applied
to the now subducted spreading
center, were now fully transferred
to the continent (Figure 1). The
shared/transferred tensional forces
of the EPR caused the east-west
extension of the BRP and initiated
the uncoupling (Figure 1d) of the
BAJA and the SNGV. As the western
tensional forces from the PAC began
to decline and its northwestern plate
motion forces began to predominate,
the northwest motion of the PAC
beneath the NAM began to drag, in a
northwesterly direction, the western
BRP and the landmass that was to
become the SNGV and the BAJA
(Figure 2a). That transport initiated
the WLSZ and further detached
the BAJA and the SNGV from the
NAM. As the northwestward PAC
basal drag of the SNGV/BAJA
progressed, differential basal drag
caused a clockwise rotation of BAJA.
That clockwise rotation caused the
formation of the GF (Figure 2a). As
differential drag on the SNGV/BAJA
continued, the basal drag of the PAC
on the BAJA caused the BAJA to
push past the GF, thereby initiating
the SAF (Figure 2b).
The following sections provide
discussion to clarify key aspects of
this model.

Pacific and Farallon Plate motion discussion
The PAC and FP were coupled by the spreading ridges of
the EPR. Because those two plates were linked by the EPR,
the motion of those two “linked” plates is described in
two different ways. The first and simplest motion between
those two plates is how they moved relative to each
other at each spreading ridge. That movement is easily
defined, as it is mostly orthogonal (at right angles) to each
spreading ridge, as shown by their magnetic anomalies.
The second primary motion, considering the two plates
were joined (think of a spreading center as a closed
zipper), is the coupled overall motion of the two plates as
they moved together as a single unit relative to the NAM.
From ~51 to 10 Ma the relative plate motion between
the PAC and the FP and/or its remnants along its
spreading ridge has been in a west-east direction (Figure
3). From at least 38 to 10 Ma, the coupled overall motion
of the linked PAC and FP (or its remnants) has been to
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the subduction zone to the northwest and also moving
eastward into the subduction zone due to slab pull.

Spreading ridge divergence: tensional rifting
discussion

Figure 3 – Northeast PAC magnetic anomalies west of the U.S.
and northwestern Mexico (illustration adapted from Atwater,
1970). Note that the magnetic anomalies produced by the EPR
rift have consistently formed due to east-west-oriented rifting
from at least 51 Ma (Anomaly 21) until ~10 Ma (Anomaly 5
bounding the rift at the center of the circle).

the northwest (Figures 1 and 2a; Atwater, 2007). As a
result, it is known that plate divergence between those
two plates relative to each other has been in an east-west
direction for at least 41 million years and the coupled
overall motion of the PAC and FP relative to the NAM has
been to the northwest for at least the last 28 million years.
The fact that the PAC and the FP were moving together
to the northwest and were also diverging clearly indicates
that two different sets of large-scale forces (northwest
transport and east-west spreading) were causing those
plates’ motion.
At ~10 Ma, as identified by magnetic anomalies
beneath the northeast Pacific Ocean, the divergence
between the PAC and the Juan de Fuca Plate (a FP
remnant) changed from west-east to northwest-southeast
(Figure 3). At about that time the PAC motion began to
change from northwest to north-northwest (Figure 2a),
which continues to present (Atwater, 1970 and 2007).

Motion of Pacific and Farallon plates relative to
the North American Plate discussion
Surprising when first learned and even when remembered,
is that the subduction off of the southwestern U.S. and
northwestern Mexico from before 30 Ma was oblique
(Atwater, 1970). That oblique subduction during that
time is recognized in that the overall motion of the
coupled PAC and FP was to the northwest relative to
the NAM, with the general orientation of the former
subduction zone/western edge of the NAM orientated to
the northwest/southeast. Therefore, from before 30 Ma to
the termination of subduction, the FP (and later the PAC
after the FP was subducted) was moving laterally within
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What is the primary tectonic mechanism that causes
oceanic spreading centers to form? Are they produced
by distal tensional forces that are pulling the plates apart
(i.e., tensional rifting, commonly described as slab pull)
or are they are caused by mantle upwelling that creates
a gravitational high and causes the plates to slide away
from each other (commonly described as ridge push or
gravitational sliding)? Most scientists now believe that
slab pull is the main driving force behind plate tectonics
(Kious and Tilling, 1996) and that ridge push is an
accessory force.
Another key consideration related to the formation
of spreading centers is how significant are the forces that
are causing oceanic spreading centers to form. Are those
forces localized, regional, or global? Recognizing that the
earth’s interconnected spreading centers form the world’s
largest fault zone identifies that the forces causing them
is significant. That worldwide fault zone consists of a long
series of interconnected extensional and transform faults
that are developing due to tensional forces caused by slab
pull. Considering the size, distribution, and longevity
of spreading centers, it is reasonable to conclude that
the forces causing that divergence are significant and
persistent.

Oceanic spreading ridge subduction discussion
Based on existing magnetic anomaly data, we know
that spreading ridges can be subducted. For example, a
segment of the EPR spreading ridge that once existed off
of the southwestern U.S. and northwestern Mexico has
been subducted beneath the NAM (Figure 1). As that
spreading ridge approached the trench, subduction of
that portion of the EPR would have initially been resisted
because of the increasingly buoyant, shallow, and hot
new lithosphere that was being subducted. Because of the
spreading ridge’s elevated topographical profile, further
resistance to the subduction of the spreading ridge would
have ensued as the ridge entered the subduction zone.
Subduction of the EPR would have resulted in the
merging of a subduction zone (convergent plate boundary)
and a spreading ridge (divergent plate boundary). As
that union developed and the boundaries were joined,
the regional stress regime would have had to change
to accommodate the resultant tectonic stress field that
was produced by that merger. During subduction of a
spreading ridge and once subducted, whether the forces
that sustain plate divergence will be transferred elsewhere
and/or whether plate spreading will continue once the
ridge is subducted is dependent upon the nature of the
forces generating the spreading and any forces that might
counteract that spreading.
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ceased, and/or joined the two plates,
resulting in the forces acting upon them
being shared.

Basin and Range Province
extension and initial mobilization
of the Baja and SNGV discussion
The BRP is a very large tectonic feature.
It extends from just north of Nevada
in the U.S. (USGS, 1995) to just north
of Jalisco, Mexico (Henry and ArandaGomez, 2000). From north to south the
BRP is approximately 1,650 miles long.
Its maximum width is approximately
425 miles in both the northern and the
southern areas of the BRP (Figure 4).
Considering the size of the BRP, one
would expect that a large-scale tectonic
mechanism would be required to
produce such an extensive feature. Yet
to date, most proposed mechanisms (see
Data Gap Assessment) do not seem to
have the proportions necessary to have
created the BRP.
Many geologic studies constrain the
timing of BRP extension that occurred
to before the Gulf of California began
to open. Identified timing of the BRP
has been based on past volcanism,
fault history, proposed models, or a
combination of those factors. Henry
and Aranda-Gomez (1992) have
identified that extension in the BRP
Figure 4 – Present southwestern U.S. and northwestern Mexico with southwest U.S.
began as early as 30 Ma and Henry and
movement rates. Illustration adapted from Atwater (2007). Northern and southern
Aranda-Gomez (2000) suggest extension
extents of the U.S./Mexico BRP from USGS (1995) and Henry and Aranda-Gomez
initiated along the eastern edge of the
(2000), respectively. Southwest U.S. movement rates from Meldahl (2011).
BRP in western Texas at least as early as
24 Ma. They also identified that major
Oceanic and continental plate fusion discussion
episodic BRP faulting began in the southwestern U.S. and
A major sticking point (pun intended) for a model of
Mexico at ~24 to 23 Ma and ~13 to 12 Ma. Gans (1997)
the tectonics of the southwestern U.S. and northwestern
identified that almost all of the Sonora desert extension in
Mexico is explaining how a large piece of the NAM
northwestern Mexico occurred between ~25 and 10 Ma,
became captured by the PAC, thereby creating and now
with it generally becoming younger to the west. Many
entraining the BAJA. In this model the mechanism put
researchers including Atwater, Engebretson et al., Glazner
forth for joining subducted oceanic lithosphere with the
and Bartley, Severinghaus and Atwater, Ward, and Axen
overriding continental lithosphere is due to increasing
et al., have postulated an apparent link between the
basal traction and/or buoyant melding of the two plates
onset of extension in the BRP and the termination of FP
as ever increasing younger and hotter buoyant oceanic
subduction at ~30 Ma (Parsons, 2006).
lithosphere was subducted beneath the continent. The
Until ~30 Ma an active subduction zone existed along
subduction of younger and younger oceanic lithosphere
the southwestern U.S. and northwestern Mexico (Atwater,
with its increasing heat and buoyancy would have resulted 1970, Figure 1a). By that time a large segment of the EPR
in the continued shallowing of the subducting plate
had approached the continent and had been progressively
as it entered the subduction zone and buoying of that
buoying the continent with the subduction of the
portion of the overriding continent. Where the overriding increasingly hot and buoyant oceanic FP. The buoying of
and under thrusting plates were in contact, increasing
the continent and the resultant resistance between the
shallowing of the subducted plate would have produced
under thrusting oceanic and overriding continental plates
increasing drag and resistance that would have hindered,
resulted in the westerly PAC tensional stress, which had
2019 desert symposium
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The change in the BRP rifting direction occurred to
accommodate both the west-east tensional pull that was
transferred from the subducted EPR and the overall
northwestern tensional pull of the coupled PAC/FP. The
resultant northwest motion of the PAC beneath the NAM
began to drag the western BRP and the landmass that was
to become the SNGV and the BAJA in a northwesterly
direction. This movement initiated the WLSZ and further
detached the BAJA and the SNGV from the NAM (Figure
2a). At ~12 Ma, the travel direction of the PAC began to
change from northwest to the north-northwest, likely to
accommodate the region’s changing stress field.
Figure 5 – PAC basal pull on the overlying NAM produced the
continental extension that formed the BRP. Illustration adapted
from Sigloch et al., 2008.

