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ABSTRACT

Benson, L. V., Meyers, P. A. and Spencer, R. J., 1991. Change in the size of Walker Lake during the past 5000 years.
Palaeogeogr., Palaeoclimatol., Palaeoecol., 81: 189-214.

In 1984, a 12-m sediment core (WLC84-8) was taken from the deepest part of Walker Lake. Samples of the core were
analysed for diatoms, pollen, carbonate mineralogy, magnesium content, §'80 and §'*C values of the total inorganic fraction,
580 and 6'3C values of Limnocythere ceriotuberosa, $'3C values of the total organic fraction, grain size, and magnetic
susceptibility. The data indicate that Walker Lake became shallow and probably desiccated between > 5300-4800 and 2700-
2100 yr B.P. Each of the organic and inorganic proxy indicators of lake size discussed in this paper was useful in determining
the presence of the shallow-lake intervals. However, none of the indicators was useful in determining the cause of the shallow-
lake intervals. Instead, the types of fish living in Walker Lake prior to 1940 were used to demonstrate that shallow-lake
intervals resulted from diversion of the Walker River and not from climatic aridity. Major changes in mineralogy and
magnesium content of carbonates and major changes in diatom populations with time were found to be a function of the
chemical evolution of Walker Lake combined with changing lake size. The stable isotopes of oxygen and carbon were found
to be good indicators of lake volume changes. A lake-level record for Walker Lake constructed from stable-isotope data was
found to be similar to a lake-level record constructed using tufa and tree-stump data. Both records indicate relatively high
lake levels between 4800-2700 yr B.P., at 1250 yr B.P., and within the last 300 yr. Substantial declines in lake level occurred

~2000 and ~ 1000 yr B.P.

Introduction

The Walker Lake subbasin, one of seven topo-
graphic depressions comprising the Lahontan basin
(Fig.1), is located in northeastern California and
west-central Nevada (Fig.2). During the Pleistocene,
large lakes occupied the Lahontan basin (Benson
and Thompson, 1987a; Lao and Benson, 1988). The
Walker Lake subbasin is relatively small and steep-
sided compared to most other Lahontan subbasins;
it is separated from the Carson Desert subbasin by
a sill with a maximum altitude of 1308 m located
in Adrian Valley (Benson and Mifflin, 1986) (Fig.2).
Walker Lake exceeds still level and spills to the
Carson Desert subbasin when its surface area
increases to ~ 3.5 x its mean-historical value.

Since the initial study of Russell (1885), it has
been postulated that the history of Walker Lake

0031-0182/91/%$03.50

may have been affected by diversion of the Walker
River into the Carson River through Adrian Valley
(Fig.2) (King, 1978; Davis, 1982). King (1978)
claims to have found geomorphic evidence for
diversion of the Walker River; however, the sedi-
mentological record left by the postulated diver-
sion remains undated. In this paper, a variety of
lake-size indicators are compared and used to
determine the fluctuation history of Walker Lake
for the past 5000 yr. The Walker Lake record
surface-altitude and surface-area records are then
compared with the late-Holocene surface-area
record of Mono Lake.

Methods

Walker Lake was cored in July of 1984 from a
barge anchored ~2.6 km off the western shore of
Walker Lake in 34 m of water (Fig.3). Shallow

© 1991 — Elsevier Science Publishers B.V.
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Fig.1. Surface area of Lake Lahontan about 14,500 yr B.P.

sediment cores (WLC84-6 and 7) were taken with
a piston-fitted, 5-cm interior diameter, 3-m long,
clear-polycarbonate tube (Bradbury, 1987). A
deeper core (WLC84-8) was taken with a 5-cm
diameter, square-rod Livingstone piston sampler.
Coring of the 12-m WLC84-8 core was accom-
plished manually by forcing the drill stem
and coring tubes into the sediment. The drill stem
and tubes were raised to the surface by using a
winch mounted on a Mobile B-61! drilling rig.

'Use of tradenames in this report is for descriptive purposes
only and does not imply endorsement by the U.S. Geological
Survey.

Rotary coring using a wireline drilling rig also was
attempted at two sites (Fig.3) (Benson, 1988). Six
Phleger gravity cores ranging in length from 0.77
to 1.80 m and one 4.50-m Mackereth core were
taken in 1975 and 1976 (Fig.3) (Benson and
Spencer, 1983).

