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QUATERNARY RESEARCH 50, 113-127 (1998)
ARTICLE NO. QR981993
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The chemistry of the carbonate-free clay-size fraction of Owens
Lake sediments supports the use of total organic carbon and
magnetic susceptibility as indicators of stadial-interstadial oscil-
lations. Owens Lake records of total organic carbon, magnetic
susceptibility, and chemical composition of the carbonate-free,
clay-size fraction indicate that Tioga glaciation began ~24,500
and ended by ~13,600 '“C yr B.P. Many of the components of
glacial rock flour (e.g., TiO,, MnO, BaO) found in Owens Lake
sediments achieved maximum values during the Tioga glaciation
when valley glaciers reached their greatest extent. Total organic
carbon and SiO, (amorphous) concentrations reached minimum
values during Tioga glaciation, resulting from decreases in pro-
ductivity that accompanied the introduction of rock flour into the
surface waters of Owens Lake. At least 20 stadial-interstadial
oscillations occurred in the Sierra Nevada between 52,600 and
14,000 *“C yr B.P. Total organic carbon data from a Pyramid Lake
sediment core also indicate oscillations in glacier activity between
>39,500 and ~13,600 '*C yr B.P. Alpine glacier oscillations oc-
curred on a frequency of =1900 yr in both basins, suggesting that
millennial-scale oscillations occurred in California and Nevada
during most of the past 52,600 yr. © 1998 University of Washington.

Key Words: Tioga glaciation; Sierra Nevada; Owens Lake;
Pyramid Lake.

INTRODUCTION

The classical “Ice Ages” of the Pleistocene were originally
defined by glaciofluvial deposits and moraines formed by ex-
pansion of northern European and North American continental

113

ice sheets (Kukla, 1981 and references therein). In the 1950s,
Emiliani turned to the marine environment, demonstrating that
8'30 values of planktonic foraminifera could be used to con-
strain the timing, growth, and decay of the ice sheets (Eniiliani,
1955). By the late 1980s, isotopic records spanning the last
1.88 myr had demonstrated the existence of 63 isotope stages
equivalent to ~31 glaciations (Williams et al., 1988).

Approaches to deciphering the history of alpine glaciation in
the Sierra Nevada of California are today undergoing a similar
transition from land- to water-based records. Lacustrine studies
of alpine glaciation have begun to establish nearly continuous,
low-resolution records for the past 400,000 yr (Menking,
1997), medium-resolution records for the past 155,000 yr
(Bischoff et al, 1997a), and high-resolution records for the
past 52,600 4 yr B.P. (Benson et al., 1996; Benson et al.,
1997a; Benson et al., 1998).

In this paper, we compare proxy records of alpine glaciation
obtained from sediment cores in the Owens and Pyramid lake
basins of California and Nevada in order to define the
centennial- to millennial-scale glaciation history of the Sierra
Nevada for the period 52,600 to 12,500 '*C yr B.P. A study of
the chemistry of the carbonate-free clay-size fraction reported
in this paper supports the previous use of total organic carbon
and magnetic susceptibility (Benson et al., 1996) as robust
indicators of stade/interstade oscillations in the Owens Lake
basin. Such records are critical in assessing the relation (if any)
of North Atlantic temperature perturbations (Dansgaard—
Oeschger cycles) to climate variability in the western United
States.
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THE STUDY AREA

The lake basins discussed in this paper are located between
36.2 and 40.3°N. During the Tioga glaciation, Sierran ice fields
extended from 36.4 to 39.7°N (Fig. 1; Wahrhaftig and Birman,
1956) and valley glaciers formed between 36.2 and 40.2°N
(Clark, 1995). The Owens Valley drainage area encompasses
~8500 km? and includes the mountain areas that extend from
the crest of the Sierra Nevada to the crest of the Inyo-White
mountains (Fig. 2; Hollett et al., 1991). These mountains rise
more than 3000 m above the valley floor, which ranges in
altitude from 1067 m at Owens Lake (dry) to 1372 m at
Bishop, California.

Outwash reaching Owens Lake was carried by the Owens
River, which terminates at the north end of Owens Lake, and
by Carroll, Cottonwood, Ash, and Braley creeks, which termi-
nate along the western side of the lake. Pyramid Lake received
outwash via the Truckee River, which drains the Lake Tahoe
basin and the area north of Lake Tahoe.

Cool-season orographic precipitation, mostly from North
Pacific sources, supplies most of the runoff reaching the two
lake basins today. The progression of maximum precipitation
along the western flank of the Sierra Nevada is associated with
southward movement of the mean position of the polar jet
stream (PJS) (Horn and Bryson, 1960; Pyke, 1972; Riehl et al.,

1954). Precipitation maxima tend to concentrate near the axis -

of the PJS, with precipitation decreasing rapidly south of the
axis and less rapidly north of the axis (Starrett, 1949). During
July and August, the westerlies weaken and Pacific storm
tracks retreat north of the Sierra Nevada. During the warm
season, each of the lake basins receives only a small amount of
moisture in the form of convective storms originating in the
Gulf of California.