historically been released by the spreading ridges, to begin
to be shared/applied to the underside of the NAM.
At ~29 Ma the EPR began to be subducted beneath
the continent (Atwater, 1970). Following that subduction,
subduction in that part of the subduction zone ceased,
and that part of the plate margin transitioned from an
oblique subduction zone to an oblique dip-slip fault along
the former fault plane of the subduction zone (Figures
1b through 1d). With the subduction of the EPR beneath
the NAM, the tensional stress that had been causing the
PAC and FP to rift in a west-east direction for at least 41
million years was no longer being released by the now
subducted segment of the EPR. Yet, EPR rifting/tensional
stress release was still occurring to the north and south
of the subducted EPR (Figures 1c and 1d), such that the
tensional stress not being released by the subducted
EPR segment had to be released somewhere. That PAC
tensional stress was transferred through basal traction
to the overlying NAM and was release through BRP
extension (Figure 5).
The initiation of BRP lithospheric stretching and
extensional rifting as a result of the transference of westeast tensional stress from the PAC to the continent is
shown in Figures 1b, 1c, and 5. For conceptual purposes,
Figure 1 shows a steady, progressive BRP expansion/
extension that trends linearly. The actual rate of BRP
extension likely began slowly as rifting initiated at the
basal portion of the continental lithosphere and then
extended upward into the crust and to the north and
south, parallel to the tensional pull direction. Continental
rifting likely occurred as episodic events in zones of
least resistance across the region, as tensional stress
accumulated and then released. Continental extension
likely began at depth in parallel bands along zones
of weakness perpendicular to the direction of pull
throughout the region that was being rifted, instead of as a
single zone as shown in Figures 1b through 1d.
As BRP rifting progressed, the configuration of the
BRP rifting began to change to the northwest from its
original west-east direction (Figures 1b through 1d).
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Garlock Fault formation discussion
At 160 miles long, the GF is the second longest fault in
California, overshadowed only by the approximately
800-mile long SAF. The GF is a left-lateral strike-slip
fault that is generally oriented southwest-northeast.
The orientation and offset sense of the GF differs from
most long-length California strike-slip faults, as most
California faults are right-lateral strike-slip faults that
are predominantly oriented northwest-southeast. The GF
began to develop ~10 Ma (Sylvester, 1988). The maximum
left-lateral offset along the GF is currently considered to be
about 30 to 40 miles (USGS, 2000).
From ~12 to 7 Ma (Figure 2a), the PAC was trying to
come to equilibrium with its northwest motion and the
impedance caused by its basal drag on the overlying NAM
(mainly SNGV and BAJA region). A key point to recognize
here is that the described basal drag at that time had to
be significant as it was the mechanism that allowed PAC
capture of the BAJA. The process of the PAC capturing
BAJA is documented in the spreading centers located to
the west of the Baja Peninsula, which extend from about
the midsection of the peninsula to its southern end. Those
spreading centers started rotating clockwise ~12 Ma and
became extinct ~7 Ma (Michaud, 2006). Those spreading
centers document that the moving PAC was pulling the
BAJA and that the traction being applied had a rotational
component. The fact that those extinct spreading centers
existed and that their orientations changed over time
establishes that tractional pull was occurring (causing the
described western side rifting) and that BAJA was being
wrenched (spreading centers rotating to adjust for the
changing stress field).
The plate movement that caused the clockwise
wrenching of the BAJA from ~12 to 7 Ma (Figure 2a) is
thought to be the mechanism that caused the formation of
the GF. The GF came into existence at what was to become
the initial boundary between the SNGV and BAJA. The
rotational axis around which the BAJA rotated clockwise
to form the GF was at a point located perpendicularly
just southward of the center of the GF. A metaphoric
example of the clockwise wrench faulting that is thought
to have produced the GF is shown using a plyer diagram
in Figure 6a.
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Of note is that the BAJA is not fully captured by the
PAC. Research has identified that the BAJA and the PAC
are moving in the same direction, relative to the NAM,
with the BAJA moving only ~10 percent slower than
the PAC (Plattner, et al., 2019). BAJA’s lag behind the
PAC is attributed to the SAF’s restraining bend which is
impeding the BAJA and causing slippage along the contact
between it and the underlying PAC.

Conclusions

Figure 6 – Formation of the GF and SAF through (6a) wrench
faulting of the BAJA and (6b) northwest transport of the BAJA,
respectively. Illustration does not portray the SAF restraining
bend.

Presently, the GF is situated in the major restraining
bend of the SAF. As a result, the GF’s position allows it to
accommodate easterly compressional stress produced by
northwestward BAJA motion within the SAF restraining
bend. The GF’s position relative to the SAF is likely why
it remains active within the region’s current northwestsoutheast stress regime.

San Andreas Fault discussion
In the southwestern U.S., the SAF is key part of the
present-day plate boundary between the NAM and
the BAJA, which is situated atop the PAC. The SAF
is a roughly 800-mile long right-lateral strike-slip/
transform fault that extends from the spreading ridge
in the north end of the Gulf of California to the triple
junction located off of the northern coast of California
(Figure 4). Formation of the SAF began ~5 to 4 Ma
(Powell and Weldon, 1992). The SAF emerged as a result
of the basal drag of the PAC on the BAJA and the PAC’s
northwestward motion dragging the BAJA past the
southern end of the SNGV (Figures 2a, 2b, and 4). A
metaphoric example of the BAJA pushing past the GF is
shown using a plyer diagram in Figure 6b.

