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Abstract

A Late Quaternary spit-shoreline complex on the northern shore of Pleistocene Lake Mojave of southeastern California, USA was

studied with the goal of comparing accelerator mass spectrometry (AMS) radiocarbon, luminescence, electron spin resonance (ESR),

terrestrial cosmogenic radionuclide (TCN) surface exposure, amino acid racemization (AAR) and U-series dating methods. The pattern

of ages obtained by the different methods illustrates the complexity of processes acting in the lakeshore environment and highlights the

utility of a multi-method approach. TCN surface exposure ages (mostly �20–30 ka) record the initial erosion of shoreline benches,

whereas radiocarbon ages on shells (determined in this and previous studies) within the spit, supported by AAR data, record its

construction at fluctuating lake levels from �16 to 10 ka. Luminescence ages on spit sediment (�6–7 ka) and ESR ages on spit shells

(�4 ka) are anomalously young relative to radiocarbon ages of shells within the same deposits. The significance of the surprisingly young

luminescence ages is not clear. The younger ESR ages could be a consequence of post-mortem enrichment of U in the shells. High

concentrations of detrital thorium in tufa coating spit gravels inhibited the use of single-sample U-series dating. Detailed comparisons

such as this provide one of the few means of assessing the accuracy of Quaternary dating techniques. More such comparisons are needed.

r 2007 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Quantifying rates of landscape evolution and paleoen-
vironmental change while establishing stratigraphic frame-
works in drylands has been difficult to achieve. This is
e front matter r 2007 Elsevier Ltd and INQUA. All rights re
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mainly because radiocarbon dating cannot be readily
applied in such environments due to the lack of dateable
organic material within sediments and landforms. The
rapid development of alternative dating techniques (for
example, terrestrial cosmogenic nuclide [TCN] surface
exposure and optically stimulated luminescence [OSL]),
however, is now allowing the ages of successions of
sediments and landforms to be more tightly defined. Yet
served.
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there are still few studies that provide comparisons between
these techniques to test the validity and applicability of
these rapidly evolving techniques, as well as the better
calibrated and more traditional radiocarbon dating meth-
ods. To compare and to test the applicability of these
techniques we applied radiocarbon, OSL, electron spin
resonance (ESR), TCN surface exposure, amino acid
racemization (AAR) and uranium series dating methods
at a Late Quaternary spit-shoreline complex at the north-
ern end of Sliver Lake in the Mojave Desert (Fig. 1). The
site is exceptional because of the abundant radiocarbon-
dated shells and tufa (Ore and Warren, 1971); hence, the
site provides a radiocarbon chronology testable by other
methods. Furthermore, several generations of studies of the
sediment and landforms have been undertaken and there-
fore Silver Lake is one of the best-studied and dated Late
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Quaternary playa lakes in the world. Detailed studies at
sites such as this will help refine geochronologic methods
and will provide insights into new ways of employing
numerical dating techniques to the complex and dynamic
processes within arid and semi-arid environments.

2. Study site

The study site is located at the northern end of Silver
Lake playa in the Mojave Desert, near the town of Baker,
in San Bernardino County, California (Fig. 1). Soda and
Silver Lake playas are lakebed remnants of an ephemeral
Late Quaternary lake, known as Lake Mojave (Thompson,
1921, 1929; Ore and Warren, 1971; Enzel et al., 1989). The
playas are fed by the Mojave River and presently flood
only during extremely wet years. The study site forms part
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of the Silver Lake basin making up the northeastern part of
the Mojave Desert Block (MDB) tectonic province. The
MDB is bounded by the San Andreas Fault system on its
western and southern margins, by the Garlock fault on the
north, and extends eastward roughly to the California–
Arizona and California–Nevada borders. Locally, the Soda
Mountains border the western flank of the Silver Lake
basin, whereas alluvial fans form the eastern boundary
(Brown, 1989).

Late Quaternary lake shorelines were identified at this
site in the 1930s by archeologists (Campbell et al., 1937)
who discovered artifacts associated with the shorelines.
These artifacts are collectively known as the Lake Mojave
Culture. In the late 1960s, archeologists (Ore and Warren,
1971; Warren and Ore, 1978) began to investigate Bench
Mark Bay, which is located immediately down slope from
the Lake Mojave Culture archeological site at an altitude
of �288m above sea level (asl) as recorded by Campbell
et al. (1937). Excavations in the area revealed lithic artifacts
at a depth of between 15 and 29 cm. Warren and Ore (1978)
collected shells of Anodonta californiensis (a freshwater
bivalve) and calcareous tufa from a gravel quarry south-
west of Bench Mark Bay and obtained 24 ages using the
then newly developed technique of radiocarbon dating
Qal
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developed in the 1950s. On the basis of the stratigraphy
and the radiocarbon dating, Ore and Warren (1971)
suggested that there were four high stands of Lake Mojave
during the Late Pleistocene to Early Holocene: the first
ended at around 17.5 ka, and subsequent high stands
occurred approximately from 16.4 to 13.8, 12.9 to 10.2 and
9.5 to 8.4 ka. In this paper, all radiocarbon ages are
calibrated using OxCal with the calibration curves of
Reimer et al. (2004) unless otherwise stated. Finally, Ore
and Warren (1971) associated the cultural materials with
geological units.
More recent studies on the Late Quaternary geology and

paleohydrology of Lake Mojave by Brown (1989) and
Wells et al. (2003) provide a complex history of lake-level
fluctuations recorded in cored lake deposits and associated
shoreline features. Their work suggested that episodic
flooding of the basin began around 22 ka with prolonged
high stands lasting between 2000 and 3000 years. Two
major high and persistent lake stands occurred in the Silver
Lake basin (and presumably in the Soda Lake basin),
between �18.4 and 16.6 ka (Lake Mojave I) and 13.7 and
11.4 ka (Lake Mojave II). Furthermore, they suggested
these pluvial periods resulted from significantly increased
precipitation and annual large-scale floods (Enzel et al.,
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1989). The average annual flow in the lower reaches of the
Mojave River needed to form and maintain Silver Lake (or
any other lake that was part the Mojave Drainage system)
would have had to been at least an order of magnitude
larger than the present-day average discharge (Enzel et al.,
2003b). Periods of intermittent lake conditions, during
which the Silver Lake basin experienced several desiccation
events, separated the higher stands and more continuous
Lake Mojave phases. The most significant drying event is
recorded by large desiccation cracks in core sediments filled
with windblown sand at �18–19 ka.

Wells et al. (2003) suggested that Lake Mojave I
stabilized to form a shoreline at 287–288masl (A-shore-
line). They suggested that Lake Mojave II was coincident
with the incision of Afton Canyon and subsequent draining
of Lake Manix. This event was associated with increased
sediment loading and likely resulted in significantly greater
overflow of Lake Mojave into the Death Valley basin. The
overflow produced controlled incision of the Lake Mojave
outlet spillway between 13 and 14 ka, and ultimately
stabilizing at an elevation of 285.5m (B-shoreline). How-
ever, the spillway may have been initially cut prior to 14 ka
(Y. Enzel, pers. commun.). Wells et al. (2003) emphasized
that the majority of shoreline features around the margins
of Silver and Soda lakes date to Lake Mojave II, as the
shallow lake conditions resulted in modification and
erosion of older Lake Mojave I landforms. A transition
to a drier climatic regime resulted in the total drying of
 

Fig. 3. Section at the northern end of Silver Lake quarry showing the po

sedimentary units. The uncalibrated conventional and accelerator mass

LFA–lithofacies association.
Lake Mojave by �9.7 ka, with playa conditions dominat-
ing Silver Lake and Soda Lake basins following this time.
Our study site comprises a spit and associated shorelines

that have been quarried at the northwestern end of Silver
Lake (Figs. 1 and 2). Wells et al. (2003) called this site
‘‘Silver Lake quarry’’ and argued that the top of this
quarry is �8m below A-Shoreline, which is preserved as a
wave-cut cliff in the dioritic bedrock flanking the quarry.
The previously determined radiocarbon ages preserve

stratigraphic order from the oldest (unit 1 — 16.270.9 ka)
to the youngest unit (unit 10 — 9.270.5 ka; Ore and
Warren, 1971). Wells et al. (2003) suggested that there are
two stratigraphic packages within the spit (unit a and units
b–i) separated by a sharp contact. The lower stratigraphic
package (unit a, undated) comprises predominately weath-
ered angular to subrounded pebbles and cobbles. The
upper package (units b–i) has yielded calibrated radio-
carbon ages ranging from �16 to 10 ka and comprises
alternating layers of silty clay, sand, and unweathered
gravel along the flanks of the spit. Wells et al. (2003)
suggested that the difference in weathering of the two
packages of sediment indicates a significant hiatus in
deposition of the two units. They suggested that the base of
the spit therefore predates �16 ka, and that these deposits
were exposed subaerially during lake-lowering events to
allow the weathering of clasts, which was probably
enhanced by salts derived from the lake. Wells et al.
(2003) and Jefferson (2003) described ostracode faunas in
 

 

sitions for the luminescence and radiocarbon samples, and each of the

spectrometry radiocarbon ages are plotted (see Fig. 2 for location).
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sediments throughout Lake Mojave and Lake Manix to
provide a proxy for paleoenvironmental conditions during
the Late Quaternary.

