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ABSTRACT

Pleistocene depositsin Panamint Valley, Califor nia, document the changesin plu-
vial lakelevel, sourcewater, and elevation of theregional groundwater table associated
with climate change. The oxygen isotope stage (Ol S) 2 and 6 lacustrinerecord is well
preserved in surficial deposits, whereasthe Ol S3-5 lacustrine-paludal and lacustrine
record ismainly derived from an archived core sample. Amino acid racemization ra-
tiosin ostracodesand gastropodssuggest that theshorelineand groundwater-dischar ge
featuresthat lie between ~600 and 550 m elevation for med during onehighstand, prob-
ably during Ol S6.

A fossiliferous part of the ~100-m-deep core DH-1, which was drilled in the Bal-
larat Basin during the late 1950s, was resampled in this study. Comparison of DH-1
with core DH-3 from Panamint Valley and core OL -92 from Owens L ake suggeststhe
34-78-m-depth interval of DH-1 may span all or much of Ol S4. Themicrofaunafrom
thisdepth interval indicate a saline mar sh or shallow lacustrine environment, but not
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a large lake. The ostracode assemblage requires low ratios of alkalinity to calcium
(alk/Ca) water likely indicative of solutesin deep regional groundwater sourcesrather
than the high alk/Ca solutes common to the Owens River system.

Ol S 2—aged sediment from surficial deposits, a shallow auger hole, and core DH-1
contain faunas, including the ostracode Limnocythere sappaensis, which require the
high alk/Ca evolved solutes common to the Owens River. The elevation of the lacus-
trine sediments further indicates a moderate-sized saline lake around 180-200 m
depth. Inthenorthern Lake Hill basin, asaline lake persisted until at least 16 ka, and
it was succeeded by fresh, groundwater-supported wetlands, which were fully devel-
oped by ca. 12,575 14C yr B.P. and which persisted until around 10,500 4C yr B.P.,

when the basin became a dry playa.

Keywords. Panamint Valley, Owens River System, Pleistocene glacia lakes, Gale
strandline, LGM eastern Sierraregion, hydrochemisty saline lake.

INTRODUCTION

The Pleistocene stratigraphic record from Searles, Owens,
and Death Valleysin the southwest Great Basin areahas provided
a framework for understanding the regiona climate history and
landforms in Panamint Valley (Stuiver, 1964; Smith et al., 1983;
Smith and Bischoff, 1997; Lowensteinet d ., 1999; Forester et d .,
2005). This paper summarizes chronostratigraphic and paleo-
ecologic investigations of late Pleistocene beach, wetland, and
lacustrine deposits in Panamint Valley. In addition, we provide a
summary of new data obtained from core materia that was
archived in the 1950s (Smith and Pratt, 1957). These new obser-
vations help to constrain the elevation of shorelines during the
Last Glacial Maximum (LGM) and the sources of water and dura-
tion of lakes in Panamint Valley during the late Pleistocene.

In 2001, four tufa samples from eevations of 357 m to
~512 m yielded Lagt Glaciad Maximum ages of ca. 15,050—
22,600 “Cyr B.P. (Jayko et a., 2001). Thiswasthefirst indication
that the oxygen isotope stage (OIS) 2 lake in Panamint Valley may
havebeenquitelarge (Jaykoet d., 2001) anditsshorelinesweresig-
nificantly higher than the ~383 m elevation reported by R.S.U.
Smith (1976). These results prompted additional sampling of marls
and silt for microfauna—in particular, for analysis of ostracode
pal ecenvironmental indicators. Aqueatic gastropods were collected
for amino acid racemization andysis (AAR) with the objective of
determining the relative age and timing of lacustrine events.

Fundamental differences in the solute chemistries of the
water sources that intermittently occupied Panamint Valley also
help to establish the Pleistocene chronostratigraphy in the ab-
sence of robust dates using U-series, 3Cl, IRSL (infrared stimu-
lated luminescence), and TL (thermoluminescence) methods.
These different water sources, the dominance of whichisclimate
dependent, differ in major- and trace-element chemistries, which
make possibletheir differentiation by faunal paleoenvironmental
proxies and by trace-element geochemistry. Our results suggest
that Panamint Valley lakes and wetlands were supported by
Owens River—derived surfacewater during glacial-pluvia cycles.

During drier episodes, springsand wetlandsor shallow lakeswere
supported by flow from local spring and deep aquifer sources.

Basin Setting

Panamint Valley isone of acontinuous chain of basinslinked
by the Owens River system during glacial and pluvial periods
(Russdll, 1885; Campbell, 1902; Gale, 1914a, 1914b; Black-
welder, 1933, and subsequent work). The valley occupies atopo-
graphic depression with the Owens Valey and associated
drainages to the west and Death Valley to the east (Fig. 1). The
valley floor lies at 317 m, ~610-795 m lower than the Owens
Valley playa and ~370 m higher than Death Valey. Panamint
Valley isrimmed by 2000 to 2600 m rangesto thewest and by the
Panamint Range to the east, which generaly lies between 2000
and 2700 m, but reaches 3365 m at Telescope Peak. The mean
annua temperature of the valley is ~18 °C, and mean annua
rainfall is ~90 mmlyr.

Panamint Valley contains two basins floored by playa sur-
faces at ~470 m and 317 m elevation separated by a divide that
is presently at ~521 m elevation. The northern, smaller, and
higher basin is here referred to as the Lake Hill basin, and the
prominent southern one is called the Ballarat basin (Fig. 1). The
Owens River system reaches the south end of Panamint Valley
through streamflow when Searles Valley fillsto its externa spill-
way level a 690 m elevation (Gale, 1914b). The Owens River
system in turn continuesto Death Valley viaWingate Wash when
the Panamint Valley fills to ~602 m elevation (Gale, 1914b;
Blackwelder, 1933; Smith, 1976).

The regional topographic gradient of the valley floors, and
likely the principal hydrographic gradient, is eastward. An east-
ward slope of the groundwater tabl e surface has been documented
in well data from the Indian Wells Basin (Fig. 1) and adjacent
areas that lie west and southwest of Panamint Valley (Kunkel,
1962). Although the regional gradient slopes eastward from the
hydrologic head provided by the high SierraNevada Rangeto the
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west, some groundwater rechargeisalso provided by runoff from
the central Panamint Range.

Panamint Valley is arid, and playa surfaces receive sporadic
runoff from local watersheds. Shallow auger holes indicate that
the water table presently lies ~1-3 m deep under the Ballarat
playain the southern basin (Carranza, 1965; Jayko et a., 2002).
Severa of the canyonsthat drain the central part of the Panamint
Range support perennial runoff. Springs and seeps are also pres-
ent at the toes of fans that emanate from these canyons and dis-
charge onto the northeast side of the Ballarat playa.

Panamint Valley is one of severd large tectonicaly active
grabensthat lie within the eastern Sierra Nevadaregion. The val-
ley lies in a zone of active transtensive deformation associated
with oblique strike-slip deformation along part of the North
America—Pecific plate boundary (cf. Reheis and Sawyer, 1997).
The regiona tectonic setting strongly influences the active
hydrothermal and structural characteristicsof theregion. Thermal
springs are associated with large basin-bounding faults in the
Coso Range and in Owens, Saline, Panamint, Fish Lake, and
Death Vdleys. Many of the active faults in the region tap into
geothermal aquifers. Warm springs discharge along the base of
the fault-controlled range front adjacent to the central part of the
Panamint Range, indicating groundwater discharge from a
deeper, geothermal source.

Water Sources

Ostracode assembl agesindicate that two significantly differ-
ent source-water chemistries have dternately dominated the
basinsin Panamint Valley. These water chemistries can be attrib-
uted to geological differencesintheflow path of the OwensRiver
versus the flow path of groundwater that is likely deep-sourced
and includes fracture-controlled interbasin flow. Different water
sources indicative of local aswell as surface overland flow have
previously been inferred from Sr isotope geochemistry and rare
earthelements (Smith et al., 1998; Pretti and Stewart, 2002; Stew-
art, 1998).

The surfaceflow of the OwensRiver system traversessignifi-
cant igneous rock, including the Bishop Tuff in the upper part of
its watershed, Sierran granitic rocks throughout, and the bimodal
Coso volcanic field in the south. These geologic domains are
dominated by Cenozoic and M esozoic rock with rock chemistries
that are high in silica and relatively alkalic and that have low
87Sr/86Sr i sotopic ratios. For example, the87Sr/88Sr of Bishop Tuff
is ~0.7078 (McConnell, 1994), Sierran intrusive rocks range
from ~0.704 to 0.706 (Kistler and Peterman, 1973; 1978), and
Coso volcanicrocksrangefrom 0.7033t0 0.7038 (Groves, 1996).
Similar low isotopic ratios are found in the shell remains, miner-
als, and tufa that precipitate when Owens River surface water
dominates the Panamint Valley (Stewart, 1998). The siliceous
alkalinerocks of the Owens River watershed tend to produce high
soluteratios of alkalinity to calcium (alk/Ca) in the surface water.

In contrast to Owens River—derived water, the Panamint Val-
ley groundwater has a low ak/Ca ratio. The flow path for the
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groundwater generally traverses isotopically evolved bedrock
and marine sedimentary rock (evolved with respect to chon-
drites), which consist of abundant Paleozoic carbonate lithol ogies
and Precambrian metasediment. Bedrock in the Panamint Range
(Wasserburg et a., 1964) and in the nearby region (DePaolo,
1981; Domenick et al., 1983) has enriched 87Sr/86Sr, ranging
between 0.7115 and 0.8040. Thus, groundwater flowing through
the continental bedrock islikely to have high 87Sr/86Sr, compared
to the Owens River surface path, which traverses abundant
siliceous, less isotopically evolved rock. Stewart et al. (2001)
found 87Sr/86Sr values of 0.7098-0.7104 from the highstand tufas
in Panamint Valley and 0.7159 from sulfate in the Panamint core
DH-3 drilled to the south of DH-1 in the basin depocenter. These
results support the interpretation that overflow from the Owens
River system produced thelargelakesin Panamint Valley and that
another water source, likely part of a deep aquifer, supported the
lake in which the sulfates were deposited.

Both the Sr isotope geochemistry reported by earlier work-
ers and the faunal data from this study are used to indicate the
presence or absence of Owens River flow into the Panamint Val-
ley. Carbonate sediments from Owens L ake core OL-92 also con-
tain Sr isotope ratios that range between 0.7091 and 0.7093 over
the last 25 k.y. (Stewart, 1998). In contrast, 87Sr/86Sr ratios from
Death Valley core DV93-1 range between 0.7132 and 0.7152 in
sediments spanning the last ~100 k.y. (Sr isotope data from Z.
Peterman, U.S. Geologica Survey, written commun.).

Previous Work

Pleistocene lacustrine features have been recognized in the
eastern Sierra and surrounding region since the late 1800s and
early 1900s (Russell, 1885; Gilbert, 1890; Gale, 19143, 1914b).
Lacustrine or wetlands gastropods were first reported in deposits
on the west side of Panamint Valley by Gale (1914b). Hanna
(1963) described additional gastropod locdlities from the high-
stand deposits. Planktonic microfossils associated with diatomite
deposits were reported during exploration for economicaly
viable evaporite deposits by American Potash and Chemical
Company in the 1950s (Wornardt, 1964).