The amounts and magnesium contents of car-
bonate minerals were estimated by x-ray diffraction
(Goldsmith and Graf, 1958). Uncertainties using
this method are about +2 mole% MgCQO;. Sam-
ples of calcite-ostracode valves for 6!'30 and §!3C
isotope analysis were selected from core WLC84-
8 by Richard Forester of the U.S. Geological
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Survey. A series of tests was performed to deter-
mine the minimum number of ostracode valves
that would yield reproducible amounts of §'%0
and 6'*C. For the small ostracodes (Limnocythere
ceriotuberosa) commonly found in WLC84-8, as
few as 10 valves were found to yield consistent
results; however, 15-50 valves usually were ana-
lysed. Analayses of ostracode samples that pro-

duced transducer pressures <0.5mb are not
included in this report. Magnetic-susceptibility
measurements were made before the cores were
subsampled. Reproducible susceptibility variations
were obtained on all three cores (Fig.4). Downcore
distributions of the various proxy indicators of
lake-size change were compared by overlaying
20 x 25 cm transparencies of the data records.
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All chemical distribution-of-species calculations
were made using WATEQF (Plummer et al., 1976).
Mean-annual inputs of dissolved solids from the
Walker River were calculated by plotting the daily-
mole fluxes (mmoles/day) of chemical constituents
as a function of mean-daily discharges (L/day)
(Fig.5) for the Wabuska gaging site (Fig.2) (U.S.
Geological Survey, 1960, 1963, and 1961-1987).
Linear regressions between these two variables
were performed over two discharge intervals:
0.0-0.4 x 10° L/day and 0.4-5.2 x 10° L/day. Dis-
charge data from the Walker River were subdivided
into 34 class intervals for the years 1940-1987

(16,801 observations). The regressions equations
were used to associate the midpoint of each of the
34 flow intervals with a mole flux for each chemical
constituent. The average number of days in a year
spent in each flow interval was multiplied by the
mole flux associated with that interval and the
results for all 34 intervals summed to obtain the
mean-annual input of each chemical constituent.
Summation of positively and negatively charged
chemical constituents for the discharge-weighted
flux indicated 49.2x10'° meq/day of positive
charges and 48.2x10!'° meq/day of negative
charges.
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Historic record of change in the hydrologic
balance of the Walker Lake subbasin

The principal source of water to the Walker
Lake subbasin is the Walker River, which has
a diversion-corrected mean-annual discharge of
about 0.38 km® (Benson and Thompson, 1987b).
Mean-annual precipitation is 0.13m at Haw-
thorne, Nevada, (Fig.2) and mean-annual evapora-
tion is about 1.35m (Milne, 1987). Consumptive
use of water for crops and domestic purposes has
altered the natural water balance of the Walker
subbasin. Irrigated lands in 1989 totaled between
300 and 500 km?. Synchronous discharge measure-
ments at major streamflow-gaging stations (Fig.2)
indicate that losses during 1958 to 1974 averaged
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about 0.23 km?/yr, or about 60% of the total input
to Walker Lake (Benson and Leach, 1979). As a
result of this loss of potential discharge, Walker
Lake has decreased in depth by about 50%, in
surface area by about 50%, and in volume by
about 70% since 1870 (Harding, 1965; U.S. Geol.
Surv., 1960, 1963, 1961-1987). Milne’s (1987)
reconstruction of the pristine lake-level record for
Walker Lake (Fig.6) indicates that the lake would
have maintained a mean elevation of 1253+3m
from 1872 to 1988.

Proxy indicators of change in the hydrologic
balance of the Walker Lake subbasin for the past
5000 years

Diatoms in WLC84-8 and WLC76-G

Bradbury’s (1987) analysis of diatom types and
concentrations preserved in WLC84-8 and
WLC76-G  (Fig.3) indicated that a regular pro-
gression of species abundances existed in both
cores (Fig.7). Bradbury (1987) recognized two
intervals in WLC84-8 (Fig.7a; 12.0-10.9 m and
4.6-3.8 m) and one interval in WLC76-G (3.8-2.5
m) characterized by low abundances of diatoms.
He was able to correlate the upper 4.6-3.8 m
interval in WLC84-8 with the 3.8-2.5 m interval
near the base of WLC76-G using a Mono Crater
volcanic ash and the top of the Stephanodiscus
diatom zone. The low-diatom concentration
intervals in WLC84-8 contain a euryhaline Navic-
ula species (Fig.7b). (Bradbury (1987) used both
these criteria to suggest that Walker Lake was very
shallow and perhaps desiccated during the 12.0-
10.9 m and 4.6--3.8 m depth intervals.