Baja California microplate motion discussion
The northwest transport of the BAJA by the PAC is
contributing to current major ongoing tectonic processes
in northwestern Mexico. The basal plate drag of the PAC
on the BAJA is drawing the BAJA away from the NAM,
thereby producing the rifting that is causing the continued
growth of the spreading centers in the Gulf of California
(Figure 4). The development of spreading centers in
the Gulf of California is believed to have initiated
with the start of the BAJA wrenching that caused the
formation of the GF ~12 to 7 Ma or at the start of BAJA’s
northwestward transport that initiated with the formation
of the SAF ~6 to 5 Ma (Figures 2a or 2b).
2019 desert symposium

This proposed model provides an explanation of the major
tectonics of the southwestern U.S. and northwestern
Mexico since 30 Ma. Key aspects of the model include
1) Pacific and Farallon Plate forces interacting with the
North American Plate was the tectonic mechanism that
produced the North American Basin and Range Province,
Walker Lane Shear Zone, Baja California Microplate
(BAJA), Garlock Fault, and San Andreas Fault; 2) the
BAJA became detached from the North American Plate
as a result of North American Basin and Range Province
extension; 3) wrench faulting of the BAJA produced the
Garlock Fault; and 4) the San Andreas Fault came into
existence as a result of the Pacific Plate transporting BAJA
past the southern end of the Sierra Nevada-Great Valley
Microplate.
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Geologic field investigation in the Yermo Hills, central
Mojave Desert, California
Robert Bennett,1 Fred E. Budinger, Jr.2 and Paul
Mershon3
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Associates, San Bernardino, CA; 3Geologist, Santa Barbara;
now deceased

Geologic investigations have been undertaken in a portion
of the Yermo Hills east of the Calico Mountains and
south of Coyote Dry Lake in the Lower Mojave River
Valley (Pleistocene Lake Manix Basin) in the central
Mojave Desert of southern California. The Yermo Hills
are expressed as two separate hilly areas (termed here the
West and East Fans) of Pleistocene age alluvium (now a
fanglomerate, informally named the Yermo formation)
overlying lacustrine deposits of middle Miocene age
Barstow Formation. They have been cut off from one
possible source area in the Mule Canyon by the Paradise
fault east of the Calico Mountains.
The investigations at issue here were prompted by
participation in archaeological surface surveys at the
Calico Early Man Site in the Yermo Hills. Numerous
questions became apparent pertaining to both the
geology and geomorphology of the area. Of particular
interest were questions concerning tectonic movements
along faults and folds and possible changes in alluvial
outflow source areas. Bedding in the site’s Master Pit I
is essentially flat, whereas surrounding beds dip away
in all directions. Does this suggest one (or possibly two)
plunging anticlines? Also of concern are differences in
the relative frequencies of cherty rocks and granitics at
various elevations in the West and East Fans.
The geologic investigations detailed here were
undertaken to first determine if the Yermo Hills have
been tectonically elevated (faulted and folded) through
dynamic interaction of the Manix, Calico, and Paradise
Faults and regional block rotation. Conventional field
techniques (Brunton compass work) were used for
mapping structural features (strike and dips). Lithic
clast identification and counts were done using standard
techniques.
Most faults identified penetrate both the Yermo and
Barstow beds. They are parallel and trend northwestsoutheast. There appears to be a dextral-oblique offset
(with apparent vertical components) along the Paradise
fault zone and related splays in the West Fan.
Field studies indicated that there are some structural
differences between the West Fan and the East Fan. Both
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large gravel packages have, however, been truncated
from their source area(s), probably Mule Canyon. Fault
mapping efforts indicated that most faults in the West
Fan cut both the Yermo and Barstow deposits and trend
northwest-southeast.
Data accessible via the web from the Southern
California Seismic Network for the years 1981 through
2018 indicate that most seismic events have occurred
on the east side of Paradise fault zone indicating a
neo-tectonically active basin. The problem is that the
Paradise fault has a slip rate of ± 3–5 mm per year, which
would only be 1 km of offset to the north for a granitic
source area.
Uranium thorium dating of carbonates encrusting
selected artifacts in the lower alluvial deposit indicates
the host sediments are older than 200,000 years. Sediment
thermoluminescence of a block sample of sand from a
depth of approximately 3.5 m yielded a date of 137 ka
+infinity/ -15 ka. A surface cosmogenic dating study
using beryllium-10 indicated that the alluvial fan at the
archaeological site probably built approximately 250,000
years ago.
The lithologies selected to provide information
regarding provenance include granitics, schist,
metamorphics, and miscellaneous volcanic rocks. These
rock types suggest source areas north of the Mule Canyon
area where granitics, schist, and metamorphics are found.
Horizontal beds of Brown Platy Limestone (BPL), which
are outcrops of the Barstow Formation, are found in the
lower eastern Mule Canyon area. Large broken boulders of
BPL are found on the surfaces of the Yermo gravels on the
West Fan; however, they are not observed at depth in the
Yermo gravels of that fan area.
In conclusion, we suggest that the Yermo fans have
been tectonically elevated by dynamics of the Manix,
Calico, Paradise, and the Coyote Lake faults plus some
possible clockwise rotation of the basin all due to
Pleistocene and Holocene seismic events.
Stratigraphy, geochemistry, and deformation of the
Bicycle Lake basalt, southeastern Fort Irwin, California
David C. Buesch
US Geological Survey, Menlo Park, CA, United States

The 5.6 Ma Bicycle Lake basalt (BLb) volcanic field in
southeastern Fort Irwin, California, is exposed along
a northwest-striking southwest-dipping ridge that is
bounded to the north and south by the east-striking
Bicycle Lake and Coyote Lake Faults (respectively) of
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the Eastern California Shear Zone. The stratigraphy,
geochemistry, and deformation of the lava flows provide
clues to the depositional environment of the field and how
it was influenced by interactions with these east-striking
faults.
On the east side of the ridge, the BLb was deposited
on fine-grained sandstone and mudstone, possibly playa
deposits, and exposures on the western dip-slopes are
only partial sections where the base is not exposed. The
BLb is up to 55 m thick, but near the edges of the field
to the southwest (in borehole CRTH1) the BLb is <7 m
thick, and in exposures to the south there is a single
flow ~1 m thick. Many lava flows are 1–2 m thick, a few
are locally 3–5 m thick, and all are interstratified with
0.5–3.0 m thick cosets of 0.1–1.0 m thick individual
flows. Individual flows, including some of the thin flows,
typically have a three-part vertical textural and structural
zonation of a base, core, and cap. These zones are defined
by variations in (1) crystallinity (the amounts of glassy
groundmass versus holocrystalline), (2) vesicle size,
shape, and abundance, (3) occurrence of vesicle pipes and
sills, and (4) development of cooling fractures that are
parallel to the upper surface of the lava flow. Some flows
have vesicles and vesicle pipes that were stretched or bent
during the flow and indicate flow directions. Many flows
have ropy pahoehoe structures on the top and bottom
surfaces, and blocky flows are rare. Individual flows >1
m thick can be traced for 100–200 m, and some possibly
for 300–500 m along dip. Lateral edges of flows typically
thin gradationally and pinch out against slightly domed
or arched upper surfaces of the subjacent flow; however,
locally there can be steep sides of a flow. All these textures
and structures are indicative of hot and low viscosity
lava flows, and the cessation and cooling of flows. No
interstratified sedimentary rocks (even eolianites) have
been identified, which supports the inference that the field
developed during a relatively short period of time.
BLb is classified as a basaltic andesite. Bivariate plots
of major and minor oxide concentrations, trace elements,
and elemental ratios show the BLb is distinctly different
from other Miocene and Pliocene basalts and basaltic
andesites in the central Mojave Desert area, with the range
in geochemical variability in the BLb being more limited
compared to other fields. There are slight variations in
chemical trends consistent with crystal fractionation in
a magma chamber that might provide a framework to
understand both the depositional sequence of lava flows,
and the correlation of flows.
The ridge formed by the BLb is a gently (10–15°)
southwest dipping dip-slope where lava flows, or similar
looking lava flows, can be traced 300–500 m up slope.
Along the southwest margin of the ridge is a stratigraphic
sequence of lava flows that dip 25–90° SW that is
juxtaposed to the northeast with lava flows that dip
0–10°SW, and this structure was formed by a faulted fold.
At several locations up slope to the ridge crest, there are
narrow bands of lava flows that dip 15–25° with adjacent
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0–10° dipping lava flows. These bands are laterally
continuous across the slope, and some are traceable more
than 2 km. These slope breaks appear to be small versions
of the large faulted fold along the southwest margin of
the ridge. This deformation was probably associated with
strain transfer between the Bicycle Lake and Coyote Lake
Faults.
Varnish microlamination dates for artifacts from the
Robert Begole collection at Anza-Borrego Desert State
Park®
Robin Connors
Begole Archaeological Research Center, Anza-Borrego Desert
State Park®, California, USA