R.S.U. Smith (1976) undertook the most detailed mapping of
lacustrine surficial featuresin Panamint Valley. Smith’sthorough
work concentrated on the highstands of the lakethat occupied ele-
vations of 580-610 m and 341-385 m. He also recognized inter-
mediate stands and low-elevation strandlines, but these were
given less attention. In addition to establishing a record of the
highstand features that ring the basin, including tufa, beach grav-
els, and molluskan assemblages, Smith documented late Pleis-
tocene tectonic deformation of the highstand shorelines. Smith
(1976, 1978) also reported numerous fossil localitiesin the basin
and named the ~600 m strandline after Gale, who first described
it in the literature (Gale, 1914b). The highstand of the lake in
Panamint Valley iscontrolled by aspillway to Death Valley at the
head of Wingate Wash (Fig. 1). The age and correlation of the
lower-elevation strandlines and their relation to late Pleistocene



Late Pleistocene lakes and wetlands

pluvia eventsare unknown. Severa different methods have been
used in attempts to date surficial and core deposits in Panamint
Valley over the past 20 yr.

U-series dating of highstand nearshore and spring-mound
tufa has yielded isochron ages between 54 and 91 ka (Fitzpatrick
and Bischoff, 1993). Tufa from Ash Hill gave 68 + 25 ka at
536 m elevation, with R2 = 0.848; marl in Water Wash gave 66 +
9 kaat 603 m, with R2 = 0.960, and 54 * 8 ka at 603 m, with
R2 = 0.927; Revenue Canyon tufagave 91 = 5 kaat 618 m, with
R2 = 0.997; and one gastropod-bearing marl gave 24 + 12 kaat
579 m from Bendire Canyon, but it had alow R? (= 0.432; Fitz-
patrick and Bischoff, 1993). The results suggest that the system
was open with respect to uranium, and therefore the ages were
considered not to be indicative of the depositional age and not
reliable (Fitzpatrick and Bischoff, 1993).

Chlorine-36 dating hasal so been applied to bouldersand tufa
lying on shorelinesinset on alluvia fans. The 3¢Cl exposure ages
on tufa and boulders from the Gale-stage shoreline at Pleasant
Canyon were 100150 ka at ~610 m €elevation, suggesting an
OIS 6 age. Tufa gave exposure ages of 70-80 and 84—-100 ka for
the ~580 m shoreline on Ash Hill (Phillips and Zreda, 1999);
theseare most likely minimum ages, a so suggesting an OI1S6 age
for the highstand.

Salt deposits recovered from Panamint drill-hole 3 (DH-3)
core (Smith and Pratt, 1957), drilled near the depocenter in the
southern part of the southern playa (Fig. 1), also indicate an open
geochemical system with respect to uranium and thorium (Fitz-
patrick et al., 1993). The U-seriesresults show large variation and
someagereversal down section, but in spite of that, they may pro-
vide approximate age ranges for successive 1525 m sections
(Fig. 2) (Fitzpatrick et al., 1993). Chlorine-36 dating of salt from
three horizons in DH-3 (Jannik et al., 1991), two of which are
within the depth interval shown in Figure 2, yielded significantly
older ages than the U-series results by ~60 to 100 k.y. and iden-
tical resultsat different depths (Fig. 2). In summary, the radiomet-
ric techniques have provided general constraints for the basin
evolution, but reversals, large age ranges in short stratigraphic
intervals, and largeanalytical errorsplaguetheresults (Fitzpatrick
and Bischoff, 1993; Fitzpatrick et al., 1993; Jannik et a., 1991).

OBJECTIVESAND METHODS

Numerous strandlinefeatures arefound over anearly 300-m-
elevation rangein Panamint VValley from just abovethe playafloor
to the spillway at Wingate Wash. Establishing whether these fea-
turesaretherecord of asinglelargerecessional lake event or mul-
tiple lacustrine events is a first step toward understanding the
evolution and rates of surface and tectonic processesin the basin.
Although significant work documenting the location and defor-
mation of the highstand strandlines has been completed (R.S.U.
Smith, 1976), the age and correlation of many intermediate stran-
dlines remain uncertain.

This study of |ate Pleistocene lakes was undertaken during a
regional, 1:100,000-scale effort to map surficial deposits of the
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Darwin Hills 30" X 60" quadrangle (Jayko, 2008). Many locali-
tieswith lacustrine deposits have been noted by previousworkers,
including: (1) south of Water Canyon at ~610 m elevation (Smith,
1976, Fitzpatrick and Bischoff, 1993; Stewart, 1998), (2) northern
end of Ash Hill at about ~520 m (Hall and MacKevett, 1962;
Smith, 1976; Fitzpatrick and Bischoff, 1993), (3) east of Panamint
Springsat ~550 m (Hall and MacKevett, 1962; Smith, 1976) and
Lake Hill at ~470 m (Davis, 1970), and (4) Big Four Mine road
(Davis, 1970; Smith, 1976). Locdlities described in previous
work, including Hanna (1963), Wornardt (1964), Davis (1970),
Smith (1976), and Hall and MacK evett (1962), were resampled.

Lacustrine and wetlands deposits were sampled from late
Pleistocene beach and nearshore deposits for macro- and micro-
faunal assemblages. Tufa, marls, and gastropods were collected
to constrain the age, duration, and characteristics of the water
bodies that occupied Panamint Valey. Emphasis was directed
toward sampling from intermediate and lowstand shoreline and
nearshore deposits in an effort to establish the elevation of the
Last Glacial Maximum lake in Panamint Valley.

The 14C dating method was used to identify deposits poten-
tially formed during OIS 2. Uncorrected IRSL and TL ageson silt
associated with marl-bearing wetland and lacustrine deposits and
36Cl ages on tufa provided minimum ages for some deposits at
intermediate elevations. Reexamination of the fossil-bearing
archived core extracted by Smith and Pratt (1957) provided paleo-
environmental information constrained by two 4C ages near the
top of the core. The DH-1 core was also sampled for amino acid
racemization (AAR) on ostracodes and ostracode identification.
The initial objective was to use the ostracode AAR ratios in the
coreto correlate to strandline deposits.

14C Dating

Charophyte and other algal tufa samples collected from shal-
low, nearshore lacustrine and wetlands deposits were acid etched
prior to analysis. Most of the surface tufa samples were selected
inthefield for optimum freshnessindicated by good preservation
of biogenic characteristics and minimal solution features; how-
ever, some amount of weathering, solution, and reprecipitation
wasevident in most samples. Ostracode sampleswere considered
too small for pretreatment and were processed as is. Plant ma-
terial was given an acid-akali-acid (AAA) pretreatment to re-
move carbonate and humic acid contaminants.

Radiocarbon analyses for this study were performed using
liquid scintillation (radiometric) and accelerator mass spectrom-
etry (AMYS) techniques. Radiometric samples were processed
with benzene and analyzed for 14C activity using liquid scintilla-
tion countersat BetaAnalytic, Inc., in Miami, Florida. AMS sam-
pleswere processed to pure carbon (in theform of graphite) at the
U.S. Geological Survey (USGS) Radiocarbon Laboratory in
Reston, Virginia. AMS dating was carried out at the Center for
Accelerator Mass Spectrometry (CAMS), Lawrence Livermore
National Laboratory, Livermore, California. The bulk-rock tufa
samples were dated by BetaAnalytic. Subsurface samplesfrom a
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4 m auger, the archived DH-1 core, and one stromatolitic tufa
sample yielded small volumes of handpicked material that were
analyzed usng AMS.

Quoted 14C agesin this study are in radiocarbon years using
the Libby half-life of 5568 yr and are normalized to a common
d13C of —25%o, following the conventions of Stuiver and Polach
(2977). Actual 313C valueswere measured for individual samples

when possible. These data are given in Tables 1A and 1B. Mea-
sured 313C vaues are shown with one decima place. Samples
that were not measured for 313C are shown as estimates without a
decimal place. Estimates are based on expected 313C values for
similar sample material.

We have not established areservoir effect for thisbasin, and
little has been reported about this potential error for nearby basins

TABLE 1A. RADIOCARBON DATES ON SHELL AND TUFA IN SURFICIAL DEPOSITS FROM PANAMINT VALLEY

Sample Conventional
location and radiocarbon

Site, elevation date* 8"°C Calibrated date'

_Fig. 1 (m, ft) (yr B.P.) (%o0) (cal yr B.P.) Depositional environment

1 475 (1560) 11,880 + 70 2.3 13,920-13,570 Reefal tufa with encased gastropods on
Lake Hill bedrock

2 500 (1640) 14,950 + 80 +3.5 18,580-17,990 Very large tufa mound on bedrock

3 357 (1170) 15,050 + 80 +2.2 18,640-18,060 Rhizoliths associated with “popcorn”-type
tufa characteristic of spring discharge

5 372 (1220) 20,190 + 130 -2.8 24,500-23,840 Lacustrine, nearshore, subwave base,
adjacent to wave-cut abrasion surface
with beach lag pebbles

6 384 (1260) 17,980 + 100 +2.2 21,770-20,830 Bedded, interbedded fine-grained
sandstone and silty marl; sample is
marl, lacustrine?

7 384 (1260) 21,110 + 160 25,060—24,690° Lacustrine, nearshore, subwave base,
adjacent to wave-cut abrasion surface
with beach lag pebbles

8 415 (1360) 17,130 £ 100 20,500-19,990 Lacustrine marl overlies brecciated spring-
mound-like tufa (dated material)

9 415 (1360) 14,150 + 80 17,310-16,440 Coarse cobble beach, lake transgressed
above this elevation at time of
stromatolite growth

10 415 (1360) 22,570 + 110 -22.1 26,690-26,440° Coarse cobble beach, lake transgressed
above this elevation at time of
stromatolite growth

11 500 (1640) 28,710 + 320 —26.1 33,890-33,180° Massive tufa, locally oxidized;
hydrothermally altered?

12 503 (1650) 13,980 + 80 -25.4 17,050-16,250 Lacustrine, nearshore, subwave base,
adjacent to wave-cut abrasion surface
with beach lag pebbles

13 506 (1660) 14,130 + 90 -23.9 17,300-16,400 Lacustrine, nearshore, subwave base,
adjacent to wave-cut abrasion surface
with beach lag pebbles

14 512 (1680) 18,020 + 110 —-25.4 21,880-20,890 Fringing reefal-like algal tufa overlain by
beach gravel

15 512 (1680) 22,600 + 130 —25.2 26,750-26,450° Fringing reefal-like algal tufa overlain by
beach gravel

4 518 (1700) 17,340 + 90 -25.1 20,840-20,190 Tufa clast, located above slope break and
wave-cut trimline, inferred to be relict lag
clast from wetland/spring environment

16 561 (1820) 32,550 + 270 —24.7 38,100-37,500° Nearshore deposit overlying abrasion

surface. Age considered finite, or reset

Note: Samples 1 and 2, which are from Lake Hill basin, are listed in order of ascending elevation; samples 3 to 16,
which are from Ballarat basin, are listed by ascending elevation.
*Radiocarbon date +10 using Libby half-life of 5568 yr, Beta Analytic.
'Radiocarbon date calibrated at +2c using CALIB v 5.0.2 program (Stuiver and Reimer, 1993) with the INTCALO4
data set (Reimer et al., 2004).
SConventional radiocarbon date calibrated (cal yr B.P.) after Bard et al. (1998).
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TABLE 1B. ACCELERATOR MASS SPECTROMETRY (AMS) RADIOCARBON DATES ON SHELL AND BIOGENIC
MATERIAL FROM SUBSURFACE SAMPLES IN PANAMINT VALLEY

Sample location and

Conventional radiocarbon

Site Sample number, elevation date” Depositional
Fig. 1 material dated (m, ft) (yr B.P.) environment
Base of black mat,

Auger 308-316 cm depth 468 (1536) 12,575 + 40 transition from lake
gastropods to spring

Auger 402 cm depth 466 (1528) 16,735 + 50 Lacustrine
ostracodes

DH-1 DH-1, 99" depth 286 (941) 24,880 = 160 Wetlands

plant material
DH-1 DH-1, 128-131" depth 277 (911) 40,710 = 760 Wetlands

ostracodes

Note: *C ages were determined at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore

National Laboratory, Livermore, California.
*Radiocarbon date +1¢ using Libby half-life of 5568 yr.