Abundances of seven diatom species with rea-
sonably well known salinity tolerances are shown
in Fig.7. The relatively rapid transition from high
salinity to dilute conditions, represented by the
disappearance of Navicula and the sequential
appearance of Cyclotella meneghiniana and Ste-
phanodiscus niagarae, probably resulted from mix-
ing of residual lake brine with dilute Walker River
discharge. The evidence for very dilute conditions,
represented by the presence of Cyclotella ocellata
(Fig.7d), may indicate: (1) the absence of residual
brine, (2) a rapid increase in lake volume due to
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very large inputs of dilute discharge, or (3) that The transition from dilute to moderately saline
soluble salts, which had formed during the shallow- conditions indicated by the sequential appearance
lake phase, had been sealed by a low-permeability of Stephanodiscus excentricus and Cyclotella quil-
layer of salt or sediment before the subsequent lensis (Fig.7f and h) may indicate evaporative

increase or reintroduction of streamflow discharge. concentration of dissolved solids within a constant
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volume lake or it may indicate evaportive concen-
tration of dissolved solids within a lake that was
decreasing in volume due to increasing climatic
aridity. For example, if we assume that Walker
Lake achieved its present-day dissolved solids
content of 1.15x 102 moles (3.76 x 10'3 g) in a
linear manner over the past 2100 yr, then the
concentration of a constant volume Walker Lake
would have increased by ~0.15 millimoles (5.0 mg)
per yr. If diatom concentrations are to be unequiv-
ocally linked with changes in lake size, the linkage
will have to be accomplished through an under-
standing of the relation of second-order changes
in species concentration to changes in lake size.
For example, the two troughs in the S. niagarae
distributions (Fig.7e) may indicate moderately
saline conditions associated with brief declines in
lake level.

Fragilaria brevistriata is a benthic freshwater
diatom fround near the mouth of the Walker River
and in upstream habitats (Bradbury, 1987). Its
presence between 10.7 and 9.9m in WLC84-8
(Fig.7g) indicates very dilute conditions, which
is consistent with peaks in the C.ocellata and
S. niagarae populations (Fig.7d,e). Its association
with S. niagarae between 3.7 and 2.2 m also indi-
cates dilute conditions. However, its association
with moderately saline C. quillensis between 2.2
and 0.2 m is more difficult to explain. It is suggested
that F. brevistriata may have been transported from
its shallow, freshwater-riverine habitat to the deep-
water WLC84-8 site by extreme discharge events
(floods) that scoured the channel and mouth of
the Walker River.

Radiocarbon ages of shallow-lake intervals

Radiocarbon ages of the total organic carbon
(TOC) fraction of six samples from WLC84-8
(Benson, 1988; Yang, 1988) are plotted in Fig.8a
as a function of depth below the sediment-water
interface. Radiocarbon ages of the TIC fraction
were not plotted because certain carbonate miner-
als did not maintain a closed system after pre-
cipitation; i.e., metastable monohydrocalcite
recrystallized to low-magnesium calcite (see
p. 198). Linear fits to the age-depth data (Fig.8a)
indicate that the lower shallow-lake interval began
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prior to 5300 yr B.P. and ended 4800 yr B.P. The
upper shallow-lake interval began 2700 yr B.P. and
ended 2100 yr B.P.

Radiocarbon ages of 11 tufas and one rooted
tree stump (Benson and Thompson, 1987a)
(Table 1) are plotted in Fig.8b as a function of
equivalent depth below the sediment—water
interface. Radiocarbon ages of late Holocene tufas
were not corrected for dilution by dead carbon.
Calculations using the gas-exchange data of Peng
and Broecker (1980) indicate that radiocarbon
ages of materials precipitated from late-Holocene
Walker Lake may be as much as 200 yr too old.
The uncorrected radiocarbon-age data indicate the
presence of a relatively deep lake between 4500-
3000 yr B.P. (9.9-5.4 m), a relatively shallow lake
between 22001500 yr B.P. (4.0-3.3 m), a relatively
deep lake at 1250 yr B.P. (3.0 m), a shallow lake
at 1000 yr B.P. (2.3 m), and a relatively deep lake
between 840 yr B.P. and 1850 (2.0-0.3 m) (the
reconstructed mean historical altitude of Walker
Lake is 1253 m; Milne, 1987).