3. Field methods

The site was mapped at a scale of 1:1000 using a plane
table aided by the use of differential global positioning
system technology (Fig. 2). The mapping shows a succes-
sion of shorelines cut into bedrock rising to a 43-m-high
wave-cut cliff of a bedrock promontory. A small sandy spit
is present on the western side of the study area, which has
been excavated for gravel, forming a large pit (Fig. 2). This
ridge represents a small spit that derived much of its
sediment from the southern and eastern shorelines at the
base of the promontory. The spit sheltered an area of
slackwater behind it and to the north.

Sections within the gravel quarry were logged using
leveling and the standard methods of Evans and Benn
(2004). Both lateral and vertical graphic sedimentary logs
were constructed (Figs. 3–6). Similar sediments within the
sections were grouped into lithofacies associations (LFAs).
The units of Ore and Warren (1971) and Wells et al. (2003),
which do not correspond exactly with our LFAs, are shown
in Fig. 3 for comparison. Samples were collected for
accelerator mass spectrometry (AMS) radiocarbon, OSL,
ESR, TCN surface exposure, AAR and U-series dating and
for ostracode fauna analysis. These are described in detail
in the next section.
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4. Results

4.1. Ostracode faunas

Ostracode faunas were recovered from LFA 2, 4, 6 and h
(Table 1; corresponding to fine grained units b, d, f and h
from Fig. 12 of Wells et al., 2003). The assemblages
comprise dominantly, and most importantly, Limnocythere

ceriotuberosa. This ostracode taxon has been interpreted
as a lacustrine-facies indicator and has been reported
from numerous fossil localities from Lake Mojave and
Lake Manix sediment localities (e.g., Wells et al., 2003;
Jefferson, 2003). In comparison, ostracode assemblages
from the Tidewater basin area at the northeastern extent
of Silver Lake (Fig. 1B) contain both L. ceriotuberosa and
L. bradburyi (Wells et al., 2003). While not definitive,
the dating of sediment in the Tidewater basin indicates that
L. ceriotuberosa and L. bradburyi coexist in deposits older
than �18.570.6 ka (specifically units IV and VI of Wells
et al., 2003; correlating with Lake Mojave I) whereas
L. ceriotuberosa has been recovered from sediments
younger than approximately 15.870.5 ka (unit VIII and
possibly XI, although unit XI has not been dated;
correlating with Lake Mojave II). When combined with
the Tidewater basin chronology, the dominance of
L. ceriotuberosa and the absence of L. bradburyi in all of
the fine-grained sedment from Silver Lake quarry
suggest that the spit sediments was deposited during Lake
Mojave II or later. This also suggests that the undated,
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Table 1

Ostracode fauna from Silver Lake Quarry

Samplea Ostracode faunab Juveniles

(h) Limnocythere ceriotuberosa No

LFA 8 (f) Limnocythere ceriotuberosa No

LFA 6 (d) Limnocythere ceriotuberosa; Heterocypris

incongruins

Yes

LFA 4 (b) Limnocythere ceriotuberosa; Candona sp. 1;

Candona sp. 2

Yes

Heterocypris incongruins; Cypridopsis vidua

aLFA units match designations on Fig. 3 (this paper), bracketed letter

matches unit designation from Fig. 12 in Wells et al. (2003).
bOstracode valves were not counted. Species are ranked in order of

declining estimated abundance.
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L. ceriotuberosa-bearing, fine-grained unit at the base of
the Silver Lake quarry (LFA 4 or b; Fig. 3) may be older
than 15.8 ka, which is in agreement with the three overlying
radiocarbon ages from LFA 3 that are �15.8 ka (or unit a
from Fig. 12 in Wells et al., 2003).

The ostracode assemblages (Table 1) suggest that
reworking of sediment within units LFA 4 and LFA 6 is
minor because both adult and juvenile valves are present.
Only adult ostracodes were recovered from LFA 8 and unit
h of Wells et al. (2003), which probably suggests that a
small amount of reworking or winnowing has removed the
smaller ostracode valves.

4.2. Radiocarbon dating

Radiocarbon samples (AP13–AP15: Table 2) were also
collected from three locations in the Cronese basin,
�15 km west of Lake Mojave, where A. californiensis shells
and charcoal occur within the same archeological features
(Fig. 1). This is one of the rare locations where both
charcoal and shells can be found together. The two
Cronese basin lakes are integral parts of the Mojave River
drainage system; these lakes are also filled episodically by
flood waters of the river in the same way as Lake Mojave
(i.e., present day Silver Lake and Soda Lake playas).
Because the source catchment for the water is also the
same, we reasoned that shells from the Cronese basin were
influenced by the same hardwater effect as shells in the
Silver Lake basin. Paired charcoal-shell samples collected
from the Cronese basin were used to investigate reservoir
corrections for the Silver Lake gravel quarry sections
because charcoal was not found at the Silver Lake site. The
AMS radiocarbon ages for paired samples of A. califor-

niernsis and charcoal are shown in Fig. 7A. These do not
show a large difference in age (o150 years) between the
charcoal and shell radiocarbon ages. Although samples
AP13–AP15 suggest no significant hardwater effect for
A. californiensis shells in the Cronese basin, we cannot
rule out the possibility that hardwater effects may have
producing older ages for Mojave Lake. Our results are
compatible with those of Berger and Meek (1992) who
analyzed live, pre-atmospheric nuclear testing A. califor-

niensis from the Mojave River system, which showed
that the hardwater effect on A. californiensis in the
Mojave River basin is �450 years. They also compared
radiocarbon ages on A. californiensis with other materials,
and assessed the internal stratigraphic consistency of
the radiocarbon ages. However, their samples were from
two different sites, so direct application of the hardwater
effect that they estimated to our results is difficult to fully
assess.
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Table 2

AMS radiocarbon dates

Sample ID Lab ID

(CAMS)

Material dated LFA d13C (%)a Fraction

modern

D14C 14C years BP Calibrated years BP

(95.4% probability

using OxCal)

AP1 76411 Anodonta

californiensis shell

6 �5 0.271370.0013 �728.771.3 10480740 12680–12230

AP2 76412 Anodonta

californiensis shell

4 �5 0.191370.0010 �808.771.0 13290750 16150–15400

AP3 76413 Anodonta

californiensis shell

8 �5 0.288970.0012 �711.171.2 9970740 11620–11250

AP4 76414 Anodonta

californiensis shell

6 �5 0.273470.0013 �726.671.3 10420740 12410–12100

AP5 76415 Anodonta

californiensis shell

8 �5 0.276870.0012 �723.271.2 10320740 12380–11980

AP6 76416 Anodonta

californiensis shell

8 �5 0.273170.0013 �726.971.3 10430740 12620–12120

AP7 76417 Anodonta

californiensis shell

6 �5 0.267970.0013 �732.171.3 10580740 12790–12390

AP8 76418 Anodonta

californiensis shell

4 �5 0.192670.0010 �807.471.0 13230750 16050–15300

AP9 76419 Anodonta

californiensis shell

8 �5 0.358670.0017 �641.471.7 8240740 9410–9030

AP10 76420 Anodonta

californiensis shell

8 �5 0.314670.0016 �685.471.6 9290750 10650–10280

AP11 76421 Anodonta

californiensis shell

8 �5 0.292270.0014 �707.871.4 9880740 11400–11210

AP12 76422 Anodonta

californiensis shell

8 �5 0.295770.0014 �704.371.4 9790740 11260–11170

AP13A 76423 Anodonta

californiensis shell

n/a �5 0.903970.0043 �96.174.3 810740 800–670

AP13B 76487 Charcoalb n/a �25 0.915170.0051 �84.975.1 710750 740–550

AP14A 76424 Anodonta

californiensis

n/a �5 0.899970.0046 �100.174.6 850750 910–680

AP14B 76488 Charcoalb n/a �25 0.921470.0041 �78.674.1 660740 680–550

AP15A 76425 Anodonta

californiensis

n/a �5 0.904670.0035 �95.473.5 810740 800–670

AP15B 76489 Charcoalb n/a �25 0.898270.0052 �101.875.2 860750 920–680

AP16 76426 Anodonta

californiensis

n/a �5 0.288470.0014 �711.671.4 9990740 11700–11260

AP17 76427 Tufa 9 �5 0.321670.0016 �678.471.6 9110740 10390–10200

AP18 76428 Tufa 9 �5 0.331070.0016 �669.071.6 8880740 10180–9780

AP19 76429 Tufa 9 �5 0.354370.0018 �645.771.8 8340750 9480–9140

AP20 76430 Tufa 9 �5 0.320570.0013 �679.571.3 9140740 10420–10220

aDelta 13C values are the assumed values according to Stuiver and Polach (1977). Sample preparation backgrounds have been subtracted, based on

measurement of samples of 14C-free coal. Backgrounds were scaled relative to sample size.
bSamples collected from Cronese Basin.
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Samples of A. californiensis shell and tufa were collected
from sections within the Silver Lake gravel quarry
(Fig. 3). Some of the A. californiensis shells are articulated
suggesting that the shelly deposits represent life assem-
blages.