During the Wisconsin Age, the PJS also played a major role
in controlling the hydrologic balances of both lakes. Antevs
(1938) was the first to link maximum levels of northern Great
Basin lakes to the presence of a permanent ice sheet over North
America, hypothesizing that the size of the Cordilleran ice
sheet in western Canada, combined with a permanent high-
pressure area located over it, caused storm tracks to be pushed
south over central Nevada and Utah.

Renewed interest in the concept of PJS forcing of Great
Basin climate occurred in the late 1980s (Benson and Thomp-
son, 1987; Benson and Klieforth, 1989) when experiments
using atmospheric general circulation models (Kutzbach and
Guetter, 1986; Manabe and Broccoli, 1985) indicated that
glacial-age boundary conditions, including the size and shape
of the Laurentide (not Cordilleran) ice sheet, sea-surface tem-
peratures, and land albedo were sufficient to produce the effect
that Antevs had hypothesized. The PJS and the polar front form
the boundary between the Northern Hemisphere Polar and
Ferrel convection cells, and serve to demarcate different tem-
perature regimes with warm air south and cold air north of the
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front. The location of the PJS/polar front, therefore, played a
major role in the expansion and contraction of Sierran glaciers.

PROXY INDICATORS OF ALPINE GLACIATION

Physical erosion by alpine glaciers occurs at much greater
rates than by alpine streams (Hallet ef al., 1996), and almost all
indicators of alpine glaciation directly or indirectly reflect the
production of glacial rock flour and its input to a lake basin.
Sediment yields from glaciated basins have generally been
found to depend on extent of glacier cover; however, other
glaciological variables affect sediment yields, including sliding
speed, ice flux, and meltwater production (Hallet e? al., 1996).
There are three indicators of glacier activity that will be dis-
cussed in this paper, magnetic susceptibility (MS), chemical
composition of the carbonate-free clay-size fraction (CC), and
total organic carbon (TOC).

Magnetic Susceptibility

Magnetic susceptibility can be used to detect the presence of
glacial rock flour when the flour contains magnetic minerals
such as magnetite (Fe;O,4) (Benson et al., 1996). During inter-
glacial periods, magnetite concentrations can be diluted by
autochthonous clays, carbonates, and allochthonous detrital
silicates. Diagenetic processes that produce iron sulfides at the
expense of primary magnetic minerals also reduce the mag-
netic content of lake sediments, e.g., the formation of nonmag-
netic mackinawite (Fe,, xS).

Diagenetic processes can also lead to the formation of sec-
ondary iron sulfides (e.g., greigite-Fe;S,), that have approxi-
mately the same magnetic content as the magnetite they re-
place. If greigite subsequently oxidizes, the MS signal
associated with the greigite component is lost. The ability of
MS to act as an indicator of glacier activity depends, therefore,
on the location of the core site relative to the magnetic-particle
delivery system and on physical and chemical processes that
occur at and below the sediment—water interface.

Chemical Composition of the Carbonate-Free
Clay-Size Fraction

Alpine and subalpine weathering of granitoid rocks produces
grus with a grain-size distribution reflecting that of the original
igneous rock; glacial abrasion of bedrock, however, produces a
grain-size distribution that contains clay-size (<2u) particles
of bedrock minerals (Newton, 1991). In situations where the
chemical composition of glacially derived minerals differs
from the chemical composition of nonglacial allochthonous
and autochthonous phases, CC will reflect glacier activity;
therefore, elements unique to glacial sediments are good indi-
cators of glacier activity (Bischoff et al., 1997a).

Total Organic Carbon

Glacial rock flour dilutes the TOC fraction of lake sediment,
especially near sites of surface-water discharge. Benson et al.
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(1996) have suggested that introduction of glacially derived
suspended sediment also increases the turbidity of lake water,
decreasing light penetration and photosynthetic production of
organic carbon. Seasonal ice cover and decreased water tem-
perature associated with cold glacial periods also decrease
productivity.

Diagenetic processes can also affect the fraction of TOC in

location of cores OL84, OL90-1/2, and OL92. Cores OL90-1 and -2 were taken

lake sediments. Organic carbon is consumed during formation
of sulfides at and below the sediment—water interface. Forma-
tion of greigite via dissolution of magnetite, i.e.,

2CH,O0 (carbohydrate) + 4H,S + Fe;O, (magnetite) —
Fe.S, + 2CO, 1 + 2H,0 + 2H, 1,
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consumes ~1 g of carbohydrate for every 5 g of greigite
produced. In this equation, carbohydrate is used to represent
the C, H, and O composition of algae and other organisms that
comprise the TOC fraction of lake sediment.