Tufa data for the time of the lower (older) part
of the upper shallow-lake interval and the time of
the entire lower shallow-lake interval do not exist.
The absence of tufa data does not prove, but is
consistent with the existence of very shallow lakes
or playas in the Walker Lake subbasin at these
times.

Pollen in WLC84-8

The distributions of major plant types in the
Walker subbasin and surrounding areas are shown
in Fig.9. Pollen assemblages from the modern
surface sediments of Walker Lake are dominated
by pine (Pinus), sagebrush (Artemisia), and other
relatively mesic types, which were presumably
transported from higher elevations by the Walker
River. During past times of low streamflow dis-
charge, or when the Walker River ceased to flow
into Walker Lake, pollen from these mesic types
declined in abundance while the abundance of
pollen types from the local desert vegetation
increased. Most notably, sedimentary intervals
with elevated abundances of greasewood (Sarcoba-
tus) pollen (11.9-10.8 and 4.2-3.5 m; Fig.10) (R.
Thompson, pers. comm., 1990) indicate periods of
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TABLE 1

Radiocarbon ages and counting errors of surface samples in
the Walker Lake subbasin. All samples have been corrected
for measured §'3C except for LDGO samples for which it was
assumed that 6'3C=0. The error introduced by this procedure
is <100 yr.

Sample Sample  Laboratory Altitude Radiocarbon
type number  number (m) age

(yr B.P)
Tufa WL84-13 USGS-4240174 1237 590+ 60
Tree - - 1212 980 + 40
Tufa WL7 1-9362 1229 1205475
Tufa WL89-2 LDGO-1743g 1235 1210140
Tufa WL89-1 LDGO-1743f 1245 1290 + 60
Tufa WL5 1-9360 1216 1335475
Tufa WL86-1b LDGO-1743e 1212 1360140
Tufa WL6 1-9361 1222 1720+ 80
Tufa WL86-l1a LDGO-1743d 1212 1800 +40
Tufa WL4 1-9359 1211 2185+80
Tufa WL10 1-9365 1252 2970+ 85
Tufa WL9 1-9364 1244 4445495

very low water levels and large areas of exposed
lake sediment, which provided expanded habitat
for Sarcobatus (Bradbury et al., 1989). The abun-
dance of ditch grass (Ruppia) pollen in the upper
greasewood zone indicates the presence of a shal-
low (<1 m) saline lake.

As noted in the preceding section, palynomorphs
apparently can be used to delimit shallow-water
intervals. However, palynological data are less
informative on the nature of moderate- and deep-
water phases. The higher abundances of the algae
Botryococcus and Pediastrum in the interval
between the two shallow-lake intervals may indi-
cate more dilute water during the period since the
last shallow-lake interval. However, changes in
abundance of these taxa are poorly understood
and factors other than salinity may control their
abundance.

Magnesium content of carbonates in WLC84-8

The calcite content of WLC84-8 sediment is
highly variable (Fig.11). Between 4.0-2.0 m and
12.0-7.0 m, samples average about 10% calcite;
between 7.0-4.0 m, samples average about 20%
calcite with some samples containing as much as
35% calcite. Calcite was not detected in most
samples above a depth of 2.0 m; instead, small
(4 um) crystals of monohydrocalcite are relatively
abundant (Fig.11). Dolomite is present in small
amounts in some samples between 10.0-8.0 m and
5.0-2.0 m.