The shells and charcoal samples were cleaned and
processed at the Center for Accelerator Mass Spectrometer
in the Lawrence Livermore National Laboratory. Table 2
shows the results of the AMS radiocarbon dating. The
combined calibrated conventional radiocarbon ages of Ore
and Warren (1971) and the new AMS radiocarbon ages are
plotted as probabilities and corrected using Bayesian
analysis using the methods of BCal (http://bcal.sheffield.
ac.uk/) with the calibration curves of Reimer et al. (2004;
Fig. 7B).
The conventional radiocarbon ages of Ore and Warren
(1971) and our new AMS ages are not significantly
different (Fig. 3). This agreement provides confidence that
both the original ages of Ore and Warren (1971) and our
ages are accurate. The consistency of the ages derived from
combined shell samples (for conventional radiocarbon) and
AMS ages on single valves supports the view that the
shell deposits are life assemblages and were not reworked
shells. The Bayesian analysis more strongly defines the
radiocarbon ages of LFA3 to LFA9, suggesting three
major stages: LFA3 and LFA4 ¼ �16.2–�15.3 ka; LFA5
to LFA8 ¼ �13.3–�11.6 ka (with multiple events); and
LFA9 ¼ �10.2–�9.9 ka. The radiocarbon ages for LFA5
to LFA8 show that these units formed during the Younger
Dryas Stade.

http://bcal.sheffield.ac.uk/
http://bcal.sheffield.ac.uk/
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Bayesian analysis.

L.A. Owen et al. / Quaternary International 166 (2007) 87–11094
4.3. 10Be and 26Al cosmogenic radionuclide surface exposure

dating

The samples for TCN analysis were collected from
boulders marking the highest, an intermediate and the
lowest shorelines (Figs. 2 and 8). Two bedrock samples
(SLS-1 and SLS-2) were also collected from the top of the
promontory above the shorelines to provide estimates on
the erosion rates at the site (Fig. 2). Most of the rocks that
were sampled were wind polished, suggesting a moderate
degree of post-lake erosion, although some sheltered rock
outcrops had well developed rock varnish. Using a hammer

http://bcal.sheffield.ac.uk/
http://bcal.sheffield.ac.uk/
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Fig. 8. Views of sampling sites for terrestrial cosmogenic surface exposure dating. (A) Wave-cut bedrock on the lowest shoreline. (B) Bedrock on the

intermediate (middle) shoreline. (C) Boulder on the upper shoreline.
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and chisel, samples were carved off the top (o5 cm depth)
of the rock surface. Care was taken in selecting rocks that
had not been recently moved and were not excessively
weathered. The dioritic rocks at this location had very little
quartz (o10%) and therefore we obtained about 1000 g of
rock for each sample.

The samples were prepared in the geochronology
laboratories at the University of California, Riverside.1

First, the samples were crushed and sieved. Quartz was
then separated from the 250–500 mm size fraction using the
method of Kohl and Nishiizumi (1992). After addition of
Be and Al carriers, Be and Al were separated and purified
by ion exchange chromatography and precipitation at
pH47. The hydroxides were oxidized by ignition in quartz
crucibles. Then, BeO was mixed with Nb metal and Al2O3

with Ag metal and loaded onto targets for the determina-
tion of the 10Be/9Be and 26Al/27Al ratios by AMS at the
Center for Accelerator Mass Spectrometry in the Lawrence
Livermore National Laboratory. Isotope ratios were
compared to ICN 10Be and NIST 26Al standards (Nishii-
zumi, 2004) and ICN 10Be standards (K. Nishiizumi, pers.
commun. 1995) using a 10Be half-life of 1.5� 106 yr.

The measured isotope ratios were converted to TCN
concentrations in quartz using the total Be and Al in the
samples and the sample weights. Radionuclide concentra-
tions were then converted to zero-erosion exposure ages
using the scaling method of Stone (2000) and a sea-level,
high-latitude production rate of 5.44 atoms 10Be per gram
1The geochronology laboratories at the University of California,

Riverside were moved to the University of Cincinnati in 2004.
of quartz per year and were corrected for geomagnetic field
variations as described in Farber et al. (2005). The
production rate for 10Be and 26Al are presently the subject
of much research; its value is likely to be more accurately
defined in the coming years. However, revised production
rates are not likely to change our calculated ages by more
than about 5% of the age were determined. The correction
for variations in the geomagnetic field is still uncertain. We
therefore present the ages for samples NLM1 to NLM15
with and without the geomagnetic correction (Table 3).
We use the following equation (Lal, 1991) to approx-

imate the steady-state erosion rate for the two bedrock
samples (SLS-1 ad SLS-2) collected from the top of the
promontory:

� ¼ 1=mðP=N � lÞ, (1)

where e is the steady-state boulder erosion rate (cm yr�1), m
the cosmic ray absorption coefficient ¼ r/L (where r the
density of rock (2.8 g cm�3) and L the cosmic ray
absorption mean free path for the boulder surface
(160 g cm�2) (Nishiizumi et al., 1993), P the 10Be produc-
tion rate at the sample location (Stone, 2000), N the
measured concentration of 10Be in sample (atoms g�1

quartz), and l the decay constant of 10Be (yr�1) ¼ ln 2=t1
2
¼

4:62� 10�7 yr�1 (where t1
2

(half-life of 10Be) ¼ 1.5�
10�6 yr�1).
Erosion rates determined from samples SLS-1 and SLS-2

are 3.9 and 5.1mMa�1, respectively. Using the mean of
these data (4.5mMa�1) we have calculated the ages of
samples NLM1–NLM15 (Table 3). These results are
consistent with the view that the rocks have experienced
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moderate erosion possibly due to eolian processes. The
spread of TCN ages is considerable, ranging from 450 to
�20 ka (Fig. 9). There is no significant difference between
ages for all the shorelines (the means of each dataset is
within one standard deviation of that of the other
datasets). The spread of ages may be attributed to three
main factors.

Firstly, young ages may reflect erosion of bedrock
surfaces and boulders, or toppling of boulders that has
exposed new surfaces. We account for erosion by
incorporating the 4.5mMa�1 erosion rate. The effect of
this is most significant for the older samples. To minimize
the likelihood of toppling of boulders, we chose the most
stable boulders on each surface, which include ones that
were well inset into the substrate and large tabular ones
that were not precarious.

Secondly, the old ages might reflect inheritance of TCNs
within bedrock surfaces if the bedrock had not been
sufficiently eroded to expose rock that was previously
shielded from cosmogenic rays. We are not able to
accurately reconstruct the shape of the promontory before
its erosion. However given that the present cliff is between
3 and 5m high and that rock crops out to the present day
playa surface, we have reconstructed likely maximum
(highest) former profiles based on slope decline and parallel
retreat of the cliff (inset in Fig. 2). To be conservative, and
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collected from the top of the promontory. The mean values for each shoreline d
using a cliff height of 3m, we would expect �2%
production of TCN in bedrock that was originally shielded
by 3m of rock. Greater rock thicknesses, as implied by our
reconstruction shown in Fig. 2, would reduce the produc-
tion rate even further. Given that samples on the top of the
headland (SLS-1 and SLS-2) suggest that the bedrock
surface may be significantly older than 140 ka, and using a
conservative estimate of former rock thickness (3m), then
we might expect at least 2 ka years of inheritance, and
possibly significantly more. Since the initial topography
prior to the erosion of the headland is unknown, it may
have been very irregular, and this might explain the lack of
a systematic ages progression among the shorelines.
Thirdly, the shorelines may have been covered with

sediment and were likely covered by the lake water for a
significant period during each high stand. This would have
shielded the surfaces from cosmic rays resulting in younger
ages. The shorelines probably were not covered by
sediment for any significant time because their original
morphology appears to be preserved. However, changes in
the lake level at this location may have had a significant
impact on the production rates within the rock surfaces.
For example, a water depth of 10m (an approximate
maximum depth before the lake would overspill) can
reduce the production rate of 10Be by �90%. Enzel et al.
(2003b) estimated that Lake Mojave likely was filled for
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about 50% of its duration during the Late Glacial. This
would clearly have reduced the production of 10Be and
resulting in younger TCN ages.