Limitations of the Proxy Indicators of Alpine Glaciation

Application of the three proxies has limitations with regard
to timing and extent of glaciation. Postglacial erosion and
recycling of outwash and morainal and subglacial sediment can
falsely signal glacier activity (e.g., Church and Ryder, 1972)
for some time during and after glacier retreat (especially if the
climate becomes wetter). We argue, however, that the greatest
amount of rock flour is produced during the advance of Sierran
glaciers and that maxima in values of the proxy indicators are
temporally coincident with glacier advances.

Does the value of a proxy relate to the extent of glacier
activity? We believe that the value of a proxy semiquantita-
tively reflects glacier extent, and in a later part of this paper we
will show that the most extensive glacier advances (indicated
by Tioga 2 and Tioga 3 moraines) were associated with max-
ima in MS and CC and minima in TOC and SiO,. The TOC
proxy is not sensitive to the upper limit of glacier extent; i.e.,
TOC can potentially achieve near-zero values before rock-
flour-induced turbidity reaches a maximum. If lake overflow
occurs during glaciation, clay-size sediment may be carried out
of the basin in the outflow, causing the intensity of glacial
erosion to be underestimated. Thus, glacier advances during
wet times may not be as well recorded in CC records as
advances during drier times.

METHODS

Sediment cores discussed in this manuscript were collected
from the south-central part of the Owens Lake basin on two
occasions. In 1984, the University of Southern California
(USC) obtained a 12-m core (OL84B) using a modified
Livingstone-type coring device. Sediment cores OL90-1
(32.75 m) and OL90-2 (28.20 m) were obtained from the
Owens Lake basin in 1990 (Fig. 2) using a truck-mounted
split-spoon coring device. A continuous set of samples 5 cm in
length were taken from OL90-1 and -2 spanning the time
period 52,610 to 24,810 '“C yr B.P. Samples 2 cm in length
were taken every 3 cm from OL90-2 between levels dating
24,810 and 12,530 '“C yr B.P.

Core PLC92B was taken in 7.1 m of water from the Wizards
Cove area of Pyramid Lake, Nevada (Fig. 1). A continuous set
of 5-cm (80-yr) samples was taken from PLC92B, excepting
for a 20-cm gap below 7.9 m. The loss of the 20-cm sediment
interval occurred during the penetration of the Wono tephra
layer; the compact tephra layer stuck in the core barrel, dis-
placing 20 cm of sediment that lay below it.

Soluble salts were removed from freeze-dried core (OL90-1,
-2, and PLC92B) samples by repeated washing in deionized

117

water until the conductivity of the supernatant was <3 X that of
tap water. The salt-free samples were then analyzed for total
inorganic carbon (TIC) and total carbon (TC) using a UIC
Model 5012 CO, coulometer and the TOC fraction determined
by difference.

Forty-eight elements were measured in the carbonate-free
clay-size fraction of Owens Lake samples by inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES) and by
inductively coupled plasma-mass spectrometry (ICP-MS)
(Garbarino and Taylor, 1979, 1993). Separation of clay-size
fractions from core samples generally followed procedures
described in Jackson (1969). Two- to 12-g samples of sediment
were dispersed in 125 ml of 1 M sodium acetate/acetic acid
(adjusted to pH 5) at 60°C, with repeated treatments at 60° to
90°C to eliminate carbonates. Carbonate-free samples were
then washed with distilled water and centrifugally size frac-
tionated in an attempt to isolate the clay-size fraction. For Cs
saturation of cation exchange sites, the sample was given three
treatments with 40 ml of 0.1 M CsCl, followed by washing/
centrifugation with distilled water until the supernatant ap-
peared Cl free by test with AgNO; solution. Cs-saturated
samples were then freeze dried and weighed. Fifty to 100 mg
of the samples were microwave-digested in a sealed Teflon
holding vessel, using concentrated HNO;, HF, and HCl in a
1:1:3 ratio. Boric acid was used to complex the excess F after
digestion.

Visual inspection of clay-size residues by polarized light
microscopy was performed after ICP analysis in order to pin-
point the source of SiO, in SiO,-rich samples. The inspection
indicated the presence of numerous diatom fragments in those
samples. The inspection also revealed that silt-size particles
were present in some of the samples. The silt appears to have
been incorporated in the clay-size fraction during vacuum-
suctioning of the clay-bearing supernatant, and its presence
may have tended to overemphasize the importance of bedrock-
derived sediment (relative to smectite) in the data records
generated in this study. To explore this possibility, X-ray
diffraction analyses were made of eight samples that had been
Mg saturated and glycolated. The X-ray patterns indicated that
smectite was absent from four samples and present in minor
amounts in the other four samples. These results suggest that
bedrock minerals comprise almost all material present in
Owens Lake sediments deposited during the last alpine glaci-
ation.