Here, we will examine the methodology and results of
using the Varnish Microlamination (VML) technique
to study the chronology of desert pavements and any
cultural artifacts embedded within those pavements.
The dark coating on rock surfaces and pavements in
deserts is called varnish, desert varnish, or rock patina.
Rock varnish is a very slow accretion of magnesium and
iron oxide, ranging in thickness from <5µm to 600 µm.
Most varnish thickness is approximately 100µ. VML is
a new method that can date geomorphic features and
lithic specimens by measuring the thickness in µm of
microstratigraphic layers and positional layering of Mn
and Fe deposits within rock varnish (Liu, T., et al 2013).
Shaving off ultrathin 5–10 µm sections through the
varnish allows us to see the microstratigraphic layers
under a polarized light microscope. From the outermost
dark subaerial surface of desert varnish to the basal layer,
electron microprobe chemical mapping reveals elemental
concentrations that are visible as dark, orange, and yellow
layers. In the dark layers, Mn and Ba are in abundance,
and there is a scarcity of Si and Al. This represents wetter
climatic conditions during formation of the varnish.
Yellow layers indicate the opposite, an abundance of Si
and Al and a scarcity of Mn and Ba, and represent dryer
climatic conditions. Orange layers indicate a transitional
period between maximum wet and dry periods. Changes
in the coloration of layers are correlated to dated oxygen
isotope stages and climatic conditions as documented in
the GISP-2 records from Greenland Ice Cores (Bender, et
al.,1994). Blind testing on varnish from late Quaternary
lava flows in the Cima volcanic field and the Amboy Lava
Flow, Mojave Desert (Liu, T., et al 2008a) also demonstrate
that VML is a valid chronometric tool for geomorphic and
archaeological resources.
We have observed rock varnish on lithic tools, tool
cores, lithic flakes, and flake scars, particularly those in
desert pavement in the southern part of Anza Borrego
Desert State Park. Two lithic tool specimens with desert
varnish were submitted for testing and the results appear
to pre-date the accepted 13–15 ka dates for the early
settling of people in world-wide deserts as well as the
drylands of southern California.
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A desert tortoise tale of burrows at two sites: it was the
best of times and the worst of times
*Kristy Cummings,1 Shellie R. Puffer,1 Jeffrey E.
Lovich,1 Terence R. Arundel,1 and Kathleen D.
Brundige2
U. S. Geological Survey, Southwest Biological Science Center,
2255 North Gemini Dr., Flagstaff, AZ 86001, USA; 2Coachella
Valley Conservation Commission, 73–710 Fred Waring
Drive, Suite 200, Palm Desert, CA 92260–2516, USA. *Email:
kcummings@usgs.gov
1

Most research on the burrowing habits and characteristics
of Agassiz’s desert tortoises (Gopherus agassizii) have been
in the Mojave Desert. Little has been published regarding
the burrowing microhabitats of tortoises in the Sonoran
Desert ecosystem of California. We monitored the ecology
of tortoises at two field sites on opposing sides of the valley
between the Cottonwood and Orocopia Mountains in
the Sonoran Desert of southern California. The two sites,
separated by Interstate 10, varied in geology, topography,
and experienced years of varied rainfall and annual plant
productivity from 2015–2018. The Cottonwood site was
monitored from 2015 through 2016 and the Orocopia
site was monitored from 2017 through 2018. We were
interested in how burrow use differed between both
sites during annual cycles of drought and non-drought
years, including the brumation period of tortoises (i.e.,
hibernation of ectothermic animals). Tortoises occupied
burrows in widely varied terrain, with burrow types being
strongly dependent on local geology and topography.
Tortoises used estimated mean numbers of 0.49 burrows
per 30 days at the Orocopia site and 0.85 burrows per 30
days at the Cottonwood site. Tortoises re-utilized burrows
1–4 times during the 19 and 16-month study periods at
each site and occasionally cohabitated. The timing of
brumation (November to March) was similar to other
records for G. agassizii overall (with a few exceptions), and
brumacula burrow openings tended to have a southerly
aspect. The drought following the winter of 2017–2018
resulted in very little rain, causing a complete failure of
annual food plants to germinate at the Orocopia site.
Surprisingly, there was no difference in the number of
burrows used per 30 days between the active seasons
of 2017 and 2018 at the Orocopia site, despite the wide
differences in precipitation and plant productivity.
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New surficial geologic mapping to constrain
Quaternary deformation along the Bristol-Granite
Mountains Fault Zone, northern Bristol Mountains,
eastern Mojave Desert, California
Andrew J. Cyr

US Geological Survey, 345 Middlefield Road MS973, Menlo
Park, CA 94025, acyr@usgs.gov

The northern Bristol Mountains, located ~20 km southeast
of Zzyzx, CA are a northwest-trending mountain range
associated with the Bristol-Granite Mountains Fault Zone
(BGMFZ). The BGMFZ is part of a belt of northwesttrending, right-lateral faults that extend discontinuously
from southern Death Valley to southernmost California.
This belt represents the easternmost expression of the
Eastern California Shear Zone (ECSZ), a northweststriking broad zone of distributed dextral shear that
accommodates ~20-25% of deformation along the PacificNorth American plate boundary. The northern Bristol
Mountains are formed primarily by Jurassic granitic, and
Late Paleogene and younger volcanic and volcaniclastic
rocks, and fanglomerate. Brady (1992, USGS Bulletin
2053, p. 25-28) observed faulted and folded Tertiary
sedimentary strata deposited in syntectonic basins at the
northernmost end of the BGMFZ, estimating at most 15
km of dextral offset that occurred between Late Oligocene
(~26 Ma) and Late Pleistocene time. More recently,
Langenheim and Miller (2017, Desert Symposium Volume,
p. 83-92) demonstrated between ~9 km and ~15 km, based
on interpretations of offset gradients and the lengths of
basins defined by gravity and magnetic data. However,
evidence of faulting younger than late Pleistocene,
and how extensive any deformation might be along
strike farther to the southeast in the northern Bristol
Mountains, remains unresolved.
The US Geological Survey acquired new LiDAR bare
earth elevation data (nominal 0.5 m resolution) of the
northern Bristol Mountains in June of 2018. A striking
topographic feature of the northern Bristol Mountains
is a northwest oriented elongate valley (herein called the
“central valley”), consistent with the extension related
to dextral strike slip fault motion on the BGMFZ,
containing unconsolidated latest Pliocene and Quaternary
alluvial fan sediments. Examination of the LiDAR data
identified several northwest-striking lineaments cutting
across probable Quaternary alluvial fan surfaces on
the western and southern sides of the central valley. I
conducted detailed surficial geologic mapping (1:12k),
with a focus on lineaments and other topographic features
identified in the LiDAR, in order to 1) identify and assign
chronostratigraphic ages to alluvial fan units affected
by the lineaments, 2) define the map distribution of
Quaternary alluvial and fluvial deposits, and 3) determine
whether the lineaments mapped on LiDAR are faults and
examine any kinematic indicators (e.g., gouge, brecciation,
striations, slickensides, etc.).
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Alluvial fan surfaces (e.g., pavement and varnish
development, remnant depositional topography) and the
underlying deposits (e.g., degree of pedogenesis) observed
in the central valley show similar characteristics to the
regional alluvial fan chronostratigraphic framework used
in previous mapping areas. This preliminary mapping
shows that the oldest alluvial fan units are late Pleistocene
(our Qia2, typically ~70-110 ka), and are restricted to
the upper most piedmont along the western edge and
extreme northern and southern ends of the central valley.
A prominent (~10-12 m high) east-facing scarp vertically
separates these from the next youngest, latest Pleistocene
(our Qia1, typically ~20-45 ka) alluvial fan surface. Qia1
and younger units occupy the entire western and middle
portions of the central valley. Qia1 alluvial fan surfaces
along the western side of the central valley also display
smaller east-facing scarps, generally between ~3m and 0.5
m high. Younger alluvial fan surfaces are generally inset
into Qia1, though there are instances where it appears
that Qia1 alluvium is buried by Pleistocene-Holocene
transition aged alluvial fan sediment (our Qya4, typically
~9-14 ka). Nowhere did I find fault scarps in Qya4 and
younger alluvium.
Based on preliminary surficial geologic mapping,
I interpret the central valley of the northern Bristol
Mountains as an extensional pull-apart basin, where
the oldest, Qia2 alluvial fan units are preserved only
at the northern and southern ends of the basin. These
were subsequently faulted, with a significant (~10-12 m)
amount of normal, down to the east displacement, and
an unknown amount of strike-slip displacement, post
~70-110 ka. Down-dropped Qia2 surfaces are either buried
by, or were eroded during the deposition of, Qia1 alluvial
fans ~20-45 ka. Qia1 alluvial fan surfaces also have scarps
indicating between ~3 m and ~0.5 m of down to the east
normal displacement and an unknown amount of strikeslip displacement post ~20 ka. No scarps were observed in
alluvial fan surfaces younger than Qya4 (~9-14 ka). This
surficial geologic mapping data is consistent with previous
interpretations based on map relations of pre-Quaternary
alluvium and bedrock (e.g., Brady, 1992) and gravity and
aeromagnetic data (Langenheim and Miller, 2017). Future
surficial geologic mapping and LiDAR-based topographic
analysis in the northern Bristol Mountains will focus on
Qya4 and younger surfaces.
Changing times in traditional Mojave Desert landscape
photography.
Walter Feller
Digital-desert.com