All of these factors complicate the interpretations of the
TCN on the shorelines. Nevertheless, TCN ages appear to
cluster between about 20 and 35 ka, suggesting that the
TCN age of the shorelines is between 20 and 35 ka, given a
few thousand years of likely inheritance. The weighted
mean of the spread of ages near the cliff, which would have
been under the greatest cover of rock and best shielded to
have little inherited TCNs, is �24–25 ka. Given 2000–4000
years of possible inheritance the shoreline may be as young
as 20 ka. However, given the likely cover of the shorelines
by water during high lake stands and possible sediment
cover, which would shield the bedrock and reduce the TCN
ages, we therefore favor a TCN age of between 20 and
25 ka for the shorelines.

4.4. Luminescence dating

Three sets of samples were collected from sections within
Silver Lake quarry (Figs. 3–6). Samples UCR120 to
UCR126, SL-1 to SL-3, and UCR122 (dup) to UCR123
(dup) were analyzed at the Luminescence Dating Labora-
tory at the University of California, Riverside, the Physical
Research Laboratory in Ahmadabad, and the USGS
Luminescence Laboratory in Denver, respectively. Samples
for optically stimulated luminescence (OSL) dating were
collected by hammering light-tight metal and plastic tubes
into freshly exposed sediments or by collecting large
(430� 30� 30 cm) blocks of sediment, which were
wrapped in aluminum foil and stored in light-proof bags.
The tubes and blocks remained sealed until processed
under safe light conditions. Each sample was individually
sampled and processed separately.

4.4.1. Samples UCR120 to UCR126 (measurements at

Riverside)

The in situ water content (mass of moisture/dry mass;
Aitken, 1998) was determined using sub-samples by drying
them in an oven at 50 1C. The grain-size fraction
90–125 mm for dating was obtained by dry-sieving. The
carbonates and organic matter were removed from the
90–125 mm fraction using 10% HCl and 30% H2O2,
respectively. Sodium polytungstate solutions of different
densities and a centrifuge were used to separate the quartz
and feldspar-rich fractions. The separated quartz-rich
fraction was treated with 49% HF for 80min to dissolve
any plagioclase feldspars and remove the a-irradiated
surface of the quartz grains. Dried quartz grains were
mounted on stainless steel disks using silicon spray. All the
preparation techniques were carried out under laboratory
safelights to avoid optical bleaching of the luminescence
signal.

Approximately 20 g of the dried sub-sample from each
sediment sample was ground to a fine powder and sent to
the Becquerel Laboratories at Lucas Heights in Australia
for instrumental neutron activation analysis (INAA).
Using dose-rate conversion factors of Adamiec and Aitken
(1998) and b attenuation factors of Mejdahl (1979) and
Adamiec and Aitken (1998), the elemental concentrations
were converted into external b and g components, which
were in turn corrected for moisture content. The cosmic
ray dose was derived using Prescott and Hutton (1994)
(Table 4).
The measured water content of the sediment was

between �1% and 2%. Enzel et al. (2003b) highlighted,
however, that Silver Lake was filled for most of its duration
during the Late Glacial–Early Holocene (�15–9 ka) and
the spit would have likely been submerged. As such, the
lake sediments most likely were saturated with water
during much of the time that the lake existed. Given that
the porosity of the sediment may be as high as 30%,
assigning 1075% water content for the whole of the Late
Glacial and Holocene provides us with a very liberal
estimate and error range for water content that varies from
10 to 30%.
Luminescence measurements were undertaken using a

Daybreak 1100 automated system with an 1100FO/L
combined fiber-optic/IRLED illuminator for optical sti-
mulation (Bortolot, 1997). Luminescence from the quartz
grains was stimulated using a 150W halogen lamp
producing green light (514734 nm; �20mWcm�2) defined
by an additional narrow band interference filter. All quartz
samples were screened for feldspar contamination using
infrared stimulation from T-1 GaAlAs diodes (8807
80 nm). OSL signals were detected with a photomultiplier
tube characterized by 9-mm Schott UG11 ultraviolet
detection filters. Daybreak TLApplic 4.30 software was
used for hardware control and equivalent dose (DE)
analysis.

DE measurements were determined on multiple aliquots
for each sample using the single aliquot regenerative (SAR)
protocol developed by Murray and Wintle (2000). Each
measurement cycle comprised a regeneration dose (zero for
natural), preheating of 220 1C for 10 s, optical stimulation
for 100 s at 125 1C, a test-dose, a cutheat of 160 1C and a
final optical stimulation for 100 s (at 125 1C). The net-
natural and net-regenerated OSL were derived by taking the
initial OSL signal (0–1 s) and subtracting a background
from the last part of the stimulation curve (90–100 s);
subtracting the background from the preceding natural and
regenerative OSL signals derived the net test-dose response.
Growth curves were plotted using the net natural and
regenerated data divided by the subsequent response to the
net-test dose. The growth curve data was fitted with either a
linear progression or single saturating exponential. The DE

for each sample was calculated using the mean values and
standard error of all the aliquots for each sample (Table 4).
Probability plots were constructed to illustrate the

spread of DE values for each sample and support the use
of a mean and standard error to calculate the OSL age for
each sample (Fig. 10A). The INAA, cosmic dose rates,
total doses, mean DE and OSL ages are shown in Table 4.
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The large spread of DE suggests that the samples were
partially bleached. The DE values also include the
analytical errors associated with measurement systems.
By using the mean of the DE distribution the OSL ages
range from 4.5 to 7.8 ka.

4.4.2. Samples SL-1 to SL-3 (measurements at the Physical

Research Laboratory)

Samples SL-1, SL-2 and SL-3 are coarse grained
(90–125 m). They were pretreated analogously to the UCR
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distribution suggests partial bleaching. The results shown
in Table 4 use both the mean of the distribution of DE and
the mean of the least 10% of the distribution. The latter
assumes that the least 10% is representative of well
bleached grains, while the other 90% of the distribution
suffers from partial bleaching. The mean value is the
average of the DE obtained in this procedure. In this SAR
procedure, natural sensitivity changes were monitored by
introducing 110 1C TL measurement before and after
making natural OSL measurement. The ratio of these
two TL measurements was used to correct for any
sensitivity changes that may have occurred (Jaiswal,
2005; Singhvi, 2007).

For dose rate calculations, uranium (U) and thorium
(Th) concentrations were measured by thick source alpha
counting (TSAC) using ZnS (Ag) screens on a counters-
(583) from Daybreak. Potassium (K) concentrations were
measured using NaI (Tl) g spectrometry.

4.4.3. UCR122 (dup)–UCR123 (dup)(measurements at the

USGS, Denver)

As a further test of the dose rates, another two samples
(UCR122 (dup.) and UCR123 (dup.)) were obtained from
near the location where UCR-122 and UCR123 were
collected. The dose rates were determined from high-
resolution g spectrometry (Ge) and used Prescott and
Hutton’s (1994) calculations for the cosmic data. The dose
rate data from this sample as well as the replicate sample
UCR123 (dup) are shown in Table 4.

Sample preparation was only slightly modified from the
techniques used in the UCR and Physical Research
laboratories. Under safelights the carbonates and organic
matter were removed from the bulk sample using 4N HCl
and 30% H2O2, then the sample was wet sieved to obtain
the 90–125 mm fraction. Lithium sodium tungstate solu-
tions of different densities and a centrifuge were used to
separate the quartz and feldspar-rich fractions from the
heavy minerals, while Stoke’s settling was used to obtain
the fine silt-sized fraction (4–11 mm) for infrared stimulated
luminescence (IRSL) dating. The separated quartz-rich
fraction was treated with 49% HF for 45min to dissolve
any plagioclase feldspars and remove the a-irradiated
surface of the quartz grains. Dried quartz grains were
mounted on stainless steel disks with silicon spray. For
IRSL, polymineral silt was evaporated from a methanol
slurry, covering the entire disk.