(Benson et d., 2003; Hajdas et a., 2004), although the effect is
described for Owens Lake (Benson et d., 2003). The reservoir
effect generally causes4C agesto be afew hundred to afew thou-
sand years too old because it takes time for atmospheric CO,
to completely exchange with lakes containing high concentra-
tions of dissolved carbonates. The 4C input equilibrium may be
achieved by exchange with atmospheric CO, at the lake sur-
face, whereas the inorganic carbon component derives from
total dissolved solids (TDS) in groundwater and runoff (cf. Geyh
eta., 1998).

The reservoir effect is greatest (worst) when the lakeissdine
and smdllest when the lake is fresh because of the relation between
TDS and concentration of dissolved bicarbonate and carbonate
content of the lake water. Radiocarbon dates from the ostracode
Limnocythere sappaensis will therefore represent the highest reser-
vair effect. In addition to the reservoir effect common to sodium
bicarbonate—carbonate lakes, the “ age” of dissolved inorganic car-
bon (DIC) can dso beimpacted by dead carbon derived from dis-
solved limestone. Charophytes obtain their photosynthetic carbon
from the inorganic carbon rather than the free CO, fraction (Mc-
Connaughey, 1991), so a4C age from charophyte tufawill reflect
thelake's carbon reservair, aswill 14C agesfrom ostracode shells.

Both Mono and Pyramid Lakes lie to the north of Panamint
Valley, west of the rain shadow generated by the Sierra Nevada
Range and along the west side of the Great Basin. The reservoir
effect at Pyramid Lakeisconsidered either negligible or 600 yr at
thetime of the ca. 28 kaMono L ake magnetic excursion (Benson
et a., 2003a). This makes the reservoir effect in Owens Lake
either ~450 or ~1050 yr at ca. 28 ka during the Mono Lake ex-
cursion (Benson et al., 2003b) because the age control for the ex-
cursion isconstrained by 14C agesat Pyramid Lake. Thereservoir
effect appearsto be negligible or absentin Mono Lake at that time
(Benson et al., 1998, 2003b; Benson, 2006, written commun.). In
theabsence of constraining reservoir-effect datafor Panamint Val-
ley, we report the conventional 14C ages here (Tables 1A and 1B)

following other workersin the Mojave area(cf. Wellset al., 2003;
Anderson and Wells, 2003).

Amino Acid Racemization

The principles and applications of amino acid racemization
(AAR) have recently been reviewed by Wehmiller and Miller
(2000). After synthesis by an organism, proteins and their con-
stituent amino acids degrade through a complex series of biogeo-
chemical reactions. The extent to which these reactions have
progressed in afossil is proportional to the length of time elapsed
since the organism lived and to the ambient temperature of there-
action medium. The most geochronologically reliable of the com-
plex network of diagenetic reactionsisAAR, which involvesthe
interconversion of L-amino acids to their D-isomeric configura
tions. Mot living organisms use amino acids exclusively in the
L-configuration. Upon death and removal of biologic constraints,
the L-amino acidsbegin to racemizeto their D-configuration. The
abundance of D relative to L forms (D/L) defines the extent of
racemization for aparticular amino acid. Theratio increaseswith
time and temperature until the rate of formation of D-amino acids
is compensated by the reverse reaction, and the ratio reaches an
equilibrium value of 1.0. Inthisstudy, wefocuson the D/L values
of aspartic acid (Asp) and glutamic acid (Glu).

Theanalytical procedureusedinthisstudy waspresented pre-
vioudy in Kaufman and Manley (1998; modified by Kaufman,
2000). Shells were cleaned using standard procedures and hy-
drolyzed individually in separate microreaction vials by dissolv-
ing in 6 M HCI, sedling under N,, and heating at 110 °C for 6 h.
The high performance liquid chromatograph analysis employed
precolumn derivatization with o-phthal dial dehyde together with
the chira thiol, N-isobutyryl-L-cysteine, to yield fluorescent
diastereomeric derivatives of chiral amino acids. The derivatiza-
tion was performed online prior to each injection using an auto-
injector. Separation was by areverse-phase column packed with a
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C, Stationary phase using a linear gradient of agueous sodium
acetate, methanol, and acetonitrile. Detection was by fluores-
cence. Each single-shell subsample wasinjected once.

Weanalyzed D/L valuesfor 17 monospecific samplesof os-
tracodes and gastropods from 10 sites in Panamint Valley and
for eight samples from four sites in Owens Valley (Table 2).
Each sample was composed of 6-21 individual valves (aver-
age = 11; more for ostracode samples than for gastropods).
Some samples included individual shells with D/L values that
were much different than the others of the group. Subsamples
with D/L valuesbeyond *+ 2¢ of the mean of therest of the group
were excluded from the cal culations. Of the 275 subsamples an-
alyzed in this study, 27 (9.8%) were rejected. Following data
screening, the intervalve variability in Asp and Glu averaged
6% and 7%, respectively, for the 25 samples (the standard errors
of the mean were considerably lower). This intershell variation
isless than that typically reported for single-age populations of
mollusks (Miller and Brigham-Grette, 1989) and ostracodes
(Kaufman, 20033, 2003b), and it attests to the integrity of the
samplesfor amino acid analysis.
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Chlorine-36

Chlorine-36 surface-exposure dating isone of afamily of ter-
restrial cosmogenic nuclide (TCN) dating methods (Gosse and
Phillips, 2001). These methods rely on the accumulation of rare
nuclides that are produced in rocks by the action of galactic cos-
mic radiation. Chlorine-36 is produced by high-energy neutron
reactions (spallation reactions) on the nuclel of K and Ca atoms
and by low-energy neutron (thermal and epithermal) absorption
reactions by the nucleus of Cl. Given the high Ca concentration
of tufa, itisin principle aquite suitable material for 36Cl surface-
exposure dating. The half-life of 36Cl is301,000 * 4000 yr. Gosse
and Phillips (2001) provided a comprehensive description of 3Cl
surface-exposure dating and the methodol ogy for its application.

Samples of tufawere collected from outcrops, ground to fine
sand size, and leached in deionized water to remove any adsorbed
meteoric 3¢Cl or 3¢Cl fallout from nuclear weapons testing. This
leaching should also have removed any chloride-containing dis-
solved or particulate saltsthat might have infiltrated the tufa dur-
ing exposure on the outcrop. Masses of the sample material,

TABLE 2. RESULTS OF AMINO ACID ANALYSES ON OSTRACODES AND GASTROPODS, PANAMINT AND OWENS VALLEYS

Map site # Field ID Age* (ka) or Taxon n Asp avg 1o Glu 1o

elevation (m) D/L D/L

ex? avg

Panamint ostracodes older than OIS 2
Core DH-1131-134 >41 ka Candona patzucuaro 17 1 0.422 0.010 0.127 0.008
Core DH-1 131-134 >41 ka Cyprideis beaconensis 16 0 0.403 0.006 0.116 0.006
Core DH-1 191-194 - Candona patzucuaro 20 1 0.477 0.008 0.163 0.007
Core DH-1 191-194 - Cyprideis beaconensis 14 1 0.451 0.005 0.143 0.004
33 181-02 564 m Candona 11 2 0.490 0.038 0.405 0.052
51 193-02 597 m Candona 13 3 0.563 0.050 0.520 0.068
Panamint gastropods older than OIS 2
51 193-02 597 m Helisoma 9 1 0.760 0.057 0.692 0.047
51 193-02 597 m Amnicola 9 3 0.776 0.049 0.754 0.036
38 189-02 604 m Amnicola 10 0 0.734 0.058 0.735 0.078
38 189-02 604 m Valvata 8 1 0.690 0.058 0.663 0.033
33 181-02 564 m Helisoma 9 1 0.702 0.048 0.660 0.040
33 181-02 564 m Lymnaea 4 2 0.682 0.035 0.683 0.037
31 177-02B 552 m Helisoma 10 0 0.714 0.046 0.689 0.040
31 177-02B 552 m Amnicola 6 2 0.719 0.053 0.725 0.070
31 177-02D 552 m Amnicola 7 2 0.706 0.044 0.694 0.032
30 179-02 552 m Helisoma 6 2 0.694 0.034 0.617 0.027
30 179-02 552 m Vorticifex 9 1 0.649 0.068 0.604 0.060
Owens ostracode OIS 2
Oov-1 | 202-02 | 207ka | Candona 19 1 0.448 0.015 0.298 0.012
Panamint ostracode OIS 2
15 | 02AJ-03 | 17ka | Candona 7 1 0.533 0.020 0.545 0.039
Owens gastropods OIS 2 and younger
OoV-1 202-02 20.7 ka Helisoma 8 1 0.642 0.058 0.444 0.041
OV-1 202-02 20.7 ka Vorticifex 6 1 0.615 0.048 0.458 0.028
oVv-2 201-2B 9.9 ka Helisoma 10 0 0.654 0.036 0.383 0.016
ov-2 201-2B 9.9 ka Vorticifex 10 0 0.635 0.024 0.384 0.012
ov-2 201-2B 9.9 ka Valvata 10 0 0.638 0.030 0.364 0.017
Interlaboratory Comparative Standards (Wehmiller, 1984)
3834 ILC-A - - 2 0 0.383 0.001 0.194 0.002
3835 ILC-B - - 2 0 0.695 0.001 0.428 0.001
3836 ILC-C - - 2 0 0.854 0.006 0.846 0.011

*Ages are conventional “C ages in thousands of years before present (ka).
'n = number of separate subsamples, each composed of a single shell, used to calculate the sample D/L mean = 10.
$ex = number of additional subsamples excluded from the analyses because the DIL ratios fell beyond 20 of the mean of the others.
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ranging from 20 to 125 g, were dissolved in diluted nitric acid to
extract Cl, and 1-3 mg of Na>Cl isotopically labeled (35CI/37Cl
= 99%) carrier was added during sample dissolution. The super-
natant was centrifuged, and excess AgNO, was added to precipi-
tate, as AgCl, the natural Cl and cosmogenic 3¢Cl released from
the calcite and the 35Cl carrier.

The resulting AgCl precipitate was purified of S (which
interferes with the 36Cl analysis as the 3S isobar) using standard
procedures (Zreda, 1994). The purified and dried AgCl was then
sent to the PRIME Laboratory at Purdue University for accelera-
tor mass spectrometry analysis of the 36Cl/Cl ratio and the 35Cl/Cl
ratio (ElImore et al., 1979). The spreadsheet program CHLOE
(CHL Orine-36 Exposure age) was used to calculate the 3¢Cl/Cl
ratio and Cl concentration of the samplesbased on the 3Cl/Cl and
35CI/Cl analyses, sample mass, and mass of added 35Cl carrier
(Table 3) (Phillips and Plummer, 1996).

The CHLOE vaue herein is based on the cosmogenic
nuclide production equations summarized by Gosse and Phillips
(2001). The high-energy cosmic-ray flux is calculated based on
standard exponential attenuation with mass depth, and the spalla-
tion production rate is proportional to that flux. The model then
uses this flux distribution as the source term for the calculation
of the epithermal and thermal neutron fluxes by means of the
diffusion equations derived by Phillips et al. (2001). The spatia
distributions of low-energy neutron fluxes are used to calculate
the 38Cl production by epithermal and thermal neutron absorp-
tion. Production parameters given in Phillips et al. (2001) and
Stone et al. (1998) are used in the model.