AGE CONTROL AND RADIOCARBON
RESERVOIR EFFECTS

Age control for OL90-2 is based on 26 AMS '“C determi-
nations made on the TOC fraction of cored sediment. A first-
degree polynomial was fit to the youngest three ages and a
second-degree polynomial was fit to all but the oldest three
ages to provide age—depth models for this core (Fig. 3). The
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FIG. 3. Radiocarbon ('*C) age—depth model for OL90-2. Prior to analysis
all samples were pretreated with HCL to remove inorganic carbon. The oldest
three samples were not used in the polynomial fit. “D” in this and subsequent
figures refers to depth. A sediment hiatus at ~5.94 m is indicated by an offset
in the '“C ages and by an abrupt change in sediment color.

hiatus at 5.94 m spans the <15,470 to 13,660 *C yr B.P.
interval.

In order to extend age control to OL90-1, 30 MS features
common to OL90-1 and -2 (Fig. 4) were matched and a
second-degree polynomial was fit to the data (Fig. 5). Once
equivalent OL90-2 depths for OL90-1 had been derived, the
OL90-2 '*C age—depth polynomial was applied to OL90-1.
The age model for OL90-1 and -2 provides an unbiased inter-
polation between ages but treats deviations from the smoothed
fit as sample noise.

An age model for the 17.35-m sediment core PLC92B was

obtained by fitting a third-degree polynomial (Fig. 6) to the '“C

age—depth data set. Two samples (CAMS 10640 and 11989)
were excluded from the fit. The relatively young ages of these
samples may derive from incorporation of plant roots that
penetrated the sediment during a lowstand that occurred after
26,500 '*C yr B.P.

In the 1950s, Broecker and Walton (1959) found that the '“C
reservoir effect in Pyramid Lake was ~600 yr. The Pyramid
Lake (Lake Lahontan) reservoir effect can also be estimated for
preHolocene conditions by comparing the temporal pattern of
14C plateaus observed in a recent study by Kitagawa and van
der Plicht (1998) with our unpublished '*C data from Pyramid
Lake core PLC97-3. Kitagawa and van der Plicht (1998) doc-
umented atmospheric radiocarbon variations in varved sedi-
ments from Lake Suigetsu, Japan. An 80%. decrease in A'*C
occurs between 10,800 and 9800 '*C yr B.P., and a 100%o
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decrease in A*C occurs between 12,600 to 12,100 “C yr B.P.
In core PLC97-3, these plateaus terminate at ~10,200 and
~12,600 “C yr B.P,, indicating that the reservoir effect in
Pyramid Lake was ~400 yr during the late Pleistocene (L.
Benson and M. Kashgarian, unpublished data).

Extrapolation of '“C dates on the TOC fraction of late-
Holocene sediments from core OL84B (Fig. 7) indicate that the
reservoir effect in Owens Lake was ~900 yr in 1913, if the
sediment surface remained intact since the 1913 desiccation of
the lake. Erosion has occurred in some areas; therefore, the
900-yr value may represent a maximum. Because there are no
data indicating the magnitude of the reservoir effect in Owens
Lake during the late Wisconsin, and because we have only a
maximum estimate of the reservoir effect in the late Holocene,
we elected not to alter the existing age models for cores OL90
and PLC92B.

PREVIOUS WORK

Medium-Resolution Studies of Glaciation in the Owens Lake
Basin .

Newton (1991) was the first to interpret the presence of
quartz and feldspar in the <4 wm fraction in shallow cores
from Owens Lake and Mono Lake as having originated from
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glacial abrasion of Sierran bedrock. Bischoff et al. (1997a)
applied this concept in a medium-resolution study of Sierran
glacial oscillations, using Na,O, TiO,, BaO, and MnO com-
ponents of the carbonate-free, clay-size fraction in samples
from core OL92 to indicate glacial conditions. They estimated
the amount of smectite, which, they argued, indicated intergla-
cial conditions, by measuring Cs uptake in the Cs exchanged
clay-size fraction.

Bischoff et al. (1997a) analyzed 108 samples from core
OL92, each representing an interval of ~1500 yr (~60 cm).
High Na,O values indicated three glacial (g,) intervals had
occurred during the last 60,000 yr, g5 (60,000 to 40,000 yr), g,
(37,000 to 31,000 yr), and g; (27,000 to 14,000 yr).! Unfortu-
nately, OL92 sediments from 6.30 to 7.27 m, 8.53 to 9.95 m,
10.75 to 12.68 m, 14.02 to 16.60 m, 17.15 to 17.75 m, and
19.10 to 20.20 m are fluidized or absent (Fig. 8). Given the
degree of fluidization of the upper part of OL92, data from the
upper 20 m (27,500 '*C yr) will not be incorporated in this
paper.