The sand-size samples of UCR123 (dup) was analyzed
using SAR method (Murray and Wintle, 2000; Banerjee et
al., 2001) with blue-light excitation. Dose recovery and
preheat plateau tests were performed to ensure that the
sediments were responsive to optical techniques and that
the proper temperatures were used in producing the DE

values. Blue-light OSL measurements were made on a Riso
TA-DA-15 TL/OSL reader, equipped with a b source for
irradiations and blue LEDs (470 nm) providing approxi-
mately 15mWcm�2 at 90% power. The blue-light OSL
measurements were made at 125 1C after a preheat of
220 1C for 10 s with a cut heat of the same time and
intensity and detected using three 3-mm Hoya U-340
filters. An IRSL stimulation of 100 s before the blue-light
stimulation of 40 s was used to completely drain any
residual feldspar contamination. UCR123 (dup.) provided
a luminescence age of 4.8706 ka.
The fine-grain (4–11 m) polymineral extracts from sample

UCR123 (dup) was dated using the total bleach multiple
aliquot additive dose (MAAD) method (Singhvi et al.,
1982; Lang, 1994; Richardson et al., 1997; Forman and
Pierson, 2002). IRSL measurements were accomplished
using an automated Daybreak 1100 reader with infrared
emissions (880780 nm; Spooner et al., 1990). The diode
array delivers approximately 17mWcm�2 and resultant
blue emissions were measured at 30 1C after preheats of
140 1C for 7 h or 124 1C for 64 h. The IRSL detections were
measured under a 3-mm Schott BG-39 and a Corning 7–59
glass filters that block 490% luminescence emitted below
390 nm and above 490 nm from the sediments. Blue-
dominated emissions were chosen for the measurement
because previous studies indicate greater suitability as a
chronometer than ultraviolet wavelengths (e.g., Balescu
and Lamothe, 1992; Balescu and Lamothe, 1994; Rendell
et al., 1995; Lang and Wagner, 1996). IRSL ages on fine
grained sediment are older (9.471.5 ka) than the coarse
grained quartz ages (Table 4). These are more in line with
radiocarbon ages, and seem to obviate the need for an
extensive correction factor (e.g., Huntley and Lamothe,
2001).

4.5. ESR dating

ESR dating of the A. californiensis shells collected from
LFA 6 and LFA 8 was undertaken at the geochronology
laboratories at the University of Koeln (Cologne). Details
of the theory and methodology behind ESR dating of fossil
mollusks is described in the pioneering research of Ikeya
and Ohmura (1981) and Radtke et al. (1981). The
substantial methodological progress made subsequently is
summarized in Schellmann and Radtke (1999). An ESR
age result is derived from the ratio of past natural radiation
dose (DE) to the annual dose rate (D0). It is crucial to
determine the present and past D0 when ESR dating
mollusks. The D0 of mollusks depends on the U content in
the shell, and the U, Th, and K content in the matrix
material and the cosmic dose rate. Problems ensue from the
heterogeneity of the surrounding sediments and from the
fact that both the sediments and the shells represent
systems open to U migration. As shown by Schellmann and
Radtke (1999), an early uptake model should be used for
calculating the internal dose rate of the mollusk shells. The
DE value is determined by the additive dose technique
which involves irradiating, usually with a strong gamma
source, aliquots of the sample to increase trapped electrons
within the minerals that constitute the shell, which in turn
leads to an enhancement of the ESR signal. The ESR
intensity versus the laboratory dose provides the dose
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response curve that is used to fit to a saturating
exponential. The extrapolation to zero intensity yields the
DE value on the intersection with the x-axis. The most
suitable signal for dating aragonitic shells is g ¼ 2.0006.
The signal is radiation sensitive, and is stable over at least
the last 300,000 years and gives realistic ages estimates.
This contrasts with signals that have g-values of 2.0057,
2.0031, 2.0018 and 1.9973, which also increase with
artificial radiation (for further details see Schellmann and
Radtke, 1999, 2001).

All mollusk samples were etched by 0.1% HCl (up to
4� 30min) to remove the outer layers influenced by
a-irradiation. After grinding and sieving, 20 aliquots of
0.1 g mass with 100–200 mm particle size were g-irradiated
with a 60Co (Cobalt) g source at the university hospital of
Düsseldorf up to 30Gy. The irradiation dose rate was
0.8Gymin�1. ESR intensities were measured using a
Bruker ESP 300E spectrometer. Typical measurement
parameters were 25mW microwave power, 0.5G modula-
tion amplitude, 20.972 s sweep time, 40G scan width, 1024
points resolution, and an accumulation of between 20 and
40 scans. DE values were determined by using the program
‘‘fit-sim’’ of R. Grün (version 1993) and the ‘‘D-DP
procedure’’ of Schellmann and Radtke (2001); and age
calculations were carried out with the program ‘‘Data 7’’ of
R. Grün (version 1999) using an a-efficiency (k-factor) of
0.170.02.

The ESR ages range from 2.670.3 to 4.770.4 ka
(Table 5). The high U concentrations in the shells (Uinternal)
suggest that the shells were open systems that allowed post-
mortem enrichment of U. Therefore, the internal dose rate
is problematic. Since ESR age calculation assumes an early
U uptake, the ESR ages are questionable. The open U
system means that the ESR ages are likely to be
considerably younger than the true age of the shells and
should therefore be considered as minimum ages. The
application of ESR dating to A. californiensis shells at this
site is therefore challenging. Unfortunately, as shown
Kaufman et al. (1971), open U–Th systems are common
in mollusks making the application of ESR methods to
other genus besides A. californiensis also difficult.
Table 5

Electron spin resonance dating results

Sample

laboratory

number

LFA Kext (%)a Thexternal
(ppm)a

Uexternal

(ppm)a
Uinternal

(ppm)a

K-5300 6 1.30 15.06 7.37 9.72

K-5001 6 1.30 15.06 7.37 13.11

K-5002 6 1.30 15.06 7.37 12.04

K-5303 8 1.25 20.60 14.76 2.21

aUncertainties on ICP-MS analyses of U, Th and K are taken to be 71%.
bFor K samples the total doses combine the cosmic dose rate (see b in Tab

sediment and the a, b and g doses from the U concentrations in the shells. S

calculation with b-attenuation).
cDE ¼ Equivalent dose (Calculated via program FIT-SIM (R. Grün).
dAges calculated via program DATA 7 (R. Grün).
4.6. AAR

Carbonate shells of ostracodes, peleycpods, and gastro-
pods from three richly fossiliferous horizons in Silver Lake
quarry were analyzed for the extent of AAR. The total
hydrolyzable amino acid (THAA) fraction was analyzed
from eight monospecific samples. Each ostracode sample
was made up of seven individual valves, and each mollusk
sample comprised five. Each shell was prepared and
analyzed separately (46 total subsamples). In addition, we
analyzed three samples of ostracodes for the extent of
racemization in the naturally free amino acid (FAA)
fraction. For the FAA, we used three valves per subsample
because the amino acid concentrations were lower.
Samples were prepared and analyzed at the Amino Acid

Geochronology Laboratory of Northern Arizona Univer-
sity according to methods by Kaufman and Manley (1998)
with modifications for ostracodes described by Kaufman
(2000). Briefly, the analytical method employed pre-column
derivatization with o-phthaldialdehyde (OPA) together
with the chiral thiol, N-isobutyryl-L-cysteine (IBLC), to
yield fluorescent diastereomeric derivatives of chiral
primary amino acids. The derivatization was performed
on-line prior to each injection using an auto-injector.
Separation was by a reverse phase column packed with a
C18 stationary phase (Hypersil BDS, 5 mm) using a linear
gradient of aqueous sodium acetate, methanol and
acetonitrile. Detection was by fluorescence. Hydrolysis
was achieved using 6M HCl, sealing under N2, and heating
at 110 1C for 6 h. The hydrolysates were then evaporated to
dryness in vacuum and rehydrated in 10mM HCl before
injection into an integrated Agilent HP1100 liquid chro-
matograph. Each subsample was injected once. The
average analytical uncertainty (internal reproducibility)
measured by the coefficient of variation (CV ¼ w̄=s) for
multiple injections of laboratory standards is typically
between 3% and 5% for most of the amino acids. For this
study, we focus on aspartic acid (Asp) and glutamic acid
(Glu), two amino acids that are among the most abundant
enantiomers, are the best resolved chromatographically,
elute during the first 30min of the sample run, and span
Water

content

(%)

Depth (m) Total dose

rate (Gy/ka)b
DE (Gy)c Age (ka)d

372 0.7 3.6870.13 17.2071.36 4.770.4

372 0.7 3.8570.17 16.7971.14 4.470.4

372 0.7 3.6870.13 15.4471.10 4.170.3

372 0.6 3.6670.06 9.3870.96 2.670.3

le 4) and the b and g doses from the K, Th and U concentrations in the

ample thickness was 1.1–1.7mm, removed thickness was 0.3–0.6mm (age
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Table 6

Extent of amino acid racemization (D/L) in ostracodes and mollusks from Silver Lake Quarry