CHL OE aso computes production rates due to primary and
secondary effects of the cosmic-ray muon flux, using approaches
anal ogousto those aready described. The spatial scaling (latitude
and elevation) in CHLOE isbased on Lal (1991). No corrections
to the production rate due to secular variation of the geomagnetic
field were employed. The production parametersin Phillips et al.
(2001) were calibrated using samples from the approximate age,
elevation, and latitude of the Panamint Valley samples. Correc-
tion for secular variation using this data set did not produce a bet-
ter calibration (Lal, 1991). Improved spatial and temporal scaling
methods have recently been published, but they would not be con-
sistent with the Phillips et al. (2001) calibration, and we do not
believe that employing them on top of that calibration would
improve dating accuracy. The program al so computesthe concen-
tration of nucleogenic 35Cl (i.e., produced as a secondary result of
radioactive decay or fission reactions within the minerals) in the
sample and subtracts it from the measured total 35Cl to obtain the
cosmogenic 3¢Cl concentration.

Bulk chemical analyses were performed by X-ray fluores-
cence (XRF) and prompt gamma emission spectrometry but were
not used to compute ages because the tufas contained significant
amounts of detrital silicates that were not dissolved during the
nitric acid processing of the samples. The samples were assumed
to consist of calcite with minor trace elements. Based on stoi-
chiometry and on measurements of trace elements, agesfor all of
the tufas were computed using the following composition: CaO
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56%, CO, 44%, B 20 ppm, Gd 12 ppm, Sm 12 ppm, U 2 ppm,
and Th 1 ppm. Cl concentration and 36Cl concentration were
determined for each sample based on the 35Cl carrier isotope-dilu-
tion mass spectrometry analyses.

Calculated 38Cl ages are given in Table 3. Apparent cosmo-
genic ages are affected by erosion; therefore, agesin Table 3 are
given for three hypothesized erosion rates: 0, 1, and 3 mm/k.y.
Based onfield observationsand general observationsof bare-rock
calciteerosionratesinarid environments, webelievethat theactual
erosionratesprobably liebetween 1 and 3mm/k.y. Fortunately, the
ages are relatively insensitive to erosion rate. Reported 36Cl age
uncertaintiesreflect only 36Cl analytical uncertainty and are given
as plus or minus one standard deviation. These quoted uncertain-
ties are undoubtedly an underestimate of the actual uncertainties.
Empirical evidence indicates that a more compl ete evaluation of
age uncertainty, including factors such aserror in chemical analy-
ses and uncertainty in production parameters, yields total age
uncertaintiesin therange of 10%—-15% (Phillipset a., 2001).

Thermoluminescence (TL) and Infrared Stimulated
Luminescence (IRSL)

Samples for luminescence dating were collected from silty
marl or massive silty sand associated with tufas. Samples were
obtained by scraping away ~10 cm of sediment and hammering
a 6.35-cm-diameter opaque polyvinyl chloride tube horizontally
into the outcrop wall. The sediment cylinder recovered was
capped and wrapped with black plastic for transport. Additional
sediment was collected from inside the core hole for moistureand
dose rate determinations. Samples were double sealed in airtight
bags to prevent loss of moisture.

Luminescence analyses were carried out in subdued orange-
light conditions. Five centimeters of sediment was removed from
each end of the sampl e pipesto prevent the possibility of contami-
nated sediments being dated. This sediment was added to the bulk
sample for dose rate estimation. Luminescence measurements
were made on the central section of the sediment cylinder, which
wasleast likely to have been exposed to sunlight during sampling.

Samples were treated with 10% HCI and 30% H,O, to
remove carbonates and organic matter and then sieved to extract
the fine silt (because this was considered the dominant grain size
for many of the sampled deposits). Both TL and IRSL (the opti-
caly stimulated luminescence that uses infrared wavelength
stimulation on K-feldspars) were performed on a polymineralic
(no minera separation) fine silt fraction (4-11 um).

All measurements were made at 30 °C for 40 s after a pre-
heat step to 125 °C for 48 h. The extracts from all samples were
dated using the total-bleach multiple-aliquot additive-dose
(MAAD) method (Singhvi et al., 1982; Lang, 1994; Richardson
et d., 1997; Forman and Pierson, 2002). At least two attempts
were made per IRSL sampleto provide MAAD ages. Anomalous
fading tests on the stability of the luminescence signal indicated
littleto no signal instahility (recording ratios of 0.88-1.11). These
values are a ratio of luminescence emission after storage of
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>30-60 d divided by the immediate measurement; aratio of 1.0
indicates stable luminescence.

Most ionizing radiation in the sediment is from the decay of
isotopes in the uranium and thorium decay chains and the radio-
active potassium isotope 40. Bulk samples of at least 600 g were
collected from the sampl e sites after the luminescence sample had
been taken. In the laboratory, the bulk samples were counted on a
high-resolution gammarray spectrometer for measurements of
uranium, thorium, and potassium. The cosmic-ray dose rate was
estimated for each sample as a function of depth, atitude, and
geomagnetic latitude (Prescott and Hutton, 1994). Disequilibrium
(between U and Th elemental concentrations) was discovered in
one sample, and no attempt was made to generate any IRSL ages
from that site.

The water content was assessed in the laboratory using
sedled field samples (generally ~1% = 0.5%) that were taken
before the luminescence samplewas collected. An arbitrary value
of the samplé€’s saturation moisture content throughout its depo-
sitional lifetimewas assumed to be either 15% or 20%. Saturation
vaues used were 15% for sandier sediment and 20% for siltier
sediment. Ages were generated using a dose rate that assumed
a 15%-20% water content, as this was a midpoint between the
very dry field moisture and a fully saturated field moisture of
25%-45%. Alphaand beta contributionsto the doseratewere cor-
rected for grain-size attenuation (Aitken, 1985).

Field moisture and saturation moisture (potentia of the sed-
iment for holding a certain % of water during periods of moisture
influx) were routinely measured. For the Panamint samples, the
field moisture was between 1% and 3%, and the saturation mois-
ture was between 25% and 45%, depending on how much of the
sample was fine-grained (silty/clays). The errors on the dose rate
change with increased water content were ~0.1% per every 5%
water increase. These are reflected in the dose rate error. The full
range (20% = 20%) is dready accounted for in the change of the
absorbed dose (dose rate) that the sample sees (again assuming
linear uptake), assuming the moi sture content was sometimes 1%,
but other times more like 25%.

OSTRACODESAND MAJOR DISSOLVED-ION
COMPOSITION

Jones (1966) and Eugster and Jones (1979) discussed how the
solute composition of natural waters changeswith mineral precip-
itation, water-rock interactions, clay-mineral exchange, or redox
reactions. Briefly, the solutes in dilute meteoric waters become
increasingly concentrated by evaporation (lower effective mois-
ture, climate effect) and (or) soluteinput fromwater-rock reactions
(chemical hydrology, hydrology effect) until cacite saturation is
reached. Then, with continued evaporation and (or) input from
water-rock reactions, calcite (or aragonite) precipitates variously
under equilibrium or nonequilibrium conditions, resulting in the
eventual depletion or enrichment of either Ca or total carbonate
akalinity (alk) at the CaCO, chemical divide. Depletion or enrich-
ment occurs because cations (Ca) and anions (HCO,, CO,) arelost
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from solution in equivalent proportions to form CaCO,, and the
origina ak/Ca(in equivaents) ratio israrely equal to one.

The relative gain or loss of Ca or ak from the water estab-
lishes the alk/Ca value, either high or low, and defines a triple-
point boundary (Forester et a., 2005; http://Aww.kent.edu/nanode/)
between three mgjor solutetypes (Table4): (1) those dilutewaters
that are dominated by Ca and alk or in which those solutes are
common; (2) those in which alk is enriched relative to Ca, and
(3) those in which Cais enriched relative to alk. Type one must
befreshwater and typestwo and three are commonly salinewater.
Ostracodes are sensitive to all three solute types (Forester, 1983,
1986, 1987, 1991; Forester et d., 2005; Smith, 1993).

Water Chemistry—Owens River System

In Panamint Valley and nearby basins, type 1 watersare com-
mon, especially at higher elevation, and they al so represent basin-
inflow waters (Table 4; see examples in Bradbury and Forester,
2002). Lakes along the Owens River system, e.g., Owens, Sear-
les, and also low-€elevation groundwater discharge, are typicaly
type 2 water because they are the product of volcanic rock-water
reactions and evaporative concentration (Table 4; Eugster and
Jones, 1979; Bradbury and Forester, 2002). Alluvia and regional
aquifer groundwaters in Death Valley are typically type 1 water,
whereas sometype 3 groundwatersin the south end of Death Val-
ley rich in Ca are interpreted as hydrothermally derived and
related to amidcrustal magmabody (Li et a., 1997; Steinkampf
and Werrdll, 2001).

We lack mgjor dissolved-ion chemistry for waters in the
Panamint Valey. However, as is true throughout the region,
springs along the basin margin having water derived froman allu-
via aguifer likely are type 1 waters. Carranza (1965) reported
TDS values from two spring/wetlands in Panamint Valley with
values of 5880 mg/L and 175,000 mg/L aswell asahigh Cl con-
tent (2250 and 15,000 mg/L) and neutral pH (8.0 and 7.5, respec-
tively). These waters, like the hydrothermal waters in Death
Valley, must be type 3 waters, because type 2 waters are charac-
terized by very high pH (>9.0), aswell as being Ca-depleted and
alk-enriched (Forester et a., 2005).

There are several ostracode speciesin core and outcrop sedi-
ment samples from the Panamint Valley that areimportant for the
paleohydrological interpretations, including Candona caudata,
Limnocythere ceriotuberosa, L. sappaensis, L. staplini, Cyprideis
beaconensis, and C. salebrosa (Table 4; Forester et al., 2005).
Summaries of genera hydrochemical and physical environmen-
tal habitats for each species as well as interpretations in the con-
text of Panamint Valley paleoenvironments are summarized in
Table 4 and at http://www.kent.edu/nanode/.

PLEISTOCENE LAKES
The following description of Pleistocene lakes in Panamint

Valley is divided into three sections. The first section concerns
correlation and palecenvironmenta indicators of the older, high-
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elevation Gale strandlines (Smith, 1976), which lie between 550
and 600 m elevation. These strandlines are constrained to be ol der
than ca. 50-70 kaand younger than the 620 ka Lava Creek B Tuff
(Vogel et al., 2002). The second section describes new pal eonto-
logical information about the fossil-bearing section of the
archived core collected by Smith and Pratt (1957). The core pro-
videsinsight into the sources of water for the OIS 2 lake and for
the older, shallow lake and wetland deposits that probably range
in age from about OIS 3to OIS 5. Thethird section describes evi-
dence for the shoreline elevation and source of lacustrine water
during OIS 2, based primarily on surface exposures, a4 m auger
sample, and new 14C ages (Tables 1A and 1B).

Highstand (Gale) Strandlines

The Gale strandlines have been previously mapped between
~600 and 560 m elevation in the basin (Smith, 1976). We col-
lected samples from five areas. Nadeau Road, upper Water Can-
yonwash, and lower Water CanyonwashintheBallarat basin; and
Big Four Mine road and Panamint Springsin the Lake Hill basin
(Fig. 1). Lacustrine and wetland gastropods including Carinifex
., Amnicola p., and Valvata sp. are abundant in nearshore
deposits above 550 m elevation, but they are far rarer and gener-
ally sparse at lower elevations. They were not found below 415 m
elevation in surficial deposits exposed in the basin. Fine-grained,
friable, silty marl was collected that contained ostracode assem-
blagesthat were used for pal eoenvironmental determinations. The
Nadeau Road locality was also sampled for IRSL/TL analysis.

Nadeau Road

The Nadeau Road site lies west of the Ash Hill fault on the
flanks of Bendire Canyon between ~580 and 597 m €elevation.
Hanna (1963) described a diverse aquatic gastropod fauna at
561 m elevation from this site and al so noted that the assemblage
was nearly identical to that collected from high shorelines in the
Searles Lake Basin. The assemblage was identified as Limnaea
(Polyrhytis) kingii (Meek), Stagnicloa kingii (Meek), Lymnaea
kingii (Meek), Radix ampla, and Galba utahensis. The stratigra-
phy of the site includes a coarse, cross-bedded cobble beach
deposit that overlies awhitish, silty, fossiliferous, diatomaceous
marl (Figs. 3A—-3C) (Smith, 1976). Algal tufa mounds overlie
beach deposits and are interbedded with the beach gravels; large
colonia mounds also underlie the whitish marl.