Systematic - trends of increasing magnesium
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Fig.9. Modern areal distribution of major plant types in the Walker River subbasin (R. Thompson, pers. comm., 1990).
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1990).

content occur between 10.9-7.4 m and 3.8-1.6 m
(Fig.12a). To a first approximation, the systematic
increase in magnesium content of calcite as a
function of core depth can be considered to result

from a fractionation process in which the magne-
sium/calcium ratio of lake water, as well as the
magnesium/calcium ratio of calcite precipitated
from lake water, increase as a function of the
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amount of calcite precipitated. Because calcium is
preferentially incorporated in the solid phase, the
aqueous solution becomes enriched in magnesium
during the chemical evolution of a closed-basin
lake. For any instantaneous precipitation of calcite
from a homogeneous solution, the ratio (my,/mc,),
within the precipitate (p) is related to the ratio
(Mygg2+/Mcy2+ ), in the aqueous solution (1) by the
distribution coefficient Dy,

mMg =D mMg2+
m T M
Ca /p Caz* /i

where Dy, is the heterogeneous-distribution
coefficient of magnesium in calcite (Dy,=0.012+
0.001 at 10°C and 0.019+0.001 at 25°C; Oomori
et al., 1987).

(1)

LT LT
MOLE % INORGANIC FRACTION
(Yoo)

MgCO3

LIMNOCY THERE CERIOTUBEROSA
(Yoo)

L.V. BENSON

The magnesium/calcium ratio in the calcite
phase did not increase without limit during the
chemical evolution of Walker Lake; i.e., after the
(Myg2+/mc,2+); ratio became sufficiently high, rep-
resented by a MgCO; content of calcite of ~11
mole %, monohydrocalcite became the principal
carbonate precipitate (e.g., 2.0-0.0 m in WLCg4-8§;
Fig.11) (see pp.58-60 of Spencer, 1977 for a
discussion of the formation of monohydrocalcite
in recent sediments of Walker Lake). Thereafter,
the magnesium content of lake water apparently
was no longer constrained by precipitation of
magnesium calcite.

Between 12.0-10.9 m and 7.4-3.8 m, calcite
averages about 1 mole % MgCO; (Fig.12a). Sam-
ples from the low-magnesium calcite (<3%
MgCO,) intervals contain large scalenohedral
calcite crystals cemented in fine-grained calcite
crusts (Fig.13) that are interpreted to indicate the
product of recrystallization of metastable monohy-
drocalcite (Hull and Turnbull, 1973) in magne-
sium-depleted pore water.

Pore fluids in sediments from the central area
of Walker Lake are depleted in magnesium
(Table 2). At sediment depths > 1.5 m, magnesium
concentrations are <3 mg/L (Benson and Spencer,
1983, table 12, WLC76-F and G). The loss of
magensium from the pore water as a function of
depth (time) has been attributed to uptake by clay
minerals during their formation and alternation
and to precipitation of low-magnesium calcite
(Spencer, 1983). While the (my,2+/mc,2+), ratio
of overlying lake water is ~21, at a depth of
1.45m below the sediment—water interface, the
(Mygg2+ /Mcy2+); Tatio of WLC76-G is 1.17 and at

3¢ 3¢ 83
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Fig.12. Mole % MgCO; and stable-isotope values in samples from WLC84-8.
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0.2 mm

Fig.13. Scalenohedral calcite crystals cemented in fine-grained
calcite crusts from 4.4 m in WLC84-8.

TABLE 2

Magnesium and 4'80 values in pore fluids from selected cores
from Walker Lake, Nevada

Core Depth Mg Core Depth  $'%0
{m) (mg/L) {m) (%o)
WLC76-G  0.45 40.0 WLC84-1 2.0 +0.0
0.95 13.0 8.2 -22
1.45 4.9 WLC84-2 5.3 -19
1.95 1.6 WLC84-4 4.0 —-1.3
245 1.0 12.1 —-23
2.95 1.6
3.45 2.3
3.95 0.9
4.50 0.5

4.50 m the ratio is 0.212. Substitution of these
values in Eq.1 indicates that low-magnesium
calcites (1.4 mole % MgCQO, and 0.25 mole %
MgCO,) would result if monohydrocalcite were to
recrystalize today to calcite at these depths.

Lake size (volume) is not easily inferred from
the carbonate chemistry and mineralogy of
WLCE84-8; however, the data of Fig.12a indicate
the following:

(1) Twice during the past 5300 yr, increasing
magnesium/calcium ratios of Walker Lake water
first led to the formation of magnesium calcites
and then led to the formation of monohydrocalcite.
At ~3640yr B.P. and ~840yrB.P. (Fig.12a,
7.4 m and 2.0 m), precipitation of high-magnesium
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calcites (= 10% MgCO,) ceased and precipitation
of monohydrocalcite began.