Landscapes shrink as we use the desert more. More
people are utilizing the Mojave for various recreational
opportunities. The technological improvements in
transportation and information have facilitated pressure
on the landscapes and historic sites. This divides and
weakens the desert. Bit by bit the old buildings and ruins
are wearing away and disappearing through various
198

means. Gradually but perceptively the desert disintegrates.
Our uses shape the desert and as we go deeper into the
desert, our paths again divide the spaces and widen the
gaps. Commercial development intrudes into the scenery
to serve the needs brought on by more visitors. That
which was isolated and beautiful before becomes common
and mundane. Broad vistas become contaminated and
interrupted. The desert is changing before our eyes; is this
what the end of an era looks like?
Grinnell resurveys document the changing wildlife
and environment of the Mojave Desert
Lori Hargrove and Philip Unitt
Department of Birds and Mammals, San Diego Natural
History Museum

Joseph Grinnell and his colleagues at the Museum of
Vertebrate Zoology, University of California, Berkeley,
explored and documented the fauna of the Mojave Desert
in what is now Joshua Tree National Park and Mojave
National Preserve primarily from the late 1930s to the
early 1950s. Since 2016, the Department of Birds and
Mammals at the San Diego Natural History Museum
has been resurveying these same sites, using the historic
surveys as a benchmark for gauging more recent changes.
In Joshua Tree, the main theme of change is the decrease
of many species associated with chaparral and pinyon/
juniper woodland, such as the mountain quail, oak
titmouse, and chaparral chipmunk, paralleling the
decrease in these habitats wrought by drought and fire.
But a few species have recently colonized Joshua Tree,
such as the California towhee spreading eastward and Baja
pocket mouse spreading northward. In Mojave National
Preserve, increasing species and expanding ranges are
more prevalent, including the recent colonizations of
the zone-tailed hawk and rufous-crowned sparrow and
increases of the black-tailed gnatcatcher and crissal
thrasher. However, some other species, such as the
Panamint chipmunk, have declined. In the eastern Mojave
Desert, the cover of Joshua trees has increased, while the
cover of pinyon/juniper has decreased much less than in
Joshua Tree National Park. Possible changes in the status
of the fauna associated with stands of white fir on top of
the highest mountains still need study.
Quantifying the precipitation forcing driving pluvial
lake highstands in the Great Basin during the last
deglaciation
Daniel E. Ibarra
Geological Sciences, Stanford University, 450 Serra Mall,
Building 320, Room 118, Stanford, CA 94305-2115 (Email:
danieli@stanford.edu)

Detailed studies of lake shorelines and sediments, which
record the distribution of lakes in terminally draining
basins of the now-arid American west, have long been
leveraged to infer past changes in fluxes associated
with the terrestrial water cycle. Most notably the size
distribution of pluvial lakes are valuable archives
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recording the competition between moisture delivery and
evaporative demand at the watershed scale. Substantial
work has been done to use mass balance equations to
quantify these fluxes. A common example is relating
the non-dimensional pluvial hydrologic index to
inputs and outputs for a terminal lake basin. However,
these approaches rely on assumptions related to both
groundwater storage and the partitioning of precipitation
into evapotranspiration and runoff in the watershed.
In the northern Great Basin shorelines from the Last
Glacial Maximum (LGM, ~19 to 26 ka) and deglaciation
record lake level changes that suggest abrupt increases
in precipitation drove highstands during Heinrich
Stadial 1 (HS1, ~14.5 to 19 ka). In this contribution I
expand on previous work (Ibarra and others, 2018) using
lake mass balance equations and Budyko framework
constraints to infer past hydroclimate change from
these lake systems. Analysis is limited to basins with
chronologically resolved hydrograph constraints and
lake area estimates from the northern Great Basin (see
compilation by Santi and others, This Volume). Using
both large (e.g., Lahontan) lake systems with multiple
sub-basins, and smaller (for example, Surprise, Franklin
and Chewaucan) lakes, I reconstruct precipitation across
a longitudinal transect of the northern Great Basin
during the latest Pleistocene deglaciation. Combined with
temperature depression estimates from the literature,
which include pollen records, plant macrofossils and
clumped isotope measurements of lacustrine carbonates,
I forward model lake stillstands during the LGM and
post-LGM highstands during HS1. Additionally, I
conduct a sensitivity test to: 1) analyze the potential
role of groundwater storage during the LGM and HS1;
2) determine how precipitation-runoff relationships
influence our calculations; and 3) analyze how ecosystem
changes in vegetation, in combination with reduced
atmospheric CO2, impact the inferred evapotranspiration
rates.
Existing lake area and chronologic constraints
demonstrate a similar factor increase (1.4 to 1.6x) in
lake area between the LGM stillstands and post-LGM
highstands in the northern Great Basin, though the
timing is longitudinally discrete (east to west over HS1).
Hydrologic modeling presented here demonstrates that
a similar factor change increase in precipitation is thus
necessary to drive post-LGM highstand areas, assuming
no major changes in evaporative demand and temperature
over the LGM and HS1. This approach provides
quantitative targets for assessing the performance of
climate model simulations (for example, McGee and
others, 2018) of the terrestrial water cycle during the LGM
and subsequent deglaciation.
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The Sand Mammoth, Anza-Borrego Desert State Park®,
California: an interim report
Sandra Keeley,1 Robert Keeley,1 Kathleen Holen,2
George T. Jefferson, and Lyndon K. Murray1
Stout Research Center, California State Parks, Borrego
Springs, California, USA; 2Center for American Paleolithic
Research, Hot Springs, South Dakota, USA
1

A partial mammoth skeleton (ABDSP 3734/V9259) was
excavated (Keeley et al. 2014a) from the Bow Willow
beds in Anza-Borrego Desert State Park®, southeastern
California in 2012–2013. The geologic context of the fossil
site was originally inferred (Jefferson pers. comm. 2012)
to be >300 ka with no expectation of an archaeological
component. Discovery during excavation of dynamic,
green-bone fracturing on some skeletal elements implied
human interaction with the remains. The added discovery
of Bison (ABDSP 3904/V9260) remains in 2013 from
nearby stratigraphically equivalent sediments established
an upper age <210 ka (and probably less than OIS 5)
(Froese et al., 2017; Keeley et al. 2014b; Murray et al. 2014;
2016).
Laboratory preparation and evaluation of the
remains and their taphonomy have continued since
2013. Additional archaeological evidence of impact on
fresh bone includes cone flakes, bulbs of percussion, and
associated bone refits. Cone flakes result from dynamic
impact, not static loading on the diaphyses of fresh long
bones. Such actions were typical of humans breaking
proboscidean remains for the extraction of marrow and
the manufacture of bone tools (Holen et al. 2017). A
cobble from under the in situ skull shows wear consistent
with human activity (Fullagar pers. comm. 2018).
Dating the remains has been difficult. No collagen was
preserved, making congenital 14C methods inapplicable.
Site sediments from above, within and below the bone bed
were tested with IRSL and provided ages ranging from 17
to 30 ka. A single bone apatite 14C analysis provided a date
of 25 ka. Initial U-series analyses provided ages that range
from 80 to100 ka. However, further analyses revealed that
the underlying assumptions of the method were not met.
Efforts to obtain a definitive absolute date of the specimen
continue.
Because of possible interaction of humans with extinct
fauna at this site, future studies in this stratigraphic unit
will be jointly monitored using State Park Operations
Protocols for both paleontology and archaeology. Given
the possibility of encountering previously unrecognized
evidence of human activity in association with fossil
vertebrate remains in early Wisconsinan and Sangamon
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age deposits in North America, we recommend that
other government agencies institute similar resource
management protocols.
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Differential responses by two ground squirrel species
to motion camera surveillance in 2017 and 2018 under
varying weather conditions in the West Mojave Desert
Edward L. LaRue, Jr., M.S.
Circle Mountain Biological Consultants, Inc., Wrightwood,
CA