Lab ID (UAL)a Taxon Asp D/L Glu D/L nb exb

Ave 7s Ave 7s

Unit LFA4/unit b (�15.5 ka); depth ¼ 160 cm

4168 Anodonta 0.714 0.022 0.506 0.030 7 —

4167 Gyralus 0.704 0.035 0.527 0.042 5 —

4146 Limnocythere ceriotuberosa 0.480 0.018 0.355 0.007 5 —

4146F Limnocythere ceriotuberosa 0.774 0.007 0.525 0.033 7 —

Unit LFA6/unit d (12.5ka); depth ¼ 90 cm

4169 Anodonta 0.790 0.019 0.649 0.044 6 1

4145 Limnocythere ceriotuberosa 0.549 0.014 0.424 0.013 5 —

4145F Limnocythere ceriotuberosa 0.744 0.035 0.555 0.015 6 1

Unit LFA8/unit f (�11.8ka); depth ¼ 70 cm

4171 Anodonta 0.762 0.019 0.617 0.017 7 —

4170 Physa 0.704 0.038 0.516 0.045 4 1

4147 Limnocythere ceriotuberosa 0.534 0.012 0.433 0.008 5 —

4147F Limnocythere ceriotuberosa 0.782 0.012 0.587 0.012 6 1

aF ¼ Free amino acid fraction; others are total hydrolyzable amino acids.
bn ¼ Number of subsamples used to calculate the average and standard deviation; ex ¼ number of subsamples rejected.
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Fig. 11. Extent of amino acid racemization for (A) aspartic acid (Asp),

and (B) glutamic acid in ostracodes (Limnocythere ceriotuberosa), snails

(Physa and Gyralus) and plycepods (Anodonta californiensis) from three

samples at Silver Lake quarry. Data listed in Table 6.
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most of the range of racemization rates. More accurately,
the Asp and Glu may include a small component of
asparagine and glutamine, respectively, which were con-
verted to Asp and Glu during laboratory hydrolysis.

Of the 67 analyses, three were rejected because they
exhibited high concentrations of the labile amino acid
serine (L-Glu/L-Ser valueso1.0; Kaufman, 2000), indica-
tive of modern contamination, and one was rejected
because its D/L values fell beyond 72s of the mean of
the others. In all, four subsamples (6%) were excluded
(Table 6). D/L values are reported as the mean 71s of the
multiple subsamples. D/L values in gastropods showed
higher variability than for ostracodes or pelecypods. The
average CV for the 11 samples was 3% for Asp D/L and
5% for Glu D/L, which is well within the range expected
for a single-age population of shells. The results from the
different taxa are mutually consistent (Fig. 11). The
multiple analyses on ostracodes, gastropods, and pelecy-
pods all show that shells from the lowest and oldest of the
three units (LFA4/unit b) have the lowest D/L. The higher
D/L values in the younger samples highlight the control of
burial depth and thermal histories on the rate of
racemization. As expected, the extent of racemization in
the FAA is higher than in the THAA.

Interpreting the extent of AAR in terms of sample age
requires an equation that relates D/L to age for a given
taxon and amino acid. Most importantly, the rate of
racemization needs to be calibrated locally because the
reaction rate is strongly dependent on ambient tempera-
ture. Presently, no age equations are available for AAR in
shells of any type from the Mojave region. Nearly all
previous amino acid geochronology in hot desert settings
has been based on the amino acid isoleucine and cannot be
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directly applied to our results. Therefore, instead of using
the amino acid data to infer sample age, we assume that the
ages for the samples are correctly represented by their 14C
ages (this study and Ore and Warren, 1971), and we use a
previously determined relation between D/L, time, and
temperature (Kaufman, 2000) to determine whether the
assumed ages yield reasonable paleotemperature estimates.

To interpret D/L in terms of paleotemperature, the
kinetics of the racemization reaction, including the
temperature sensitivity of the forward rate constant, must
be known. The paleotemperatures calculated in this study
are based on an investigation of racemization kinetics in
ostracodes (Kaufman, 2000), which included an analysis of
both fossil and laboratory-heated shells. Laboratory
heating experiments were used to evaluate the reaction
rates of amino acids in ostracodes over a range of
temperatures (80–140 1C) and D/L values (�0.1–0.6 in
Asp). In addition to data from the heating experiments, the
evaluation of racemization kinetics was extended to
ambient temperatures using unheated, fossil ostracode
shells from six 14C-dated sites in the Bonneville basin,
Utah. These data were used together to calculate the
Arrhenius parameters (activation energy and frequency
factor) for racemization in the ostracode genus Candona.
All of the analyses on ostracodes from Silver Lake are on
Limnocythere. The two ostracode genera appear to
racemize at approximately the same rate (Kaufman,
2003), although the paucity of analyses does not allow
confirmation of this observation.

Temperature, calculated based on amino acid paleother-
mometry, is the effective diagenetic temperatures (Teff;
Wehmiller, 1977). It is the weighted average post-deposi-
tional temperature that integrates the thermal history of a
shell. Because the rate of racemization is dependent
exponentially on temperature, the Teff of a fossil will be
weighted toward the higher temperatures that it experi-
enced, and will be somewhat higher than the arithmetic
mean annual temperature (Tma). The extent to which it is
higher is proportional to the amplitude of the postdeposi-
tional temperature variation (Miller and Brigham-Grette,
1989), and to the difference between ground temperature
and air temperature (Wehmiller et al., 2000). For this
Table 7

Effective temperatures calcuated based on racemization in shells and for each

Unit Depth (cm) Age (ka) Racemization Teff (

Asp

LFA8/unit f 70 �11.8 25

LFA6/unit d 90 �12.5 26

LFA4/unit b 160 �15.5 19

aCalculated based on Eq. (2) and D/L ratios listed in Table 4.
bBased on mean annual temperature (Tma) ¼ 21.0 1C at the suface and tem
cIncrease in effective temperature resulting from summer heating according

where Tamp ¼ amplitude of the annual temperature wave (Fig. 11).
dEstimated effective temperature ¼ Tma+Tamp, where Tma ¼ 21.0 1C.
reason, sample depth is a key variable at high-temperataure
sites. By integrating the entire postdepositional tempera-
ture history of a deposit, the amino acid data provide a
means of evaluating long-term temperature changes since

the time that a deposit formed, rather than during

deposition.
The relation between time, D/L and Teff derived for

Candona is (Kaufman, 2000)

T ¼ �Ea=R lnð½ð1þD=LÞ=ð1�D=LÞ�n � C=2AtÞ, (2)

where A is the frequency factor (yr�1); Ea the activation
energy (kcalmol�1), R the gas constant (0.001987 kcal
K�1mol�1); T ¼ Teff (K); n ¼ 3.6 for Asp and 3.8 for Glu;
and C is the power-law-transformed D/L measured in
modern shells following laboratory hydrolysis ( ¼ 0.041 for
Asp and 0.017 for Glu).
Assuming that Eq. (2) also applies to Limnocythere, and

that the 14C ages at Silver Lake quarry are correct, then the
Teff required to explain the D/L values can be evaluated
(Table 7). The D/L values from the lowest and oldest unit,
LFA4/unit b (�15.3–15.9 ka), suggest an Teff of 19 1C for
Asp and 25 1C for Glu. The D/L values from the younger
units LFA6/unit d and LFA8/unit f (�11.8–12.5 ka)
suggest an Teff of about 26 1C based on Asp, and about
32 1C for Glu, or about 7 1C higher than for the older
LFA4/unit b. Theoretically, the Teff calculated for the two
amino acids should overlap within errors. The error was
estimated to be about 72 1C for Candona from the
Bonneville basin (Kaufman, 2003). The cause of the
difference in Teff inferred from the two amino acids is
unknown, but might be related to the taxonomic effect, or
to the fact that the equations were developed using samples
with D/L values that were generally lower than those
measured at Silver Lake.
Nonetheless, the modern ground temperature data from

the region may be examined to assess whether the calcuated
Teff are resonable, or whether these data suggest either a
younger or older age for the samples. The closest long-term
weather station is Daggett, California, where the Tma for
the period of 1948–2005 was 20 1C (www.wrcc.dri.edu).
The Tma is necessarily lower than the Teff because the
sample depth based on instrumental data

1C)a Current ground

temp (1C)b
DT (1C)c Teff (1C)

d

Glu

32 16 6 27

31 14 5 26

25 9 2 23

perature attenuation measured in Imperial Valley, California (Fig. 11).

to the equation (Miller and Brigham-Grette, 1989): DT ¼ 0.039(Tamp)
1.813,

http://www.wrcc.dri.edu
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amplitude of the annual temperature cycle is greater at
shallower depth. Greater amplitude results in a greater
effect on the Teff. To assess the amount that the Tma

underestimates the Teff, we examined the ground tempera-
ture profiles from Imperial Valley, California measured
during 1964–1970 (Hu and Feng, 2003) (Fig. 12). These are
the longest-term ground-temperature records that we know
of from the region. They show the expected exponential
attenutation in the amplitude of the annual temperature
wave: from about 6 1C at 70 cm to 2 1C at 160 cm. Based on
the relation between the amplitude of the temperature cycle
and the corresponding shift in Teff developed by Miller and
Brigham-Grette (1989), the current Teff at 70–90 cm depth
0
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Fig. 12. Average winter (DJF) and summer (JJA) temperature measured

below the ground surface between 1964 and 1970 at Brawley, Imperial

County, California (Hu and Feng, 2003). The attenuation of the annual

temperature wave was used to estimate the effective temperature at the

depth of samples collected from Silver Lake quarry.
is about 3–4 1C higher than at 160 cm. Taking this effect
into account results in current Teff estimates ranging
between 23 and 27 1C for the sample depths.
The current Teff for the lower sample (LFA4/unit b)