Eight samples were collected from an ~1.5 m section of di-
atomaceous marl for ostracode identification. Two samples were
collected for IRSL/TL analysis, one from the overlying silt and
onefrom near the base of the section (site 40, Fig. 3B, Table5; and
AJ4andAJ5, Table 6). Thefine-grained sediment containsadi-
verseostracode assemblage (Table5) including rare Limnocythere
ceriotuberosa, which is indicative of cold, fresh to saline, high
alk/Ca solute-dominated waters, suggesting an Owens River
source. The presence of L. ceriotuberosa implies a filling or
through-flowing lake, or aterminal lake that is not losing much
water to evaporation. Cyprideis salebrosa is an estuarine species
common to the Gulf of Mexico along theAtlantic coast aswell as

Jayko et al.

inland saline springs east of the Rocky Mountains. The assem-
blage of Cyprideis salebrosa, Cypridopsis vidua, Limnocythere n
., Limnocythere ceriotuberosa, and Limnocythere itasca indi-
cates a low alk/Ca solute-dominated water, suggesting a deep
groundwater source discharging on the margin of alake. The site
isproximal to the Ash Hill fault zone, which may have produced
localized groundwater discharge.

Thesilt that overliesthe diatomaceous marl and underliesthe
cross-bedded cobble beach conglomerategave IRSL and TL ages,
respectively, of 13.7 and 21.3 kanear the top of the section (sam-
pleAJ4, Fig. 3B, Table6). IRSL and TL agesof 51.3 and 64.6 ka
were obtained near the base of the diatomaceous marl section
(AJ5, Fig. 3B, Table6). Fitzpatrick and Bischoff (1993) obtained
aca. 24 + 1.0 kaU-series age on tufafrom this site. The anoma-
lously young U-series and IRSL/TL ages suggest that the deposit
was open to groundwater or spring discharge, and they are not
considered to be indicative of the age of deposition (Fitzpatrick
and Bischoff, 1993).

Upper Water Canyon

The upper Water Canyon site (Smith, 1976) liesin the west-
ern Ballarat basin between ~610 and 585 m elevation where
beach and nearshore deposits overlie Paleozoic bedrock south of
the active wash (Fig. 1). Thisis one of the best-known highstand
beach depositsin the Panamint Valley. The site lies on the oppo-
site side of the valley from the well-preserved shorelines mapped
by Smith (1976) near Ballarat (Fig. 4A).

The upper Water Canyon location includes awell-developed
abrasion surface at ~610 m elevation overlain by large (meter-
scale) colonia-type agal tufa and thick aguatic gastropod
coquinas cemented by tufa and pebble-cobble beach deposits
(Figs. 4B—4D; Smith, 1976). Gastropod coquinas dominated by
Helisoma newberri and Stagnicola sp. are also interbedded with
~1-10-m-thick diatomaceoussilt and marl (Fig. 4D). Gastropods
were analyzed for AAR from site 38 at thislocality (Tables 1 and
4). Two U-seriesages of 66 and 54 kaon tufaare considered mini-
mum ages (Fitzpatrick and Bischoff, 1993).

Lower Water Canyon

The lower Water Canyon sample sitesliein the western Bal -
larat basin between ~551 and 563 m elevation north of Water
Canyon wash (Fig. 1). Lacustrine and wetlands deposits are pre-
served onthewest side of ahorst block that lieseast of the Ash Hill
fault zone. Cobble beach lag clasts, tufa, and silty marl overlie an
eroded Tertiary vol canicbedrock surfaceat ~551-560melevation.

Atsite30(Figs. 1, 5A, 5B), charophytic tufarestsdirectly on
bedrock, and lag clasts of a cobble beach deposit are present at
~555 m elevation. Downslope afew meters, tufalocally overlies
gastropod-bearing silt, which overlies silty whitish marl (Fig. 5B,
with hand auger in sample hole). Gastropods collected from 555
m elevation at ~25 cm depth were dated at 32,550 + 270 “C yr
B.P. (Jayko et al., 2001), but we consider this age to be alimiting
minimum, as secondary cal careous cement or tufawas present on
the shells. No evidence was found elsewhere in the basin for an
OIS 2 gtrandline at this elevation.
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Figure 3. Photographs of site 40, located at ~570 m elevation on the Nadeau Road. (A) Location of lacustrine deposits. (B) Diatomaceous marl and
overlying silt where samples were collected for IRSL-OSL (infrared stimulated |uminescence-optically stimulated luminescence)/thermolumines-
cence (TL) and ostracode pal eoecology. (C) Large mound of lacey orbicular tufathat overlies well-rounded, well-sorted beach cobbles.

Atsite 31 (Figs. 1, 5A, 5C), marl isexposed in thefloor of the
wash to ~20 cm above the base of the wash. The marl isoverlain
by angular-subangular aluvium derived from Paleozoic bedrock
to the west, which is in turn overlain by colluvium derived from
the Tertiary volcanic rock exposed on the horst block to the east
(Fig. 5C). An ~40-cm-deep auger sample was taken at this local-

ity. Gastropods are abundant in the silty marl from the top of the
marl in the wash exposure to ~20 cm depth. The marl isunderlain
by compacted gastropod-barren mud. Gastropodswere auger-sam-
pled at 20 cm depth for AAR analysis (Table 2, field ID 177-02).
Site 33 lies at ~564 m elevation where silty whitish marl
and local 10-20-cm-thick gastropod-bearing coquina beds are
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TABLE 5. OSTRACODES FROM SURFICIAL DEPOSITS AND DH-1 CORE (continued)
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TABLE 5. OSTRACODES FROM SURFICIAL DEPOSITS AND DH-1 CORE (continued)
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Figure 4. Photographs of sites constraining age of Gale strandline. (A) Pleistocene aluvia gravels near Ballarat with overlying abrasion surface and
Pleistocene shorelines. Zircons from tephra at the base of the section are ca. 900 ka (Vogel et a., 2002), and two higher tuff beds are stratigraphi-
caly correlative with the Bishop Tuff (760 ka) and Lava Creek B ash (ca. 620 ka), constraining the shoreline age and discharge to Death Valley to
be younger than 600 ka. (B) Location of sample sites south of Water Canyon at ~600 m elevation. (C) Colonial or coralline-typeagal tufa. (D) Loca
tion of sample collected for amino acid racemization (AAR) analysis at site 38. Backpack for scale near bottom of leader.

exposed in awash cut (Figs. 5D and 5F). The marl isoverlain by
~3-4 m of weathered aluvium with distinct rubified clay films
present. Thenorth-facing wash cut was excavated and sampled for
gastropods and ostracodes (Table 5). A bed of well-rounded beach
cobbles overlies siltstone and marl up-wash from this site at
~580-585 m elevation (Fig. 5E, site 34).

Big Four Mine Road

The Big Four Mine site (Davis, 1970; Smith, 1976) lies
between ~560 and 597 m elevation on the east side of the Lake
Hill basin south of the Big Four Mine road. The deposits are pre-
served on a horst block that lies west of the Panamint fault zone.
Thetop of the horst block isflattened by awave-cut abrasion sur-
face, and thewest side of the horst exhibitsawave-cut notch over-
lain by well-bedded, thinly laminated, fine-grained sediment and
marl deposits. Gastropods and ostracodeswere collected for AAR
analysis from this site (Table 2). Davis (1970) reported a finite,

ca. 52 ka 14C age from this site during archaeological investiga-
tions of the Lake Hill area.

Panamint Springs Delta Foresets

Delta foreset deposits were recognized by Hall and Mac-
Kevett (1962) and Smith (1976) in small bluffs a few hundred
meters northeast of Panamint Springs between ~548 and 555 m
elevation. A thinly bedded, gastropod-rich horizon and reces-
sional beach deposit overlie the delta foreset beds. Although this
locality contains some thinly bedded marls with 10-30-cm-thick
gastropod coquinas, the preservation of both ostracodes and gas-
tropods from this locality is extremely poor. The gastropods are
altered and thus too friable to collect. Two samplesfor IRSL/TL
analysis were collected from sandy silt that underlies the gastro-
pod-bearing horizon. SampleAJ1 gave TL agesof 47.5 £ 5.7to
67.3 = 11.2 ka; however, the down-section and stratigraphically
lower sample AJ2 gave TL agesof 345 = 1.87t050.3 = 11.1



Figure 5. Photographs of sites constraining age of Gale strandline. (A) View looking east showing location of sites 30 and 31 a ~550 m elevation
where samples were taken for amino acid racemization (AAR) on gastropods and ostracodes. The sites are inset on eroded Tertiary volcanic rock
(Tv). Hill behind the sites is upthrown Tertiary volcanic rock that lies on the east side of a strand of the southern part of the Ash Hill fault zone.
(B) Depositional features at site 30, including tufa overlying bedrock and marl; auger islocated in sample hole. (C) Marl exposed in wash at site 31
with shovel handle at sample site. (D) Marl with gastropod coquina exposed at site 33 in wash at ~555 m elevation. (E) White silty marl overlain
by very well-rounded beach cobbles. (F) Close-up of gastropod coquina from site 33.
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(Table 6). These ages are considered minima because paleoeco-
logical results from core DH-1 described in the next section pre-
clude a large deep lake during this time interval. The elevation
of this location exceeds the divide that separates the basins by
~35 m; thus, deltaic deposits at this elevation indicate a single
large lake in Panamint Valley.

Summary of Highstand Paleoenvironmental Indicators

The ostracode assemblage (Table 5) from the deposits at
550-600 m eevation indicates mixing of water discharged from a
regional groundwater aquifer near active faults with the cold fresh
lake(cf. Forester et ., 2005). Groundwater discharge may befault-
controlled dong the Ash Hill fault at the Nadeau Road locdlity and
the Panamint fault zone at the Lake Hill Mine locality. The second
ostracode assemblage contains species, including Cyprideis beaco-
nensis, that require low alk/Ca, type 3 solutes, which may indicate
an origin similar to the CaCl, waters that discharge from springs at
the southern end of Death Valley today (Li et a., 1997). Cyprideis
salebrosa is common in this modern assemblage today and isaso
found living inland in springs east of the Rocky Mountains where
itisassociated with bird flywaysfromthe Gulf of Mexico. We spec-
ulate that its presence may imply that bird flyways during the time
of deposition were west-northwestward rather than north-south,
likely dueto continental glaciers covering the northern land area.

Correlation of the Gale Highstand Deposits

Three siteswere selected for AAR analysis (Fig. 1; Table 2):
upper Water Canyon, lower Water Canyon, and the Big Four
Mine Road. Gastropods of the genera Helisoma (Carinifex), Vor-
ticifex, Amnicola, Lymnaea, and Valvata, and ostracodes of the
genus Candona were analyzed. Two or more genera, each com-
prising a separate sample, were analyzed from most stratigraphic
horizons. Helisoma (Carinifex) newberri was the most common
gastropod genus. The rate of racemization in thistaxon was com-
pared with several othersin stratigraphic horizonswhere they co-
occurred with other species (Table 2). The results show that both
Asp and Glu racemize at the same rate in Helisoma, as with all
the gastropod genera analyzed in this study except for Amnicola,
which exhibits higher ratios. The data al so show the expected dif-
ference between the much higher rates of racemization in gas-
tropods compared with ostracodes (e.g., Laabs and Kaufman,
2003) from the same stratigraphic horizon (Fig. 6).