In 2017 and 2018, the author monitored motion
surveillance cameras at two sites in the West Mojave
Desert intended to census the occurrence of the Statelisted Mohave ground squirrel (Xerospermophilus
mohavensis) (MGS). In 2017, 18 animal taxa were
photographed on a 320-acre parcel near Cuddeback Lake
and two ~640-acre parcels located southeast of Kramer
Junction, San Bernardino County, California. In 2018, 20
animal taxa were photographed on the same three parcels.
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Based on rainfall data at Edwards Air Force Base, the
2017 trapping season (49 days between April 15 to June
2) followed a relatively wet winter with 3.76 inches of rain
from October 2016 to March 2017, and the 2018 trapping
season (32 days between April 30 to May 31) followed a
relatively dry winter with 1.31 inches of rain from October
2017 to March 2018.
In 2017, 65 cameras were operated for 49 days,
capturing 460,960 images, equating to 2,358 Camera
Days (CD), and 195 images/CD. In 2018, 34 cameras were
operated for 32 days, capturing 272,510 images, equating
to 809 CD, and 337 images/CD.
During the 2017 wet year, 3,873 antelope ground
squirrel images (Ammospermophilus leucurus) (AGS) were
photographed at the rate of 1.64 AGS/CD. During the
2018 dry year, 124,751 AGS images were photographed
at the rate of 154.2 AGS/CD. In 2017, 2 MGS images were
photographed among 460,960 images at the rate of 0.0008
MGS/CD. In 2018, 2,578 MGS images were photographed
among the 272,510 images at the rate of 3.19 MGS/CD.
Although the relative lack of MGS in 2017 may be
partially explained by a non-reproductive year in 2016
and the relative abundance of MGS in 2018 may be
partially explained by a reproductive year in 2017, the
author suggests that the abundances of both AGS and
MGS may be explained by the availability of forage plants
and the resulting attraction to bait piles at cameras: there
were fewer images of both species of squirrels at cameras
in 2017 due to an abundance of forage and decreased
attraction to bait piles at cameras, and substantially more
squirrel images at cameras in 2018 due to a lack of forage
and increased attraction to bait piles at cameras.
The abundance of squirrel images (both species) at
cameras in response to varying rainfall is an important
consideration as cameras are intended to measure the
successful management of mitigation parcels based on
the relative numbers of squirrels detected over time.
More squirrels would imply better management but not if
abundance is driven more by weather conditions than by
population responses to habitat protection.
Where have all the turtles gone, and why does it
matter?
Jeffrey E. Lovich,1 Joshua R. Ennen,2 Mickey Agha,3
and J. Whitfield Gibbons4

U.S. Geological Survey, Southwest Biological Science Center,
2255 North Gemini Drive, MS-9394, Flagstaff, AZ 86005 USA;
2
Tennessee Aquarium Conservation Institute, 175 Baylor
School Road, Chattanooga, TN 37405 USA; 3Department
of Wildlife, Fish, and Conservation Biology, University of
California, Davis, One Shields Avenue, Davis, CA 95616 USA;
4
University of Georgia, Savannah River Ecology Laboratory,
Drawer E, Aiken, SC 29802 USA
1

Of 360 species of turtles worldwide, more than half are
threatened to some degree or already extinct. Turtles are
now among the most threatened of the major groups of
vertebrates, in general, more so than birds, mammals,
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fishes or even the much besieged amphibians. Even
the federally-protected Agassiz’s desert tortoise has
experienced significant population reductions. From
2004–2014 populations have declined over 50% in some
areas, with an estimated loss of over 124,000 adult
animals rangewide. Reasons for the dire situation of
turtles worldwide include the familiar list of impacts to
other species including habitat destruction, unsustainable
over-exploitation for pets and food, and climate change,
the latter because many turtles have environmental sex
determination. One way to increase recognition of the
value of species is to look at the services they provide to
an ecosystem, including those increasingly dominated
by humans. Population declines can lead to function loss
in ecosystems that may not be immediately apparent.
Numerous publications have documented key ecological
roles for a variety of species but few have examined the
functional positions of turtles in their environments.
Here we review the various services that large populations
and diverse communities of turtles provide from an
ecological perspective as significant bioturbators of soils,
infaunal miners of sea floors, dispersers and germination
enhancers of seeds, nutrient cyclers, and consumers. A
major goal of our review is to place turtles within the
overall context of ecosystem processes including energy
flow, trophic status, mineral cycling, scavenging, and
soil dynamics. Identifying these critical ecological roles
is one step toward offering rationales for concerted
efforts to conserve these emblematic creatures that
have accompanied us into the Anthropocene, a time of
extinction and decline for many terrestrial vertebrates.
The collapse of turtle populations on a global scale has
greatly diminished their ecological roles with, as yet,
largely unknown consequences.
Tellurium in the Mojave: the geochemistry of a rare
element re-investigated at the Otto Mountain and
Blue Bell mines (near Baker, California)
Owen P Missen,1,2,* Stuart J Mills,2 and Joël Brugger1

School of Earth, Atmosphere and Environment, Monash
University, Clayton 3800, Victoria, Australia ; 2Geosciences,
Museums Victoria, GPO Box 666, Melbourne 3001, Victoria,
Australia; *E-mail: omissen@museum.vic.gov.au
1

The Otto Mountain and Blue Bell mines are mineral
localities near Baker, California. Otto Mountain is the
second-most prolific mine with respect to tellurites and
tellurates (i.e. minerals containing tellurium and oxygen)
in the world. Most of these new tellurium minerals
are rare and have been found in the last decade alone.
Fourteen new tellurium minerals have been described
from the various prospects on Otto Mountain (Christy
et al., 2016; Housley et al., 2011). At Blue Bell, five new
minerals have been discovered, including one tellurium
mineral named after the desert in which it was found,
mojaveite (Mills et al., 2014). In total, almost 100 minerals
(2 % of all known minerals) have been found at each site,
representing impressive mineralogical diversity for two
2019 desert symposium