(23 1C) is bracketed by the Teff estimates based on the
racemization of Asp and Glu. Therefore the age assigned to
the this sample (�15.3–15.9 ka) is consistant with the
extent of racemization and the equations of Kaufman
(2000). Whether the Teff estimated based on Asp (19 1C) or
Glu (25 1C) is more reasonable depends on assumptions
about the thermal history of the sample. The lower
temperature is more reasonable if the postdepositional
history includes a signficant interval of submergance by
lake water, which seems likely. Subaqueous temperature
(especially summer temperature) is probably much lower
than subaerial temperature. On the other hand, if the
sample experienced relatively high temperatures during the
middle Holocene, then the current Teff of the site may be
underestimated.
The current Teff estimated for the upper samples overlap

with those based on Asp D/L, but are lower than
calculated for Glu D/L. The Teff calculated based on Glu
D/L are unexpectedly high, even when taking into account
the effect of summer heating at shallow depth. To lower the
calculated Teff would require increasing the assumed ages
for these samples, which seems unlikely when considering
the luminescence data and any possible effect of hardwater
that might bias the 14C ages. Conversely, to satisfy both the
luminescence ages and Eq. (2) would require Teff that are
5 1C higher than those reported above, that is, 251 for Asp
and 30 1C for Glu in the lowest sample. Although Glu D/L
indicates a higher Teff, the difference between the Teff

calculated for the lower and upper samples is the same for
both Asp and Glu (6–7 1C). This is about twice the
difference based only on the effect of the attenuation of the
current annual temperature wave. The additional differ-
ence could be explained if the lower unit (2.5–3.5m above
the present playa floor) experienced an interval of
inundation that the younger samples did not. For example,
if the older unit was inundated for 5000 yr under 5 1C
water, then the overall Teff for the integrated �15 ka
history would decrease by about 3 1C. In other words, the
younger samples experienced higher temperatures both
because they are buried at more shallow depths (3 1C
effect), and because they experienced a smaller proportion
of their postdepositional history under a Late Quaternary
lake (an additional 3 1C effect).
In summary, the D/L ratios in ostracodes, gastropods,

and pelecypods from three units in the Silver Lake quarry
are consistent among taxa, and for the FAA and THAA
fractions. The Asp D/L values in ostracodes are also
consistant with existing equations that relate D/L to
sample age and postdepositional temperature. Assuming
that the 14C ages of the stratigraphic units are correct
(Section 4), the D/L-Asp values suggest an Teff of about
19 1C for the 15.3–15.9 ka shells (LFA4/unit b) and about
25 1C for the 12.5–11.8 ka shells (LFA6 and LFA8/units d
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and f). If the OSL ages of 6–7 ka are correct then the
estimates will be about 5 1C higher.

These values are in agreement with modern air and
ground temperature data, and the higher D/L measured in
the younger samples can be explained by the attenuation of
the annual temperature wave with depth, and the like-
lihood that the older samples experienced an interval of
lower temperature under Holocene lake water. The
interconsistancy of the results therefore suggest that the
radiocarbon ages are more accurate than the OSL ages.

4.7. U-series trial analyses

Two samples of Silver Lake tufa-coated shoreline gravel
were analyzed for U–Th isotopes to assess the feasibility of
obtaining reliable U-series ages for paleo-shorelines of
Silver Lake (Table 8). The analyses were by thermal
ionization mass spectrometry using methods similar to
those of Sharp et al. (2003). Samples were completely
dissolved using hydrofluoric and nitric acids in order to
obviate possible fractionation of U/Th ratios and uranium
isotopes that may result from partial dissolution of impure
carbonates (e.g., Bischoff and Fitzpatrick, 1991).

The tufa samples contain �1.3–2.3 ppm 232Th, much
higher than expected for pure, authigenic carbonate (in
light of the very low solubility of Th in most natural
waters). The source of this Th is probably included clays,
or possibly, in part, ‘‘hydrogenous Th’’, that is, greatly
elevated levels of Th dissolved in alkaline, saline lake
waters as a result of complexation with CO3

2� (for example,
Anderson et al., 1982; Lin et al., 1996). Thus, significant
initial 230Th may have been present and must be subtracted
in order to calculate meaningful ages. Thorium-232 may be
used as an index isotope if the 230Th/232Th ratio of initial
Th is known. The (230Th/232Th) activity ratios expected for
clays (say, 0.6–1.0) and alkaline lake waters (up to �1.9,
Anderson et al., 1982), nearly encompass the observed
(230Th/232Th) activity ratios of the Silver Lake tufas
(�1.5–2.4). Accordingly, meaningful ages cannot be
obtained by single-sample, total-dissolution U-series ana-
lyses. If coeval samples with sufficient spread in 238U/232Th
ratios can be found, an isochron approach could yield
improved U-series tufa ages. Even isochrons may not
entirely obviate the effects of hydrogenous Th, however, if
initial 230Th is directly incorporated into carbonate,
causing initial 230Th to correlate positively with carbonate
238U/232Th ratios (Lin et al., 1996).
Table 8

U-series data

Sample ID Sample wt. (mg) U (ppm) (234U/238U)act

SLQ W1 80.82 7.02 1.306670.001

SLQ W2 171.41 3.54 1.282270.001

Note. Errors are 95% confidence intervals. Isotope ratios are activity ratios.
5. Discussion

The spit-shoreline complex in our study provides an
unusually well-exposed and preserved example of shoreline
landforms and strata that are common in Late Quaternary
lake basins of the Great Basin, including Lake Lahontan,
Nevada (e.g. Adams and Wesnousky, 1998). The shorelines
east of the spit have small (o100m2) wave-cut areas of
bedrock and numerous bouldery and cobbly surfaces
(Figs. 1 and 2). The sediments that comprise the spit are
dominated by pebble and cobble clasts derived from the
east by littoral drift. These sediments form decimeter- and
meter-thick beds that were deposited as broad inclined
beds mimicking an open fold (Fig. 4), probably during
storms. The spit sediments fine to the west and north into
sandy silt representing highwater stands and slackwater
deposits behind the spit containing life assemblages of
A. californiensis, gastropods and ostracodes (Figs. 2–6).
The elevations of the highest and lowest shorelines (defined
by differential GPS) are shown in Fig. 2. These heights
were likely controlled by progressive incision of the
spillway channel at the northern end of Silver Lake
described by Ore and Warren (1971).
Our geochronological results suggest an intricate history

for the spit-shoreline complex (Fig. 13). The TCN ages
imply that the shorelines probably started to form some-
time between 20 and 30 ka. However, the spread of ages for
each of the shorelines suggest a complex pattern of
inheritance of TCNs and exposure history (possibly
including erosion of an irregular surface and toppling of
boulders). Furthermore, the site was probably prone to
successive periods of shielding by water during high stands
or by sediments that were subsequently eroded. A TCN age
of 20–25 ka for the initial shorelines is consistent with the
age estimates for Lake Mojave I based on sedimentation
rates determined by radiocarbon dating of cores from
Silver Lake (Brown and Rosen, 1995; Enzel et al., 2002;
Wells et al., 2003). Given the wide range of TCN ages, it is
not possible to attribute a particular shoreline at this
location to a time of high lake level. Since our work was
completed, additional investigations in an arroyo north of
Bench Mark Bay and between Bench Mark Bay and the
Lake Mojave outlet channel has produced tufa radio-
carbon ages of 16.1–17.6, and 14.8–17.1 and b25 ka on
two higher and earlier lake stands, respectively (Warren
and Ore, 2004a, b); these are consistent with the radio-
carbon ages from sediment cores by Wells et al. (2003).
. 232Th (ppm) (232Th/238U)act. (230Th/232Th)act.

7 2.32 0.109170.0013 2.39070.031

8 1.26 0.117570.0094 1.53770.12
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Fig. 13. Comparison of the range of ages obtained from the Silver Lake spit-shoreline complex using different methods. The TCN age ranges are shown as
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mean.
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Radiocarbon dating of tufa and A. californiensis from
the gravel quarry exposure within the spit suggests that the
spit began to form prior to 16 ka, and that it continued to
build episodically until about 10 ka. The stratigraphic
consistency and younging upward of the radiocarbon ages,
for both the conventional ages of Ore and Warren (1971)
and the new AMS ages, provide confidence in the radio-
carbon ages for these deposits. Furthermore, the preserva-
tion of articulated A. californiensis shells in at least 3 units
and life assemblages of ostracode valves in two of the fine-
grain sediments interbedded between the tufa-covered
gravels, suggest that the shells have not been transported
a significant distance. The spit and the associated slack-
water deposits record a history of alternating lake levels
during Late Pleistocene and Early Holocene times. Wells
et al. (2003) also reached this same conclusion.