Conventional means of age control for OL92 are lacking
between the top of the Bishop ash bed (759,000 yr B.P.;
Sarna-Wojcicki and Pringle, 1992) at 300 m and the 30,310 *
310 4C yr B.P. date (CAMS 4673-B) at 23.27 m (Fig. 8). To
provide some measure of time for this interval, a constant-rate
mass-accumulation model (Bischoff et al., 1997b) was applied
to the sediment record of OL92. In addition, ten magnetic field
excursions thought to be present in core OL92 were used to
validate the mass-accumulation chronology (Glen and Coe,
1997). The magnetic excursion chronology, however, has sev-
eral flaws that prevent it from providing any significant con-

! The ages of these alpine glacial events are based on a constant-rate mass
accumulation model; therefore, “yr” in this usage is neither '*C nor calendric.
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straint on the overall OL92 mass-accumulation chronology.
Those flaws include the following: (1) only five of the ten
excursions reach negative inclinations; (2) most of the negative
inclinations are supported by only one or two measurements;
(3) there are no declination data to help confirm the reality of
the inclination-based excursions; (4) sampling was not frequent
enough to characterize the normal background paleomagnetic
secular variation within which each hypothesized excursion
occurred; and (5) several of the excursions are coincident with
fluidized zones and others overlap intervals of rotational faults
caused by the coring process. These limitations make uncertain
the reality of the five negative-inclination excursions and the
lack of negative inclinations for the five other excursions
makes it impossible to define them as such.

Detailed studies of normal paleomagnetic secular variation
for the last 100,000 years (Lund, 1993; Lund et al., 1988)
indicate that five low (but not negative) inclinations singled out
by Glen and Coe (1997) as excursions are quite common in
sediment records and represent normal field variability. At
least 14 possible excursions are known to have occurred during
the last 780,000 yr (Keigwin et al., 1997; Champion et al.,
1988). Even if it is assumed that the five negative inclinations
are evidence of excursions, a unique assignment of the five
negative inclinations to five of the 14 excursions is not possi-
ble. These arguments indicate that it is impossible to assess the
accuracy of the constant-mass accumulation model developed
by Bischoff et al. (1997b); therefore, the timing of alpine
glacial events g, g,, and g; may be in error by a few to several
thousand years.
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FIG. 6. Radiocarbon age—depth model for core PLC92B. Two samples
excluded from the polynomial fit may have organic carbon derived from roots.
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High-Resolution Studies of Glaciation
in the Owens Lake Basin

The MS of Owens Lake sediments derives from detrital
magnetite and greigite (Fe,;S,). Measurement of the natural
remanent magnetism (NRM) of samples from the upper part of
OL90-2 indicates that most samples deposited between 23,200
and 15,470 C yr B.P. lost much of their NRM within four
years after recovery (Fig. 9). Several samples from this interval
were demagnetized soon after OL90-2 was recovered and their
NRM measured every week for six months. A continuous loss
of remanent magnetism was observed, indicating that NRM
was lost during exposure of the core to the atmosphere. This
progressive loss of NRM indicates that greigite was the source
of most of the NRM originally present in the core. This
conclusion is further supported by thermomagnetic measure-
ments of mineral blocking temperatures (S. Lund, unpublished
data). Greigite was formed in the surficial sediments of Owens
Lake by alteration of other iron-bearing minerals. When core
OL90 was exposed to the air, greigite oxidized and the NRM
of the sediments gradually diminished.

The relatively high NRM;/NRM, ratios of samples depos-
ited between 13,660 and 12,500 “C yr B.P. (Fig. 9) indicate
that magnetite makes up a greater part of the magnetic mineral
assemblage in this interval. NRM measurements of paleomag-
netic samples for the period 52,600 and 35,000 C yr B.P.
indicate a loss of only 20 to 40% of the NRM values over a
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six-year period, indicating that magnetite is also the most
abundant magnetic component in older sediments from
OL90-1 and -2 (S. Lund, unpublished data).

High MS values characterize two intervals (52,600 to 40,000
and 25,500 to 15,470 C yr B.P.) in core OL90 (Fig. 10a).
Except for the generally low MS interval between 34,500 and
29,000 '*C yr B.P., maxima in MS are associated with minima
in TOC. Each of the MS maxima and TOC minima are inter-
preted as representing a single glacier advance (stade). During
each stade, detrital silicates scoured from Sierran bedrock were
washed into Owens Lake, reducing productivity and diluting
the TOC fraction of Owens Lake sediments.

Both TOC and MS data sets indicate that ten stades (S-1
through S-10) occurred prior to 34,500 '“C yr B.P. (Benson et
al., 1996). We interpret the continued oscillatory behavior of
TOC between 34,500 and 29,000 “C yr to indicate the pres-
ence of minor alpine glacier advances (S-11 through S-13).
The four stades that followed (S-14 through S-17), culminated
in the Tioga glacial interval (24,500 to 15,470 '*C yr B.P.),
which is characterized by extremely high MS and extremely
low TOC values (Fig. 10a). TOC values during the Tioga may °
also have been reduced by greigite formation (Eq. 1). We
cannot completely demonstrate that the values of the proxy
indicators of glacier activity (TOC and MS) quantitatively
reflect glacier extent. However, the highest values of MS and
lowest values of TOC occur during the glacier advances
marked by the Tioga 2 and Tioga 3 moraines which mark the
furthest advances of glaciers during the past 30,000 '*C yr
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(Fig. 10b; Phillips et al., 1996). These observations suggest
that TOC and MS values are, at least, semiquantitative indica-
tors of glacier extent.