The extent of AAR can be used to estimate numerical ages
wheretherate of racemization is calibrated based on independent
age control for aparticular region and aparticular taxon. Agesfor
the gastropods from Panamint Valley can be estimated roughly by
comparing D/L ratios with other snails of known ages, combined
with reasonable assumptions about temperature history. For this
analysis, we focused on the Glu data, which seem to provide the
most reliable chronometer for gastropods with D/L > 0.5 (e.g.,
Laabs and Kaufman, 2003). We rely on the calibration curve
derived for dated shells from in and around the Grand Canyon
(Kaufman et al., 2002).
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Figure 6. Comparison of the extent of racemization (D/L) in coeval sam-
plesof Carinifex and other gastropod taxa (datain Table 6) from the same
stratigraphic unit for (A) aspartic acid and (B) glutamic acid. Error bars
are =10 of multiple subsamples (intershell variation). Lines show one-
to-one relations.

Application of the D/L values from Panamint Valley to this
calibration yields an average age of ca. 210 ka for the 550 and
610 m shorelines. Because the D/L values in gastropods from
these two shorelines overlap, so do their ages. This estimate is
probably a maximum age because temperatures in Panamint Val-
ley are higher by at least several degrees, and therefore the long-
term rate of racemization is probably higher in Panamint Valley
compared with the sites used to derive the Grand Canyon calibra-
tion curve (Kaufman et a., 2002). Higher late Quaternary tem-
peratures are inferred from a comparison between present mean
annua temperatures, which are ~18 °C for Panamint Valley and



174

16 °C for the Grand Canyon samples. Qualitatively, on the basis
of the differencein temperature, the maximum ages estimated for
the Panamint Valley shorelines are probably severa tens of thou-
sands of yearstoo old. An age approximately in the range of OIS
6 is permissible based on thisanalysis.

The38Cl results (Table 3) give disparate ages, some of which
are younger than independent geological and geochronological
data. We have identified four possible origins for apparent bias:
(1) chemical erosion of the tufa surfaces, (2) coverage of the tufa
by lacustrine or aluvia deposits that have subsequently been
eroded away, (3) fractionation of Cl isotopes during dissolution
of the samplesin nitric acid, and (4) loss of 36Cl during subaerial
recrystallization or diagenesis of the tufa.

Hypothesis 1 is discounted because we calculated apparent
age as afunction of erosion rate, and the variation in age was not
nearly large enough to explain any potential discrepancies. With
regard to hypothesis 2, review of field notes indicated that all of
the samples except PV02-04 were from situations where prior
coverage by lacustrine or aluvia sediment (or other surficia
cover such as dune sand or loess) was highly unlikely. PV 02-04
could potentially have been covered by lacustrine sediment, and
we attribute its highly anomalously young age most probably to
this cause. We evaluated hypothesis 3 by comparing the results of
closed-vessel dissolutions with the open-vessal method that was
used for the Panamint samples and found no systematic bias. We
therefore suggest that the 36Cl ages for at least some of the tufa
samples may be biased by solution and recrystallization of the
tufa (hypothesis 4).

Wehave previously conducted methodol ogical testsusing Last
Glacial Maximum—age tufafrom Lake Lahontan and SearlesLake,
and the 36Cl ages here are in excellent agreement with the inde-
pendent dates (F.M. Phillips, 2006, personal commun.). However,
those samples were much younger than the probable age of most
Panamint Valley tufas and were also quite dense and nonporous. In
contrast, many tufa heads in Panamint Valley have a sponge-like
morphology. Petrographic examination of these specimens did not
yield conclusive evidence either for or against recrystallization
(S. Roof, 2005, persona commun.). In summary, anomalously
young 3¢Cl ages due to subaerial recrystallization would appear to
be adistinct possibility for at least some Panamint tufas, but more
research is needed to establish the extent of this problem.

Sample PV 02-04 at 611 myielded an apparent 3Cl age of ca.
16 ka, but we believe that thiswas due to prior coverage by lacus-
trine sediment. Likewise, IRSL/TL analysison siltstone and marl
fromthesamelocality gaveca. 14 and ca. 20 kaages, respectively,
at 597 m elevation (AJ-4, Table 6), probably indicating resetting
associated with groundwater discharge or eolian silt accumulation
during the late Pleistocene. At lower elevations in the southern
basin where 14C ages of 14,000-22,000 yr B.P. (~506-518 m)
have been determined on tufa, 3¢Cl analyses gave ages ranging
from ca. 48 to ca. 61 ka (PV02-1, PV02-2, PV02-3; Table 3) for
samplesthat ranged in elevation from 515 to 572 m. These results
are probably best interpreted as indicating that |ake stands above
~518 m are older than OIS 3, and perhaps much older.
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A few hundred meters southeast of Ballarat (Fig. 4A), the
highstand shorelines at ~560-590 m €levation are inset into
alluvial-fan depositsthat contain the 620 ka Lava Creek B tuff. It
occurs near thetop of the 80-m-thick alluvial section (Vogel etal.,
2002) and underlies the Gale strandline deposits, which include
tufaand beach cobbles (Smith, 1976). Thus, the Gale strandlines
must be younger than 620 ka.

Panamint DH-1 Core

Three >100-m-long cores, DH-1&1a, DH-2, and DH-3,
were drilled in Panamint Valley during the 1950s (Smith and
Pratt, 1957) and subsequently archived in Menlo Park, Califor-
nia, a USGS. DH-1& 1a and DH-3 were located in the Ballarat
basin, and DH-2 was located in the Lake Hill basin. DH-3 was
located close to the basin depocenter, reached ~325 m depth, and
contained thick salt beds; however, it was sparsely fossiliferous
to unfossiliferous. DH-3 core samples have previously been
dated using meteoric 36Cl and U-series analyses (Jannik et al.,
1991; Fitzpatrick et a., 1993) that have loosely constrained the
ages of subsurface deposits (Fig. 2). A third core drilled in the
Lake Hill playa that reached Paleozoic rock at ~125 m depth
(Smith and Pratt, 1957) was not reinvestigated in this study. Part
of the DH-1& 1acore contains afossiliferous section between ~3
and 100 m depth where microfauna had been previously noted
but not identified.

We sampled the DH-1& 1a core for two 4C ages from near
the top of the microfossil-bearing section (Tables 1B and 5),
ostracode paleocenvironmental indicators throughout the fossil-
bearing part of the core (Table 5), and two AAR analyses (Fig. 2;
Tables 2 and 5). Fifty samples were collected from ~100 m of
core for faunal analysis (Fig. 2), and thirty samples between
~30-85 m depths were based on lithologic descriptions from
Smith and Pratt (1957). Plant material from 30.5 m depth yielded
an age of 24,880 + 160 4C yr B.P. (Tables 1B and 5). One hand-
picked monospecific sample consisting of Cyprideis beaconensis
from 39.5 m depth wasdated by AMSat 40,710 = 670 “Cyr B.P.
(Tables 1B and 5). The age is considered a minimum for this
depth in the section.

Samples sdlected for AAR anadlysis at 40.4 m and 59.3 m
depth were from at least 40,710 = 670 4C yr B.P. in the DH-1
core. The D/L vaues in these two ostracode samples are lower
than those obtained from two OIS 2 locdlities in Owens Valley
(Fig. 1). These results suggest that the AAR rate is significantly
slower for the deeply buried core samples compared to samples
from surficial outcrops in Owens Valley, where higher ambient
temperatures may have accelerated the AAR rate. Therefore, we
could not use the AAR results from the core to help constrain the
age of surficia shoreline depositsin Panamint Valley.

Cyprideis beaconensis and Limnocythere staplini, indica
tive of type 3 water (Table 4), and abundant brine shrimp pellets
occur between 37.5 and 60.5 m depth in DH-1 (Table 5). This
assemblage, indicative of a saline groundwater-supported brine,
probably occupied a marsh, wetlands, and/or shallow lacustrine
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environment. The estuarine foraminifera Elphidium sp. occurs at
40-41.8 m depth and islocally abundant, indicating it wasliving
in the wetlands. Its occurrence is also indicative of alow ak/Ca
ratio, and awater chemistry similar to the ocean. Seedsidentified
as Ruppia sp. by Laura Strickland, U.S. Geological Survey (Den-
ver), suggest water depths of lessthan 4 m and a generally silty-
sandy substrate rather than mud or clay, consistent with ashallow
water body. The presence of Limnocythere staplini inthisinterval
indicates TDS concentration <100 g/L. The section between 63
and 78 m depth isbarren and (or) the core was not recovered, and
between 78 and ~99 m depth, it isagain dominated by ostracodes
that require a shallow, low ak/Ca groundwater source (Tables 3
and 4; Forester et al., 2005).

Summary of DH-1 Core Results

Between 34 and 63 m depth, DH-1 contains Cyprideis bea-
conensis (Tables 4 and 5), which is indicative of low-akalinity
and high-Ca groundwater discharge from a regional, and likely
thermal, groundwater source (cf. Li et a., 1997). Floral and fau-
nal remainsbetween 34 and ~100 m depthindicate ashallow lake
or wetlands and the absence of Owens River—type water (type 2,
Table 4). The dominance of C. beaconensis and L. staplini in the
35 and 100 m depth range aso indicates that shallow saline lake
and wetlands conditions persisted during thisinterval.

Age constraints from two 14C ages near the top of the core
(Fig. 2) suggest maximum sedimentation rates of ~0.8-1.2 mm/yr.
Sedimentation rates from the Death Valley core mainly range
between ~0.8 and 1.0 mm/yr at depths between 8 and 182 m
(Lowenstein et al., 1999; Forester et al., 2005). This sedimenta-
tion rate, and somewhat lower rates, are also typica of late Pleis-
tocene sections in adjacent basins, including Searles and Owens
Valleys (Smith et al., 1983; Smith and Bischoff, 1997; Bischoff
and Cummins, 2001; Jayko, 2005). An assumed sedimentation
rate between 0.7 and 1.0 mm/yr for the 100-m-thick section of
shalow lake and wetlands sedimentsin the Panamint Valley core
suggestsaspan of time of ~70-100Kk.y., and thusthe section below
the lower 4C date probably includes the entire OIS 4 interval .

The wetlands and shallow lake were supported by a low
alk/Ca, type 3 groundwater indicative of a deep, probably ther-
mally heated, regiona aquifer that was discharging along the
major active faults in the basin (Tables 3 and 4). Likewise, the
halite-dominated evaporite-mineral assemblage in the core is
consistent with a local rather than Owens River source (Jannik
et a., 1991). There is no indication from the core samples for
the high alk/Ca Owens River inflow or alarge lake in Panamint
Valley during Ol S4, so theseresultsnegate thelikelihood of over-
flow into the basin. However, the presence of large saline wet-
lands or a shallow lake in the center of Ballarat basin indicates
significantly wetter conditions than today.

OlS2Lake

Radiocarbon ages from shoreline charophytic and stroma-
tolitic algal tufas combined with ostracode assemblages from
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(1) a shalow auger core from the Lake Hill basin, (2) archived
DH-1 corefrom Ballarat basin, and (3) nearshore deposits|ocated
on the western slopes of Ballarat basin suggest that a large,
~180-200-m-deep lake occupied Panamint Valley during OIS 2.
The ostracodes indicate that the valley was receiving water from
the Owens River system and likely serving as a termina lake
where water loss was largely to evaporation rather than outflow
during thistime.

Lake Hill Area

Tufaringing Lake Hill at ~475 m elevation yielded ages of
13,000 =+ 1000 “C yr B.P. (Davis, 1970) and 11,800 == 70 4C yr
B.P. (Jayko et al., 2001) (Fig. 1; Table 1A). Tufafrom thiseleva
tion also gavea 16,200 * 700 yr 36Cl age (Figs. 1 and 3). Another
tufa site at ~500 m elevation near the north end of Ash Hill,
within the Lake Hill basin, gave ages of 14,950 = 80 4C yr B.P.
and 34,900 = 900 yr 36Cl.