rather small localities. Small amounts of native gold
have been found at both mines, but it is relatively scarce
(especially at Otto Mountain), and no gold telluride
minerals have been observed. Early reports on the area
are provided in the Californian Journal of Mines and
Geology, indicating that the Blue Bell Mines area was well
established in the 1950s and was used for production of
lead, silver and copper, with a little gold produced as well.
Otto Mountain at this stage was only a series of small,
non-economic workings (Wright et al., 1953 & Goodwin,
1957).
Although the minerals themselves have been
analysed in detail, in our current study we examine the
geochemistry of the surrounding soils, analysing the
movement of tellurium and other elements as the distance
from the mineral deposits increases. Nearby mining
prospects probably do not significantly influence the
elemental concentrations at Otto Mountain and Blue Bell
mines, which seem to form their own distinct watersheds.
Weathering of the deposits occurs on relatively short
geologic time scale (in the hundreds of thousands of
years), and rainfall events in the Mojave Desert occur
only infrequently. Stream sediment data obtained from
the National Uranium Resource Evaluation program
of the United States Geological Survey (2016) shows no
signs of a regional Au anomaly around the Blue Bell or
Otto Mountain mines, although some isolated sampling
locations show Au > 0.01 ppm. Tellurium has long been
viewed as a useful pathfinder element for gold, and
exploration geologists are typically looking at ever-smaller
anomalies in the search for new deposits. Te is useful in
this regard as its low background concentrations means
that even small anomalies are significant. We examine the
size and scale of these anomalies at a local scale around
the Otto Mountain and Blue Bell mines and begin to paint
a picture of the movement of metals down the slopes of
the hills and into the nearby plains.
Soil samples for geochemical analysis were taken at
strategic intervals heading progressively further away
from mineralisation sites. In particular, washouts were
targeted for sampling since they are likely to contain the
highest metal concentrations. Typically, three or four
samples were taken in a sequence along one washout or
culvert.
Our main aim was to examine the correlation of Te
with Au and Ag, whilst carefully examining the data to
determine if other geochemical relationships also exist.
Higher levels of Te are typically correlated with higher
levels of Ag and Au, however metal concentrations do
not always decrease with increasing distance away from
the mines, as was our initial expectation. Although the
highest metal concentrations are generally closest to the
mines, there are clear deviations away from the trend.
This indicates that (1) the local flow regimes after rainfall
are more complex than might be expected, and (2) there
may be more metal-rich ‘hot-spots’ hidden in the subsoil
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in and around these mines – the Aga Pit mine is a prime
example of this, essentially being a ‘hot-spot’ itself.
Future work
Aside from further detailed analysis of geochemistry,
the aim of this project is to also categorise the microbial
communities living in close proximity to tellurium
minerals at the Otto Mountain and Blue Bell mines,
following the methods of Reith et al. (e.g. 2015). This
analysis takes two forms, (1) determining the identities
of microbial communities living on mineral grains
themselves and (2) determining the identity of microbes
living in the nearby soils. Since tellurium is typically
toxic to microorganisms, any microbes living here must
be reasonably hardy. Information about the microbes
interacting with minerals and soils will provide
information about the survival of microbes in extreme
environments (both physical and chemical). We also
expect that these studies will also provide information for
the potential role of microbes in mineral transformations,
an understudied area in mineralogy.
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The Fairbanks Spring mammoth site: excavation and
analysis of a Columbian mammoth from groundwater
discharge deposits in Amargosa Valley, Nevada
Lauren E. Parry,1,2 Stephen M. Rowland,1 Esmeralda A.
Elsrouji,1 and Mihaela G. Genova1
Department of Geoscience, University of Nevada Las Vegas,
4505 South Maryland Parkway, Las Vegas, NV 89154 ; 2Las
Vegas Natural History Museum, 900 Las Vegas Boulevard
North, Las Vegas, NV 89109
1

Under permit from the Bureau of Land Management,
we excavated a portion of a Columbian mammoth
(Mammuthus columbi) skeleton between 2016–2018 from
late Pleistocene groundwater-discharge deposits in the
Amargosa Desert, Nevada, which is an ecotone between
the Mojave and the Great Basin deserts. The aim of this
study is twofold: to first characterize the sedimentology
associated with these mammoth remains for the purpose
of interpreting changes in local wetland ecosystems in the
late Pleistocene, and to document the invertebrate and
vertebrate paleontology of this site in Amargosa Valley,
Nevada.
The groundwater discharge deposits in Amargosa
Valley are distinct from, but are interpreted to be
contemporaneous with, well-studied groundwater
discharge deposits of the Las Vegas Formation along the
Upper Las Vegas Wash. The lithologies of groundwater
discharge deposits in southern Nevada reflect spatial and
temporal changes in wetland ecosystems throughout the
Quaternary, which are closely tied to changes in climate,
among other factors. The Quaternary paleontology of
Amargosa Valley is relatively incomplete when compared
2019 desert symposium

abstracts from proceedings

to similar deposits in Las Vegas Valley. A preliminary
radiocarbon date from an in-situ mollusk shell indicates
a calibrated age range of 25,580 – 25,149 years BP,
suggesting the mammoth remains have a Last-GlacialMaximum age; however, we seek to better constrain the
age of this site using either organic matter or terrestrial
gastropod shells in the future.
Concluding fieldwork in the spring of 2018, we
constructed three plaster field jackets for transport of
the mammoth fossils to the Las Vegas Natural History
Museum. One of the prepared jackets contains the
proximal portions of two articulated mammoth tusks
within the alveoli of the skull. At first it appeared that
the rest of the cranium had mostly eroded away at the
ground surface; however, lab preparation of a plaster
jacket revealed intact skull bones that were disarticulated
from the tusks prior to burial. A field jacket containing
post-cranial elements has not been prepped yet, so data on
post-cranial elements are emerging. Invertebrate fossils
were collected both in situ, during the excavation, as well
as through screen-washing sediments recovered from the
plaster field jackets during lab preparation. We recorded
sedimentological characteristics in a trench that was
excavated around the fossil site.
The stratigraphy of the Fairbanks Spring mammoth
site reflects multiple changes in wetland environments
through time, alternating between wetter and drier
periods. The sediments that contain the bulk of the
mammoth fossils contain an assemblage of abundant
fossil ostracods, gastropods, and bivalves, which are
indicative of a wetland paleoenvironment, with slowflowing perennial water. It is important to contextualize
paleoecological data into a regional story; thus, comparing
the results of this study in Amargosa Valley to Las Vegas
Valley can shed light on regional variations in mammoth
habitats during the late Pleistocene.
A mid-Cretaceous snapshot of retroarc shortening
in the southern Sevier foreland fold-thrust belt, Bird
Springs Range, Nevada
K. C. Rafferty, M. L. Wells, and T. D. Craig

Department of Geoscience, University of Nevada Las Vegas,
4505 Maryland Parkway, Las Vegas, NV 89154

The southward disappearance of foreland basin strata
in the retroarc of Sevier orogenic belt resulted in only
sparse synorogenic deposits from which to reconstruct
thrust-belt evolution. However, recognition of a small,
syntectonic fluvial rock record south of 36.6°S, which
we informally name the conglomerate of Bird Springs
(Kbs), permits a local assessment of the timing,
kinematic, structural, and erosional/sedimentary history
of the orogenic front during the mid-Cretaceous. We
couple a variety of field-based methods with maximum
depositional ages from detrital zircon geochronology
to document the tectonic evolution of these [101 Ma]
sedimentary rocks preserved subjacent to the Bird Springs
thrust. Detailed sedimentary analysis (centimeter-scale)
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of multiple stratigraphic sections reveal a lithofacies
association that indicates the Kbs was deposited on the
actively-deforming footwall to the Bird Springs thrust
in unidirectional (E–SE), shallow channels orthogonal
to the orogenic front. At times, the channels were above
bank-full flow conditions and assemblages of finegrained sediments were deposited on the floodplain.
Penecontemporaneous fault-propagation folded the Kbs
into an open, asymmetric SE-vergent syncline while
an outcrop-scale, antithetic out-of-the-syncline thrust
thickened the NW limb. Embossed on the Kbs is a
pervasive SE-directed, early layer-parallel shortening
fabric that was rotated to high angles during progressive
fault-slip and folding, highlighting a horizontal maximum
compressive stress (Sigma1) that must have persisted
throughout sedimentation. In appreciation of growth
strata architecture and thrust-belt mechanics, these data
elucidate an archetypical but accelerated shortening
history along the leading edge of the southern Sevier belt
ca. 101 Ma. We propose a first-order geodynamic model
hinged on the combined effects of increasing North
American–Farallon plate convergence rates and the
mechanics of a local super-critical orogenic wedge taper
observed during the mid-Cretaceous.
Geochemical proxies in Late Pleistocene wetlands in
Nevada: preliminary results from the Eldorado Valley
Douglas B. Sims and Amanda C. Hudson

College of Southern Nevada, Department of Physical Sciences

Environmental conditions of the Mojave Desert, Clark
County, Nevada during the late Pleistocene and early
Holocene are of interest as the region experienced
fluctuations between aridity and humid ecosystems. The
Eldorado Valley drainage basin situated south-southwest
of Boulder City has become increasingly important
for alternative energy systems in the past decade. An
isolated groundwater discharge locality (35° 50.883N;
114° 58.051W) in the Eldorado Valley was evaluated for
geochemical proxy evidence that suggests a wetland
system. Radiocarbon dates (14C) indicate periodic
wetlands ranged from 5657 – 5586 calibrated years before
present (cy BP) to 17101–16656 cy BP. The groundwater
discharge deposits consist of numerous sediment layers
representing alternating periods of past groundwater
discharge and drier alluvial fan deposition. For
instance, layers of pseudomorphic tufa nodules alternate
with alluvial fan with aeolian deposits, representing
alternating wet and dry periods. In addition, δ13C data
indicate marine plankton (-22‰ to 17‰) was present
and consistent with hydric conditions and lake-margin
vegetation dominated by C-3 plants. Results indicate
that the Eldorado Valley contained at least a transitional
Pleistocene paleowetland ecosystem alternating with dry
periods into the middle Holocene.
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Geological constraints on hydrology and endangered
species habitat at the Desert Studies Center, Zzyzx, CA
Cynthia Skjerve