Comparison of Medium- and High-Resolution Records
of Sierran Glaciation

In their medium-resolution study of Sierran glaciation,
Bischoff et al. (1997a) presented evidence that Sierran glacier
advance g, occurred between ~37,000 and ~33,000 yr B.P.
They correlated the g, advance with the Tioga 1 moraines that
the data of Phillips et al. (1996) suggest formed at 31,000 =
1000 3SC1 yr B.P. (26,000 * 4500 “C yr B.P.). The correlation
of the g, advance with the 3Cl dated Tioga 1 moraines appears
unlikely because the age ranges of the two records don’t
overlap, even if mass accumulation ages were equivalent to
35CI1 ages.

Both age models (**C and mass accumulation) have errors
that make intercomparisons uncertain. In order to place the
medium-resolution data sets within the time context of the
high-resolution records, the OL90-2 '*C-based chronology was
transferred to OL92 using the locations of two distinctive
diatom assemblages found in OL92 and OL90 (J. P. Bradbury,
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personal communication, 1997).2 TIC data for OL90-1 and -2
were averaged over 1000-yr intervals and plotted beside
medium-resolution data records for OL92 (Fig. 11). The two
medium-resolution records exhibit the same maxima in TIC at
29,000 'C yr B.P. The data sets, however, are out of phase by
~2000 yr at 52,000 **C yr B.P. The g, glacial event occurred
between =38,000 and 33,500 '*C yr B.P. (Fig. 11) and is
coincident with stades 8—10 (Fig. 10a), i.e., glacier advances
A10-A12 depicted in Figure 3 of Benson et al. (1996).

APPLICATION OF THE CC APPROACH TO STADIAL-
INTERSTADIAL OSCILLATIONS

One of the main objectives of this study is the comparison of
the CC glacial proxy with MS and TOC glacial proxies at the
stade—interstade level. To accomplish this, we analyzed the
carbonate-free, clay-size fraction of 22 samples taken from
many of the peaks and troughs in the TOC record of OL90-1
and -2. In general, oxide glaciation indicators (e.g., TiO,,
MnO, BaO, and Na,O) parallel variation in MS and mirror
variation in TOC. In addition, oxide values of stades are
usually elevated relative to values from adjacent interstades.
Most of the oxides achieve their highest values during the
Tioga glaciation (Figs. 10a, 10b). Minimum values in Na,O
and TiO, occur between 32,000 and 27,000 '*C yr B.P. (Fig.
10a), supporting the lack of extensive glaciation during this
period.

A surprising result of this analysis is that 37 of 48 elements
were negatively correlated (R* > 0.35) with TOC, including all
major rock-forming elements, Cs,O, and Li,O (Figs. 10a, 10b).
In their interpretation of glacial-interglacial periods, Bischoff
et al. (1997a) argued that values of Cs,O and Li,O were high
during interglaciations and low during glaciations, varying
inversely with Na,O and TiO, on the interglacial/glacial scale.
They also suggested that Cs,O correlated with smectite abun-
dance in the Cs exchanged clay-size fraction of Owens Lake
sediment. Interglaciations were thought to mark times when
Owens Lake was closed, when input of glacially derived clay-
size material was absent, and when pedogenic and authigenic
smectites accumulated in Owens Lake.

The compositional data for OL90-1 and -2 indicate that
Cs,0 and Li,O are poorly correlated (R* = 0.08 and 0.17) with
the Na,O glacial indicator but they are much better correlated
(R* = 0.48 and 0.70) with the TiO, glacial indicator. Na,O
yields the poorest correlation with TOC (R*> = 0.35) of all
major rock-forming elements, whereas TiO, is negatively cor-
related (R* = 0.78) with TOC. These relationships suggest that
Na,O may not be as robust an indicator of glacial stages as
other oxides (e.g., TiO,) and that a process other than dilution

2 Campylodiscus clypeus is found at 32.56 m (OL90-2 equivalent depth) in
core OL90-1 and at 36.72 m in core OL92. The top of an interval of
Aulacoseira ambigua is found at 20.21 m in core OL90-2 and 21.42 m in core
OL92. These depths are equivalent to ages of 30,200 and 51,400 *C yr B.P.
in core OL90-1/2.
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increase from right to left. Horizontal dotted lines connect values of TOC used to define stades and interstades with oxide data. (b) TOC and oxide analyses of
OL90 sediments compared to 3*Cl ages of Sierran moraines (Phillips et al., 1996). The Tioga 1 data are from a moraine fragment in one small valley in the eastern
Sierra and may not be meaningful in a regional sense (Douglas Clark, personal communication, 1998). The 5Cl ages were converted to “C yr using the data
of Bard et al. (1990, 1993, 1996) and Kitagawa and van der Plicht (1998). Arrows point to Mg-saturated, glycolated samples that were X-rayed. “NS” indicates
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of authigenic smectites with clay-size glacial rock flour is
affecting the composition of the CC between 52,600 and
15,000 “C yr B.P.