In contrast to the radiocarbon, the luminescence dating
of sediments within the spit suggest that they were
deposited relatively rapidly during the early part of the
mid Holocene (6–7 ka). The OSL dating was tested by
replicating the analyses in three laboratories on sub-
samples from selected LFAs. The replicates have similar
ages; however, they vary within a few hundred years
among the laboratories. We attribute these interlaboratory
differences to the different calculation methods. The data
provide confidence that the discrepancy between OSL and
radiocrabon are not the result of OSL laboratory error.
However, some of the luminescence ages are not strati-
graphically consistent; for example, samples UCR123 and
124 have younger ages than the samples for overlying beds.
These reversals in ages are attributed to the anomalously
high dose rates for these two samples compared to the
other samples. The high dose rates might be due to detrital
230Th, which would have been counted as 238Th in the dose
rate determination (Table 4). This could also be an artifact
of some carbonate contamination that lead to local scale
dosimetric changes.
Nevertheless, all the OSL ages (6–7 ka) suggest a much

younger age for the deposits than the radiocarbon dating
(15–9 ka). The young OSL ages are unexpected as possible
partial bleaching prior to deposition should lead to an
overestimate of the age. OSL ages can be underestimated
by thermal fading, especially for volcanic feldspar. How-
ever, the geologic maps of immediate local region show
that the it is devoid of volcanic rocks that could provide
volcanic feldspar, and our one IRSL analysis of feldspar,
with an age of 9.471.5 ka, contrasts with quartz OSL. A
third possibility for the young ages is the infiltration of
younger sand grains through desiccation cracks. This
seems unlikely given the compact nature of the silty sand
layers. We have assumed water content of 10% for the age
calculations, although the samples were nearly dry when
collected. If the average water content was 20% then the
luminescence ages are likely to be underestimated by
10–15%, which is still much younger than the radiocarbon
results. Higher water contents would almost proportio-
nately increase the age.
Another possibility to explain the OSL-radiocarbon

disagreement is that the radiocarbon ages may be
systematic overestimates. Numerous studies indicate that
radiocarbon ages on carbonate shells may be overestimated
on account of hardwater effect (e.g., Juyal et al., 2004),



ARTICLE IN PRESS
L.A. Owen et al. / Quaternary International 166 (2007) 87–110108
especially in areas that contain carbonate rocks. Carbonate
bedrock is present but sparse in the Mojave River drainage
and might contribute to a hardwater effect. Carbonate
dust, however, might contribute substantially to the lakes
in the Mojave. The new ages on paired samples of charcoal
and shell from Cronese basin, however, indicate no
significant hardwater effect, although the Cronese and
Silver lake basins have the same surface water sources the
results may not be directly applicable to the Silver Lake
spit because the local geology is different as well as
potential sources of groundwater. Berger and Meek (1992)
found a relatively minor (450 year) hardwater effect for A.

californiensis in the area. Furthermore, AAR on ostracode
valves supports the Late Glacial or Last Glacial Maximum
age for the formation of the spit because, when applied to
the age equation of Kaufman (2000), the radiocarbon ages
suggest post-depositional temperatures that agree with the
available data. For the spit to be younger than the
radiocarbon age would imply untenably high post-deposi-
tional temperatures. Moreover, the sedimentology and
radiocarbon ages are consistent with the current under-
standing of the regional paleoenvironmental changes
during the Late Glacial and Holocene timing of lakes
found in the sediment and soil development of the deposits
(see papers in Enzel et al., 2003a). This supports the
interpretation that the radiocarbon dating of the spit and
shoreline is accurate and consistent.

In an attempt to resolve the difference between the
radiocarbon and OSL ages, we applied ESR dating to
A. californiensis shells from selected sediment and U-series
dating on tufa from within the spit. Unfortunately, the
ESR dating was unsuccessful. This is not surprising
because most mollusc shells (such as A. californiensis)
behaved as open systems allowing post-mortem enrichment
of U and hampering dose-rate determination. As such
the ESR ages can only be considered as minimum-
limiting ages. These results stress the need to be cautious
when applying ESR methods to these and similar
deposits.

The U-series failed as well because of the presence of
substantial 232Th, probably indicating the presence of
contaminating silicate detritus in the form of clays. These
observations support why the OSL ages. However, this
might be overcome by collecting and analyzing coeval
samples of tufa to provide a sufficient spread in 232Th/238U
ratios so that an isochron approach could yield improved
U-series tufa ages.

The focus of future work which would include:
1.
 Elucidation of any radiocarbon reservoir age for these
samples by comparing charcoal with shells, such as A.

californiensis.

2.
 Elucidation of the causes of OSL ages being younger by

examining the micromorphology of sediments and
evidence of any contamination.
3.
 Independent estimation of paleotemperatures during the
Holocene using stable isotopes.
4.
 Understanding of the causes of difference in paleotem-
perature estimates based on amino acid results.

Given that each of the geochronology methods record
the rate of physical and chemical processes, there is need to
understand the underlying effects. The concordance or
discordances between methods and methodologies have to
be explained on sound physical and chemical reasoning
and field geomorphology. This study elucidates the needs
for multiproxy dating from any such terrestrial site.
However, in reality, it is difficult to successfully apply
multiple dating techniques to most terrestrial sites, since
each method has its own inherit problems that may be site
or sample dependent. Furthermore, it is extremely difficult
to find appropriate sites where numerous geochronological
techniques can be applied and cross-checked, especially
when the dating methods are applied to landforms that are
not necessarily contemporaneous (e.g., the spit and
shorelines analyzed in this study).

6. Conclusions

The results presented in this study provide insights into
the evolution of a Late Quaternary spit-shoreline complex
at the north end of Silver Lake playa, and they illustrate
the benefits and difficulties of applying multiple numerical
dating techniques. The TCN ages suggest that the erosional
shorelines probably began to develop �25 ka. The influ-
ence of inheritance of TCNs during prior exposure is
difficult to deduce, however, because the amount of rock
was removed to form the shorelines is not accurately
known. This uncertainty is likely to decrease TCN ages by
a few thousand years. A shoreline age of between 20 and
25 ka is consistent with the estimates determined by
sedimentological studies in Soda and Silver Lakes (Brown
and Rosen, 1995; Wells et al., 2003).
Our new AMS radiocarbon ages are consistent with the

conventional radiocarbon ages of Ore and Warren (1971),
which suggest that the spit and lagoonal/backwater
sediments were deposited during Late Glacial to Early
Holocene during times of rapid lake-level fluctuations. This
significantly post-dates the initial formation of the bedrock
shorelines. Applying Bayesian analysis to the radiocarbo-
nages provides high precision for each of the sedimentary
units that were dated. Uncertainties related to hardwater
effects in Silver Lake have not been resolved, but a
comparison of radiocarbon dates on A. californiensis shells
and charcoal in the adjacent Cronese Lake basin suggests
that hardwater effects was probably small. The AAR data
support the radiocarbon ages for spit formation during the
Late Glacial.
In contrast, the OSL ages on sediments in the spit

suggest early-Mid Holocene ages. The OSL ages at this site
are likely incorrect, given the systematic reproducibility of
radiocarbon chronologies throughout the Great Basin. We
cannot explain the difference between the luminescence and
radiocarbon ages, and clearly such differences need to be
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the focus of future work. We caution researchers in desert
environments to be aware of the problems associated with
both radiocarbon and OSL dating when interpreting the
ages of landforms based on only one of these methods.
Nevertheless, there are numerous good example of where
luminescence and radiocarbon dating works well in desert
environments (e.g., Forman and Pierson, 2002).

ESR dating of A. californiensis shells was problematic
due to the post-mortem enrichment of U in their shells.
This made dose-rate determination problematic and as
such the ESR ages can only be considered as minimum
estimates. We therefore stress the need to be cautious when
applying ESR methods to these and similar deposits.

High concentrations of detrital Th within tufa inhibited
the use of U-series to date the tufa. However, U-series tufa
ages might be determined by collecting and analyzing
coeval samples of tufa to provide a sufficient spread in
232Th/238U ratios so that an isochron approach could
be applied. We recommend such as the approach for
future work.

The present study outlines the need for concentrated
research at key sites, such as this, to help refine methods,
understand their problems and applicability and develop
new ways of utilizing numerical dating techniques,
conjunctively. Furthermore, the use of multiple dating
techniques promises to provide more details on chemical
and physical processes within arid and semi-arid environ-
ments. Each of the methods provides information that
relates to both geochronology as well as some aspect of the
physical/geochemical processes that may have affected the
samples.
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