Department of Geological Sciences, California State University
San Bernardino, 5500 University Parkway, San Bernardino,
California 92407-2318, USA, cynts305@coyote.csusb.edu

Structural controls regulate and channel groundwater
flow to preserve an endangered fish species at the
Desert Studies Center in the Mojave National Preserve.
A concentrated zone of northwest–southeast striking
fractures that aligns through limestone bedrock between
the Soda Springs aquifer and MC Spring was mapped
and found to be a viable conduit for fluid flow. The
fracture zone is characterized by fracture densities up to
6x that of surrounding bedrock, with generally shorter
fracture lengths which are more efficient at transmitting
water. Zones of karst were also mapped as potential fluid
conduits but were found to be discontinuous pods and
lenses which do not transmit significant water at present.
Groundwater elevations between the Soda Springs aquifer
on the west side of Limestone Hill and the site of MC
Spring on the east side indicate the spring has a hydraulic
head of 1.7 m with a local hydraulic gradient that is
consistent over 11 months, despite local fluctuations in the
water table elevation. In contrast, Iron Spring has variable
water levels. Groundwater flow around the limestone
inselberg contributes to the inconsistent levels and shifting
location which make Iron Spring a poor long-term habitat
for endangered fish species.
The first Pleistocene paleosol vertebrate fossils in
Ridgecrest, Kern County, CA
J. D. Stewart1, 2 Marjorie E. Hakel2

joe.stewart@aecom.com. 2Natural History Museum of Los
Angeles County, 900 Exposition Boulevard, Los Angeles, CA
90007
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Since 2012, we have been engaged in documenting
vertebrate fossils in fossil soils (paleosols) from various
desert areas of southern California. These include finds
in Riverside and San Bernardino counties. Here we
document a similar phenomenon in the city of Ridgecrest
in northeastern Kern County. The typical concerns of
mitigation paleontologists for areas near Ridgecrest
usually involve the terrestrial and lacustrine fossils
of late Pleistocene China Lake. However, we can now
state that much of the city of Ridgecrest and much of
the surrounding areas apart from China Lake exhibit a
Pleistocene paleosol near or at the surface, and vertebrate
fossils occur within it. This is the first record of vertebrate
fossils in a Pleistocene paleosol in Kern County.
Ground squirrel fossils were found along Ridgecrest
Boulevard west of Downs Street at an elevation of
approximately 2,360 feet. The area where this paleosol
is found is nearly flat. The elevation along Ridgecrest
Boulevard varies only 100 feet in three miles.
Rhizoliths and fossil burrows are found in the paleosol.
Where the ground squirrel fossils were found, the
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rhizoliths are preserved as calcium carbonate. In some
nearby areas, however, they are preserved as silicate.
Vertebrate fossils in Pleistocene paleosols of California
deserts often consist of partial skeletons of rodents and
rabbits. In the present instance, it is associated elements
of a ground squirrel. The right mandible is present. The
ascending ramus and the first and second molars are
preserved, but the alveolus for the third molar is empty.
There is also a section of a limb bone shaft, but neither end
is preserved. The color of the bones is a light tan, which is
typical for Pleistocene paleosol fossil bones. Both bones
exhibit considerable accumulation of manganese oxide,
but it is more developed on the bone shaft. Manganese
oxides accumulate faster in climates with higher annual
precipitation. The average annual precipitation for
Ridgecrest is only 4.25 inches (10.8 cm).
Identity: The mandible is too large for
Ammospermophilus leucurus, and features of
the ascending ramus also differ. The mandible of
Spermophilus beldingi is somewhat larger than the fossil,
and that of Spermophilus tereticaudus is somewhat
smaller, and the notch between the coronoid and condylar
processes is smaller. The mandible and dentition of
Spermophilus mohavensis is the best match among extant
sciurids of that area. The range of S. mohavensis is quite
restricted in historic times, but includes the fossil locality.
The ground squirrel elements are curated in the collection
of the Natural History Museum of Los Angeles County.
The highest resolution geological mapping of the
area (1:62,500) maps the locality in question as Qoa
(Pleistocene older alluvium and fanglomerate). As with
most geological mapping, fossil soils are not mapped
separately. The paleosol is developed on well-sorted
alluvium. No clasts in a 5-gallon sample of the paleosol
exceeded 2 cm, but rhizoliths reach lengths up to 8 cm.
The paleosol is colored a muddy red.
We recently reported Pleistocene vertebrate fossils from
a paleosol in nearby Searles Basin. Radiocarbon dates
from mollusks from lacustrine episodes that precede and
postdate that paleosol confine its age to 13,500 to 15,000
radiocarbon years. The development of that paleosol was
constrained by periodic inundation by the lake. Such was
never the case for the paleosol in this study. The Searles
Basin paleosol was developed on what are now hillsides.
The Ridgecrest paleosol was developed on a plain.
Radiocarbon dates on tortoise eggshells from desert
paleosols from the Blythe area range from 13,705 to
44,295 calendar years. Radiocarbon dates on caliche from
paleosols in the Eagle Mountains of Riverside County
range from 15,040 to 20,140 radiocarbon years.
Paleontological records searches for permitted
developments in this area historically have focused on the
sensitivity of China Lake sediments for paleontological
resources. With the account of vertebrate fossils in
a paleosol in this community, as well as the recent
documentation of vertebrate fossils in a paleosol within
the nearby Searles Lake Basin, museum records search
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providers should now make mention of these records
and the probability of vertebrate fossils in near-surface
fossil soils in upland settings in this area. Furthermore,
the City of Ridgecrest should now be including
paleontological resource assessments in their CEQA
(California Environmental Quality Act) reviews. The City
of Ridgecrest General Plan currently does not require
monitoring of earthmoving activities by a paleontologist,
but does require the services of a qualified professional
paleontologist in the event that paleontological resources
are encountered during ground disturbing activities. A
paleontological assessment should now be required for
projects disturbing previously undisturbed sediments
in this municipality. Unless a paleontological monitor is
present during ground disturbing activities involving this
paleosol, microvertebrate fossils will not be detected and
will be lost to science, as well as to future generations.
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Founders Circle
of the Desert Symposium
The Desert Symposium Inc. was incorporated as a nonprofit 501c3 institution February 2018, and
is dedicated to perpetuating the Desert Symposium meetings and related scientific and educational
endeavors. This institution evolved directly from the Desert Symposium and its predecessor the Mojave
Desert Quaternary Research Center (MDQRC), whose originators and sustainers are listed below as
“Emeritus Founders”. Without their hard work and vision the current institution would not exist.
The Board of Directors initiated a Founders Circle to help set the new organization on firm financial
footing. Gifts will impact our shared scientific community for decades to come by expanding our
academic services and publications to more readily available platforms and broadening our focus from
the Mojave Desert to other deserts. Giving levels described below entitle the individual or institution to
be a “Founding Fellow” of the Desert Symposium Inc. Founders Circle. Donations for, and fellowship in,
the Founders Circle will be extended to December 31, 2019 and those persons will be listed in the 2020
symposium volume. Information for becoming a fellow is available at desertsymposium.org.
Donors as of March 1, 2019
5-year fellow		 10-year fellow
25-year fellow
Bruce Hamilton			Ernie Anderson			Catherine Badgley
Tanya Henderson
Vera Rose Anderson
Victoria Langenheim
Sherry Keesey
Bruce Bridenbecker
Kevin Schmidt
Jane E. Rodgers
Gregor Losson
Gerald Smith
Cheryl Schweich		
David Lynch
					David Miller
					Thomas Schweich
Joann Stock
					Gregg Wilkerson
							
emeritus founders
Bob Adams
Fred Budinger
Jim Cornett
George Jefferson
Jeff Lovich
Norman Meek
Jennifer Reynolds
Robert Reynolds
Thomas Schweich

1991 MDQRC field trip. View from Mescal Range toward Kokoweef Peak.