If the SiO, component was derived solely from bedrock
silicate minerals, it would be expected to exhibit a negative
correlation with some oxide components of those minerals
(e.g., Ca0, MgO, and FeO+Fe,0;), but it should also exhibit
little or no correlation with other oxides such as Al,0O;, Na,O,
and K,O (Fig. 12; Bateman, 1961). In OL90, SiO, varies
inversely with Al,O5, Na,O, and K,0, exhibiting a significant
positive correlation with TOC (R* = 0.72). Thus, the negative

correlation of these and other elements with SiO, (Figs. 10a,
10b) cannot be accounted for by differences in source rock
composition. We suggest that much of the SiO, comes from
diatom fragments that are composed of amorphous SiO,. Dur-
ing stades, input of rock flour to Owens Lake would have
lessened phytoplankton (diatom) productivity, decreasing the
amounts of both TOC and diatom fragments (amorphous SiO,)
incorporated in lake-bottom sediments. We tested this hypoth-
esis with X-ray diffraction analyses of two high- and two
low-SiO, samples from OL90. The presence of a broad (amor-
phous SiO,) peak centered at ~22° 20 in both high-SiO,
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samples (Fig. 13) demonstrates that diatom fragments were
deposited during high-productivity periods and account for
most of the high SiO, values (Figs. 10a, 10b).

The CC data, therefore, support TOC aqd MS as robust
indicators of stade—interstade oscillations in the Owens
Lake basin between 52,600 and 13,600 '“C yr B.P. Inter-
estingly, CaO and Na,O have the poorest correlation with
TOC of all major rock-forming elements (R*> = 0.38 and
0.35; Figs. 10a and 10b) although they are highly correlated
with each other (R* = 0.90). We suggest either that nons-
toichiometric release of Ca and Na from plagioclase during
formation of kaolinite occurred from time to time between
52,600 and 13,600 C yr B.P. or that the ratio of plagioclase
feldspar to other minerals in the clay-size fraction was not
constant. In any case, CaO and Na,O do not appear to be the
best chemical proxies of glaciation during stade—interstade
oscillations. An element such as Ti, which has low solubility
and whose primary mineral hosts are relatively refractory, is
a better and longer lived indicator of past glacier activity.
During the 52,600 to 15,000 *C yr B.P. glacial interval,
analyzed Cs,O values do not appear to reflect smectite
abundance; rather, they may indicate the abundance of mi-
crocline (K-feldspar), biotite, and possibly vermiculite (al-
tered biotite), in the clay-size fraction (e.g., Hinkley, 1974).

COMPARISON OF C AGES OF TOC-, MS-, AND
CC-DEFINED STADES WITH **CL AGES
OF SIERRAN MORAINES

A 3°Cl study of Sierran glacial deposits by Phillips et al.
(1996) indicated major advances at 49,000 £ 2000, 31,000 *
1000, 25,000 * 1000, 21,000 = 2000, and 17,000 = 1000 **Cl
yr B.P. Associated systematic and random uncertainties pro-
duce a maximum combined error in such determinations of
~15% of the value of the measurement (Phillips er al., 1997).
The equivalent '*C ages of these moraines (46,000 * 7000,
26,000 £ 4500, 21,000 % 3800, 17,500 * 3200, and 14,000 +
2500 '*C yr B.P.) obtained using the data of Bard e al. (1990,
1993, 1996) and Kitagawa and van der Plicht (1998) are
consistent with the overall patterns in the MS and TOC data of
Benson et al. (1996) and with the shapes of the oxide curves
produced in this paper (Figs. 10a, 10b). What Phillips et al.
(1996) termed “Younger Tahoe” moraines formed during one
or more of the older stades (S-1 through S-6), and Tioga 2, 3,
and 4 moraines formed during what we have termed the Tioga
glaciation (Fig. 10b).

COMPARISON OF OWENS AND PYRAMID LAKE
TOC RECORDS

The Pyramid Lake subbasin is one of seven subbasins that
comprised Pleistocene Lake Lahontan (Fig. 1). During the
Wisconsin, the level of Pyramid Lake was sometimes regulated
by spill to one of three adjacent subbasins. The Mud Lake sill
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FIG. 12. Major element oxide compositions of granitoids from the east-
central Sierra Nevada (Bateman, 1961). Values of Al,O; were halved to fit in
the figure.

(1177 m) connects Pyramid Lake to the Winnemucca Lake
subbasin, the Emerson Pass sill (1207 m) connects Pyramid
Lake to the Smoke Creek—Black Rock Desert subbasin, and the
Darwin Pass sill (1265 m) connects Pyramid Lake to the
Carson Desert subbasin.