A 4-m-deep hole was augered near a trench locality at Lake
Hill where previous archaeol ogical investigations reported ages of
10,520 + 140 and 10,020 =+ 120 4C yr B.P. on peat-bearing sedi-
ment at ~2.15mdepth (Davis, 1970; Hubbset a ., 1965). Theauger
hole was sampled at ~15 cm intervas. The dtratigraphy of the
4-m-deep hole consists of a basal meter of fine-grained mud and
clay, organic-rich silt, and ~2 m of overlying silt, sand, and grit
deposits (Fig. 7; Table 1B). A Limnocythere sappaensis coguinais
present between the 3-4 m interval, which lies at ~467 m leva
tion. Thisassemblageindicatesan dkaline-salinelake supported by
inflow of OwensRiver water likely into aterminal lake undergoing
evaporative concentration (i.e., with high salinity). The lacustrine
mud is overlain by ~1 m of organic-rich sediment that contains
molluskan and ostracode fauna, indicating a freshwater wetland
and spring discharge environment (Fig. 7).

A 16,735 = 50 4C yr B.P. age on Limnocythere sappaensis
shells from the base of the auger sample at ~4 m depth indicates
that alake with Owens River—typewater chemistry wasstill pres-
ent inthe upper basin, and that Searles Basin wasstill likely over-
flowing into Panamint Valley or had been overflowing in the
recent past. Aquati c gastropods from the base of the peat or “ black
mat” at 3.08-3.16 m depth gavean age of 12,575 + 40“Cyr B.P.
for the drying of the lake and the development of shallow wet-
lands supported by groundwater discharge. The ostracode and
mollusk species assemblagesindicate the presence of a perennial
marsh or shallow lakeshore environment during the latest Pleis-
tocene at ~468 m elevation.

OIS 2 Record in DH-1 Core

Limnocythere sappaensis isfound in the DH-1 core between
21.3 and 27.5 m depth in the Ballarat basin (Tables 4 and 5).
Limnocythere sappaensis appears to be reworked in the upper
part of the section where it occurs between 21.3 and 25.3 m
depth, and it appears in situ between 25.3 and 27.5 m depth. An
age of 24,880 = 160 “C yr B.P. was obtained from carbona-
ceous materia at 30.2 m depth, indicating an OIS 2 age for this
part of the core. This age-depth relation gives an ~1.2 mm/yr
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0-216 cm PLAYA AND INTERMITTENT SPRINGS-WETLANDS

Dominantly clastic sediment, clast size (grit-clay) variable, few fossils represented by

occasional ostracodes, snail shells and one sample with bone. The section has variable amounts of root,
trace carbonate, some carbonate that resembles efflorescent crust, and some gypsum. Woody material
and seeds are also present. One sample contains part of a conchostracan (?) carapace (clam shrimp).

216 - 308 cm WETLANDS

Well preserved and abundant ostracodes and snails. The upper sample has abundant carbonate

(the capping carbonate phase of wetlands). Ostracode species are indicative of spring and seep discharge
and not indicative of lacustrine, extensive wetlands or flow environments. The oldest sample

with only spring and wetland ostracodes and mollusks occurs within the 299-308 cm interval.

308 -330 cm MAINLY WETLANDS

Mix of wetland fauna and rare Limnocythere sappaensis (indicates alkaline saline lake). From 316-330 cm
Limnocythere sappaensis in poor shape with reworked other ostracodes.

330-407 cm ALKALINE-SALINE LAKE

Limnocythere sappaensis abundant, good preservation, no other ostracodes. Indicates deposition in an alkaline
saline lake suggesting one contiguous lake in the basin (thus, the two Panamint basin lakes are likely merged)
or hydrological exchange. Limnocythere sappaensis coquinas persist to the bottom sample,

so lake did not attain a chemistry dilute enough to have Limnocythere ceriotuberosa.
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sedimentation rate. An estimation of the age for the L. sappaensis—
bearing part of the core using the 1.2 mm/yr rate suggests ca.
24-21 ka (Table 5).

Nearshore Deposits and Erosion Features

Charophyte and other algal tufa associated with well-
rounded beach gravels from several localities between 512 and
360 m have yielded ~14,000-28,000 14C yr B.P. ages (Fig. 1;
Table 1A; site descriptions). Three tufa sites with late-glacial
14C ages are described here: (1) southern Ash Hill fault horst
blocks north of lower Water Canyon, (2) lower Shepherd fan, and
(3) Surprise Canyon fan. In addition, the erosion features around
the south-facing side of the divide between the Ballarat and Lake
Hill basins are noted.

Southern Ash Hill fault horst blocks, lower Water Canyon.
Massive reefal tufa overlain by tufa-cemented pebble beach
gravel lies at ~512 m elevation inset on Tertiary andesitic vol-

Site 15

A Tertiary volcanic rock
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canicrock (Fig. 8A; Fig. 1, site 15). Both bedded-pea-gravel and
cobble beach deposits form a discontinuous shoreline around the
Tertiary bedrock knoll at site 15 and nearby. The beach cobbles
are generally monolithologic, very well rounded, and derive
directly from the underlying Tertiary volcanic bedrock, and thus
they have not been transported by fluvial or other processesto the
location (Fig. 8B). The material upslope from the beach gravels
contrastsmarkedly initsangular clastsand abrupt upslope change
in clast morphology (Fig. 9C).

Due east of site 15, across anarrow half-graben, liesawave-
cut abrasion surface at ~506 m €levation that is overlain by
charophytic tufa on the south-facing side of the surface and by
relict well-rounded beach clasts (Fig. 9D). The flat abrasion sur-
face is developed on top of the horst block that lies within the
southern part of the Ash Hill fault zone.

Four 14C ages from both the massive 1- to 2-m-thick reefal
tufaand thinner 5- to 15-cm-thick charophytic tufadepositson the

Figure 8. Photographs constraining age and height of oxygen isotope stage (OIS) 2 strandlines. (A) Reefa tufaat site 15, 510 m elevation with 14C
age of 22,600 * 130 yr B.P. (B) Well-rounded cobbles from beach at 510 m elevation near site 15. The clasts are monolithol ogic and derived exclu-
sively from the underlying Tertiary volcanic bedrock. (C) Angular, monolithologic colluvium derived from Tertiary volcanic bedrock upslope from
the relict cobble beach deposit. (D) Smooth flat wave-cut abrasion surface at sites 12 and 13, developed on horst block within the southern part of

Ash Hill fault zone east of site 15.
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Figure 9. Photographs of oxygen isotope stage (OIS) 2 deposits at the north end of the Surprise Canyon fan north of Ballarat. (A) Location of sites
9 and 10. (B) Close-up of mini-atollHike stromatolitic algal tufa on well-rounded beach cobbles found at the sites.

abrasion surface range from 18,000 to 28,000 yr B.P. (Table 1B;
Fig. 1). However, 36Cl results from two of the same exposuresare
45,300 = 1600 and 50,600 = 1900 yr B.P. (Table 3). Horst blocks
within the Ash Hill fault zone that are present downslope from
512 m elevation also have beveled or abraded, smooth and flat-
topped, pavement-covered, charophytic tufa-bearing surfaces (cf.
Figs. 1 and 9D).

The Basin divide. The divide between the Ballarat and Lake
Hill basins presently lies at ~521 m elevation; however, active
tectonism may have increased the elevation of this feature since
deposition. A large cobble beach berm straddles much of the low-
est part of the divide, but this wave-controlled feature is inter-
preted as arelict from recession of the older Gale highstand. The
south-facing side of the basin divide has a continuous trimline or
wave-cut edge at ~512 m elevation. An abrasion or wave-cut sur-
face is present between ~496 and 512 m and is overlain by an
eolian reworked sandy deposit. A thick deposit of carbonateforms
aknickpoint at ~512 m elevation in the wash draining the Argus
Range to the west. The carbonate ledge is interpreted as having
formed in a groundwater-discharge area adjacent to the shore.

Surprise Canyon fan. Accumulations of well-rounded, cob-
ble beach deposits and wave-cut notches are preserved on small,
fault-controlled horst blocksthat offset the north slope of the Sur-
prise Canyon fan (Fig. 9A). The beach deposits occur between
400 and 430 m elevation. Rare, well-rounded cobble clasts with
mini-atoll stromatolitic reefs (Fig. 9B) were dated from these
depositsat sites 9 and 10 using 14C. Stromatolitic carbonate rinds
from the clasts gave ages of 14,150 + 80 and 22,570 = 110 4C
yr B.P. at ~415 m elevation (Table 1; Fig. 1).

Lower Shepherd Canyon fan. The lower part of the Shep-
herd Canyon fan (Fig. 1, site 8) isincised by a wash where an
exposure at ~384 m elevation contains a thin bed of silty marl
that overlies whitish brecciated tufa (Figs. 10B—10D). The silty,
whitish marl isoverlain by ~1.15 m of alluvial gravel capped by
anincipient, strongly oxidized pavement surface (Fig. 11A). Sail

development in the overlying aluvial deposit is incipient, and
only disparate, locally developed thin rinds of carbonate coatings
occur on the underside of some clasts. This grayish-weathering
alluvium contrasts with the redder, more weathered aluvium
overlying similar silty marls above 552 m elevation.

The marl contains a monospecific assemblage of Limno-
cythere sappaensis indicative of type 2, high ak/Ca lacustrine
water in a termina lake sourced by the Owens River system
(Forester, 2001; Forester et a., 2005). About 50-60 m updopein
thesamewash (Fig. 1, site 17), the marl containsamixed lacustrine
and wetlands ostracode assemblage (Table 5, site 17). Large clasts
of whitish brecciated tufa (Fig. 10C), with large bladed crystalline
structures resembling thinolite (?), underlies the marl (Fig. 10D).
Thisform of tufaresembles coarse crystallinetufathat encruststree
stumps at Mono Lake and contrasts markedly in color and mor-
phology with the other generally pinkish-cream— colored charo-
phytic and algd tufa deposits found at higher elevation. We infer
that this brecciated tufa deposit may represent a collapsed tufa
tower. Thetufagave an age of 17,130 = 100 “Cyr B.P. (Table 1).

Summary—OIS 2 Lake

Charophyte and other algal tufas associated with beach de-
posits and abrasion surfaces give 14C ages of ca. 24-14 ka (OIS 2)
from elevations ranging between 518 and 384 m in the Ballarat
basin (Table 1; Fig. 1). If the 14C ages arereliable, thenthe OIS 2
highstand reached ~518 m at ca. 24,000 4C yr B.P. and possibly
asecond time around 18,000-16,000 4Cyr B.P. (Fig. 11; Table 1).
This strandline elevation and the equivaent lacustrine sediment
in the core suggest that an ~180-200-m-deep lake occupied the
Ballarat basin of Panamint Valley during OIS 2. However, it is
important to note that collocated 4C and 3¢Cl samples collected
at both the northern Ash Hill and lower Water Canyon sites gave
discrepant results, with 14C ages of ca. 1528 kaand 3¢Cl ages of
ca. 35-50 ka. This discrepancy indicates potential problems. For
example, thetufasthat have given Last Glacial Maximum (LGM)
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Figure 10. Photographs of oxygen isotope stage (OIS) 2 deposits in Shepherd fan. (A) Varnished pavement surface overlying ~1.0-1.5 m of alu-
via gravel at site 8. (B) Whitish marl with lacustrine and wetland ostracodes underlying ~1.1 m of poorly consolidated aluvia gravel with weskly
developed stage 1 carbonate at site 8. (C) Brecciated spring-mound-type tufa underlying marl of photo A. (D) Close-up of bladed tufa at site 8.

ages may be contaminated by young carbon, the LGM shoreline
may have reoccupied an older shoreline at ~500 m, or there may
be problems in the 36CI model ages as suggested by results from
the higher-elevation strandlines.