Core PLC92B was taken in 7.1 m water from the Wizards
Cove area of Pyramid Lake, Nevada (Fig. 1). A continuous set
of 5-cm (80-yr) samples was taken from PLC92B, excepting a
20-cm gap below 7.9 m (loss of the 20-cm sediment interval
occurred during the penetration of the Wono tephra layer; the
compact tephra layer stuck in the core barrel displacing 20-cm
of sediment that lay below it).

TOC data for PLC92B indicate a transition from organic-
rich to organic-poor sediments at ~24,500 H4c yr B.P., mark-
ing the beginning of the Tioga glaciation (Fig. 14). Prior to
~24,500 C yr B.P., sediments from Pyramid Lake indicate
millennial-scale changes in TOC. We interpret these data to
indicate productivity oscillations driven by stadial-interstadial
cycling. Comparison of the TOC data for the Pyramid Lake
and Owens Lake basins (Fig. 14) indicates that it is difficult to
correlate the oscillations from basin to basin objectively, but it
is apparent that 10 to 12 oscillations occurred in each basin
between 40,000 and ~24,500 '*C yr B.P. It is also apparent
that the start of the Tioga glaciation was recorded in both
basins at nearly the same time. (See Fig. 14.)

The desiccation or lowstand of Owens Lake that occurred
sometime after 15,500 '*C yr B.P. (Benson et al, 1996)
appears to have marked the termination of the Tioga glaciation
in the Owens Lake drainage. Data from OL90-1 and OL84B
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(Benson et al., 1996, 1997a) indicate that the desiccation
terminated 13,600 * 100 '*C yr B.P., providing a minimum
age for the end of the Tioga glaciation. TOC values for Pyra-
mid Lake remain low after 13,600 + 100 '“C yr B.P. This was
possibly due to continued glacier activity in the Truckee River
watershed after such activity had ceased farther south, but
more probably it resulted from paraglacial remobilization of
glacial debris during the wet event that culminated in the
Lahontan highstand (~14,000 to ~13,000 H4c yr B.P.; Benson
et al., 1995).
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SUMMARY AND CONCLUSIONS

ICP-AES and ICP-MS analyses of the carbonate-free, clay-
size fraction of 22 samples from core OL90 support the hy-
pothesis of Benson et al. (1996) that millennial-scale oscilla-
tions in TOC and MS were caused by Sierran glacier (stadial-
interstadial) oscillations. The work of Bischoff et al. (1997a)
has shown that, to a first approximation, Cs,O and Li,O were
high during alpine interglaciations and low during glaciations,
varying inversely with Na,O and TiO, on the interglacial/
glacial scale. This study has shown that these chemical rela-
tionships do not necessarily apply to stadial/interstadial oscil-
lations. Cs,O and Li,O did not reach high values during
interstades; instead, their values were minima, paralleling the
behavior of Na,O and TiO, (and most of the other bedrock
oxides). During the last alpine glaciation, most elements com-
mon to Sierran bedrock served as good indicators of stadial—
interstadial oscillations because the chemistry of the carbonate-
free, clay-size fraction was governed by dilution of SiO,
(amorphous) and TOC with glacially derived silicates.

TOC data from both Owens and Pyramid lake cores indicate
that Tioga glaciation began ~24,500 C yr B.P., and TOC and
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FIG. 14. TOC concentrations in samples from Owens and Pyramid lakes.
Dotted line indicates the base of the Tioga glaciation.
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MS data from the Owens Lake basin suggest that it ended by
~13,600 = 100 '*C yr B.P. TOC, MS, and CC data indicate
that at least 20 stadial-interstadial oscillations occurred in the
Sierra Nevada between 52,600 and 14,000 '*C yr B.P. These
data indicate that glacier oscillations occurred on a frequency
of <1900 yr.

Application of the three proxies has limitations with regard
to timing and extent of glaciation. Postglacial recycling of
paraglacial sediment can falsely signal glacier activity for some
time during and after glacier retreat. We argue, however, that
the greatest amount of rock flour is produced during the ad-
vance of Sierran glaciers and that maxima in values of the
proxy indicators are coincident with glacier advances.

The value of a proxy semiquantitatively reflects glacier
extent. The most extensive glacier advances in the Sierra
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Nevada were associated with maxima in MS and CC and e Bischoff, J. L., Menking, K. M., Fitts, J. P., and Fitzpatrick, J. A. (1997a).

minima in TOC and SiO,. The TOC proxy is not sensitive to
the upper limit of glacier extent; i.e., TOC can potentially
achieve near-zero values before rock-flour-induced turbidity
reaches a maximum. If lake overflow occurs during glaciation,
clay-size sediment may be carried out of the basin in the
outflow, causing the intensity of glacial erosion to be under-
estimated. Thus, glacier advances during wet times may not be
as well recorded in CC records as advances during drier times.
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