Limnocythere sappaensis was found in association with L.
ceriotuberosa and Candona p. insurficial deposits(Table5, sites
17 and 19), which are indicative of nearshore environments, at
~415 and 512 m elevation in the Ballarat basin. The presence of
these three species may reflect deposition when the OIS 2 lake
was shifting from afilling to a faling lake. Limnocythere sap-
paensis in the nearshore deposits, the shallow auger sample, and
the DH-1 coretogether suggest that Owens River water wasflow-
ing into the basin between ca. 24,000 and 15,550 4C yr B.P.
Ostracode speciesindicative of type 3 water, which characterizes

the deep aquifer discharge in Panamint Valley, do not survivein
the Owens River—type water chemistry (Forester, 1983, 1999;
Forester et d., 2005) and were not found in these deposits.
Results of augering combined with atufa“ bathtub” ring con-
firm the presence of a shallow lakein the Lake Hill basin during
thelatest Pleistocene, consistent with the finding of Smith (1976).
The ostracode Limnocythere sappaensis indicates that high
alk/Ca, type 2 water dominated the lacustrine environment, indi-
cating an Owens River source (cf. Forester, 2001). Ostracode
assemblages indicate type 2, Owens River—system chemistry in
both Lake Hill and Ballarat basins, suggesting hydrologic con-
nectivity, either viasurface or groundwater flow, between thetwo
basins across a divide that presently lies at ~521 m. The auger
results indicate the termination of the lake in Lake Hill basin by
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Figure 11. Plot showing time versus elevation with 14C dated deposits
and tufas. Results may indicate that the oxygen isotope stage (OIS) 2
highstand lowered briefly around 19-21 4C ka; however, thisis highly
speculative, and the reliability of the tufa ages has not yet been estab-
lished. The OIS 2 lake was desiccated by around 12.5 14C ka, and exten-
sive springs dried up by around 10-10.5 14C ka, asindicated by 14C ages
of the black mats. Black sguares—beach and nearshore materia
described in Table 1A, open squares—Iacustrine, open hexagons—black
mat deposit at Lake Hill.

the end of the Pleistocene, but before 12,575 * 40 14C yr B.P.
(Jayko et d., 2002).

Thesalinelakein Lake Hill basin receded before ~12,575 +
40 “C yr B.P. (Fig. 7; Table 1B) and was replaced by a ground-
water-supported wetlands based on ostracode assemblages and
stratigraphic succession. Peat found by Davis's (1970) archaeo-
logical investigation is underlain by mud and silt containing
Assiminea n. ., Tryonia porrecta (protea), and Gyraulus cir-
cumstriatus between 2.04 and 2.15 m below the surface of the
playa near Lake Hill (Taylor, 1986; T. protea revised to T. por-
recta in Hershler, 1999).

The Lake Hill site is the only known occurrence of coexist-
ing Assiminea n. sp. and Tryonia porrecta (protea) (Taylor, 1986).
This spring and wetlands gastropod assemblage has not yet been
found in the older highstand wetlands and shoreline deposits
during this or previous investigations. Modern populations of
Assiminea are known in the Death Valley—Ash Meadows area
(Taylor, 1986). Tryonia porrecta (protea), to the excluson of
other Tryonia species, isknown from the lower Owens River and
itsformer watercourse (Taylor, 1986), and it occursin association
with other Tryonia species throughout the Great Basin and lower
Colorado River Basin (Hershler, 1999; Hershler et al., 1999).

Gyraulus circumstriatus hasamodernwidespreadrangeinthe
west but is presently restricted to environments ~1500 m higher
than Lake Hill at thislatitude (Taylor, 1986). This gastropod sug-
gestscolder ambient temperaturesaround 13,000 yr ago, probably
equivalent to today’s mean annual temperature at around 3000 m
elevation. The terrestrial gastropods Vertigo berryi, Succinea
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sp., and the common bivave Pisidium casertanum are also pres-
ent (Taylor, 1986) and indicate groundwater-supported wetlands
(Hershler, 1999). The wetlands persisted between ca. 12,575 and
10,500-10,000 ““C yr B.P,, when the setting became adry playa.

DISCUSSION

Results from Panamint Valley appear to be consistent with
core records from Owens Valley and Death Valley, which both
contained lakes during OIS 2 and OIS 6. Thereisno evidencefor
acold, deep lake or Owens River—typewater in Death Valley dur-
ing OIS 4 (Lowenstein et al., 1999; Bradbury and Forester, 2002;
Forester et al., 2005). Open basin conditionsand dischargetoward
Searles Lake persisted during OIS 4 in Owens Valley (Carter,
1997; Bradbury, 1997; Li et a., 2004). The record from Searles
Lake indicates overflow around 2124 ka and possibly younger,
but a closed basin between ca. 24 kaand 44 ka (Smith, 1968).

There is no evidence from this study that the Owens River
system reached Panamint Valley during OIS 4, and thefaunal evi-
dence from DH-1 core instead indicates a shallow groundwater-
supported lake or wetlands. The weak OIS 4 lacustrine events
preserved in Death Valley and Panamint Valley cores seem to be
consistent with the magnitude of the OIS 4 event in the 3180 sea-
surface temperature record (SST) (Lea et al., 2000) and the nor-
malized paleotemperature curve (PC1) proposed by Winograd
et a. (2006) rather than the Devils Hole record (Winograd et al.,
2006). The SST and PC1 pal eotemperature curves show a cool-
ing period at ca. 55-65 kathat was smaller in magnitude and dura-
tion than both OIS 2 and OIS 6.

Fidd relations (Gale, 1914b; Blackwelder, 1933; Smith,
1976; Smith et al., 1983), ostracode assemblages, and Sr isotope
geochemistry (Stewart, 1998; Stewart et al., 2001) indicate a
major influx of Owens River water to Panamint Valley during the
Gale highstand. Weinfer from the AAR results that the spillway-
limited lake that produced the Gale strandlines in Panamint Val-
ley was present during OIS 6 and (or) older glacia intervals, but
that discharge over the spillway has not occurred more recently.
Thearrival of OwensRiver water viaWingate Wash to Death Val-
ley sometime during OIS 6 was inferred by Forester et al. (2005)
from ostracode assembl ages. Geochronol ogic methods (OSL/TL,
36Cl, U-series) haveindicated younger apparent agesfor the high-
stand deposits; however, there is considerable scatter and no
evidence from Death Valley and Panamint Valley cores to sub-
stantiate large OIS 4 lakes, or overflow of Owens River—type
water into Death Valley at that time.

Extensive groundwater-supported wetlands or shallow lakes
were present during OIS 4 based on faunal associations in the
DH-1& 1a core and an extrapolated sedimentation rate from the
upper part of thecore. Thus, SearlesL ake or abasin upstream was
likely the terminal lake for the Owens River system during OIS 4.
The ostracode assemblagesthat lived during Ol S4 thrived ondis-
charge from the deep regional groundwater aquifer, type 3 hydro-
chemistry, whereasthe OIS 2 and OI S 6 assemblagesindicate high
alk/Caratios indicative of Owens River, type 2 water (Forester,
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1999, 2001; Bradbury and Forester, 2002; Table 4). Ostracode
and foraminiferal faunal assemblages suggest that the valley was
used by Pecific marine avian migrants during OIS 2 and OIS 4.
Ostracode assemblages suggest that the valley was used by Gulf
of Mexico marine avian migrants during OIS 6.

Results from dating methods used in this study indicate that
a fairly large lake may have occupied Panamint Valley during
OIS 2. Thelake highstand was at ~500-518 m elevation, at least
90-100 m lower than the spillway at Wingate Wash. Smith (1968)
and Smith et al. (1983) earlier concluded that Searles Lake over-
flowed into Panamint Valley during OIS 2 between ca. 24 and
15.5 ka. The OIS 2 lake(s) in both the Lake Hill and Ballarat
basins of Panamint Valley had Owens River-type chemistry, sug-
gesting that they may have been hydrologically linked through
the basin divide, which is presently open with respect to ground-
water transport (Carranza, 1965).

OIS 2 Shorelinesin Near by Basins

Results from this study support the conclusion of Smith et al.
(1983) that the OwensRiver systemwasflowing into Panamint Val-
ley viaSearlesLake during OIS 2 until ca. 15.5 ka. The4C ageson
tufafrom the OIS 2 highstand in Panamint Valley of ca. 22-26 ka
aresimilar to OS2 agesfrom OwensL ake (Bacon et d., 2006). La
custrine and vegetation records from Owens Valey (Koehler and
Anderson, 1995; Bacon et d., 2006), Death Valley (Anderson and
WElls, 2003), and Lake Mojave (Wellset al., 2003) indicate a brief
drying and lake-lowering event between 20 and 18 4C kaand are-
turn to LGM lake elevations from ca. 18 until 15 14C ka (Ore and
Warren, 1971; Wellset a., 2003; Bacon et d., 2006). The OlS2tufa
agesfrom the Ballarat basin may also record thisevent, withasim-
ilar dropinlakelevel around 19 %C ka(Fig. 11).

Thetiming of the lacustrine regression and wetlands succes-
sion documented in the Lake Hill basin is consistent with the age
of well-known “black mat” depositsin the Mojave and Amargosa
regions (Quade et al., 1998, 2003) and the age of an extreme dry-
ing event around 12,500 #4C yr B.P. at OwensLake (Bensonetal.,
1997; Bacon et al., 2006). A pronounced reduction in spring and
wetland activity noted in the southern Great Basin and Amargosa
areas around 9500-7000 #C yr B.P. (Quade et al., 2003) and
around 9600 in Death Valley (Lowensteinet a., 1999), and adrop
inlakelevel between around 8000 and 7000 *4C yr B.P. in Owens
Valley (Bacon et d., 2006) seem to have started at ca. 10-10.5 ka
in the Lake Hill basin, Panamint Valley.

CONCLUSIONS

Surficia deposits of Pleistocene Lake Gale (Gale, 19144,
1914b; Gale strandlines of Smith, 1976) between 317 and 610 m
elevation, aswell as core materid of glacial and interstadial age,
indicate that Panamint Valley was intermittently occupied by
water from two fundamentally different sources: type 2 waters,
characteristic of the Owens River system (cf. Forester, 1983,
1986, 1987, 1991; Stewart, 1998; Stewart et a., 2001), and type 3
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waters, characteristic of adeep, thermally heated regional aquifer
(Li et al., 1997). Mixing of these waters in Panamint Valley is a
function of the timing and duration of spillover from the Owens
River system during climatically controlled highstands (Smith,
1968; Smith et al., 1983; Stewart et a., 2001). The chemistry of
the source watersis sufficiently unique to influence the ostracode
assemblages (Forester, 1999, 2001; Forester et a., 2005) and is
thus a relative indicator of the connectivity of the Owens River
system to Panamint Valley (Stewart, 1998; Stewart et al., 2001).

Assuming that the 14C ages on tufa represent the deposition
or formation age of the tufa, a water body sufficiently large to
occupy both the Lake Hill and Ballarat basins with Owens
River—dominated water was present in Panamint Valley during
OIS 2. Although the OIS 2 lake appears to have been ~180—
200 m deep, it was not sufficiently large to spill into Death Val-
ley. We conclude that Panamint Valley was occupied only by
groundwater-supported wetlands and shallow lakes during OIS
4, Thus, it appears that the last time Panamint Valley spilled into
Death Valley was most likely during OIS 6 or earlier, which is
consistent with the presence of large lakes that have been ex-
tensively identified elsewhere in the Owens River system and
Great Basin (Smith et al., 1983; Smith and Bischoff, 1997;
Forester et al., 2005).
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