(2) These two precipitation sequences can be
modeled in terms of a fractionation process during
which the magnesium/calcium ratio of lake water
increased with the amount of carbonate precip-
itated.

(3) The occurrence of low-magnesium (2-3%
MgCO,) calcites immediately above the scalena-
hedral carbonate crusts probably indicates the
reintroduction of dilute Walker River discharge to
the lake basin.

The amount (wt. %) of calcium carbonate is
highest in sediment from above 2.0 m (monohydro-
calcite interval) and between 7.0-4.4 m (recrystal-
lized monohydrocalcite interval) in WLC84-8
(Fig.11). Age data (Fig.8a) do not indicate substan-
tial differences in sediment accumulation rates in
these intervals. Two models of carbonate sedi-
mentation can be used to explain the carbonate
accumulation data. In the first model, nucleation
and precipitation of calcium carbonate occurs
homogeneously within the epilimnion (carbonate
whitings) when some arbitrary degree of supersatu-
ration is achieved. In the homogeneous model,
calcium carbonate accumulates in the sediment
column at approximately equal rates over the
entire lake-bottom surface and the amount of
calcium available for precipitation is a function of
discharge rate of the Walker River (Fig.5); i.e., the
rate of carbonate accumulation at the WLC84-8
site increases when streamflow discharge increases
causing the lake to rise. In the second model,
precipitation of calcium carbonate preferentially
occurs in the delta area at the north end of the
lake where calcium-rich river water mixes with
carbonate-rich lake water. In the deltaic model,
the greatest accumulation rate of calcium carbon-
ate occurs at the WLC84-8 site when it is near the
delta when lake level is declining.

It remains impossible to unambiguously deter-
mine which calcium carbonate accumulation model
best accounts for the calcium carbonate data
depicted in Fig.11. Given the limited age data,
change in the percentage of calcium carbonate
may not indicate rates of carbonate accumulation
but, instead, rates of dilution of the carbonate
fraction by detrital silicates. However, if the lake-
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level envelope drawn around the tufa and rooted
tree-stump ages is reasonably accurate (Fig.8b), it
appears that the homogeneous model of increased
carbonate accumulation with lake-level rise is
applicable to the Walker Lake system. In addition,
during the two shallow-lake intervals, calcium
carbonate percentages were small (Fig.11) even
though the delta area was located near the core
site, thus providing additional support for adop-
tion of the homogeneous model of carbonate accu-
mulation.

8180 values of the total inorganic carbon fraction
and L. ceriotuberosa in WLC84-8

Definitions used in discussions of the stable-
isotope geochemistry of the Walker Lake system
include the following

amount of rare isotope

= 2

amount of abundant isotope @)
where R=13C/!2C or 80/'°0O

a,(B)=Ry/R, (3

where ao,(B) is the isotopic fractionation factor
between components 4 and B.

£4(B)=[0,(B)— 1] x 10*%0 “

where ¢ is the fractionation factor in % between
components 4 and B.

3s(4)=[(R4— Rs/Rs] x 10°%o )

where dg(4) is the isotope ratio of sample A4
relative to standard S.

d5(B) — b5(4) ~e4(B) (6

where d4(B)— d5(4) is the difference in isotope
ratio between components A4 and B. Oxygen- and
carbon-isotope fractionation factors used in this
paper are taken from Friedman and O’Neil (1977).

5'%0 values (relative to the PDB standard) in
the TIC fraction, in hand-picked carbonate crys-
tals, and in L. ceriotuberosa are shown in Fig.12b,c.
Individual carbonate crystals and the TIC fraction
of samples from shallow-lake intervals are isotopi-
cally enriched in 80, indicating the importance
of evaporative removal of '®0-depleted water
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vapor from the lake relative to the input of '20-
depleted streamflow discharge. No 6'%0 data for
ostracodes exist for the shallow-lake intervals since
ostracodes were unable to survive the high salinities
that characterized these times (Bradbury et al.,
1989).

Between depths of 11.1-10.6 and 4.0-3.6 m, a
5.0-6.0 depletion in the §'80 value of the TIC
fraction occurs. This is interpreted to indicate
initial refilling of the lake with !30-depleted river
water. Immediately above these intervals (10.6—
10.4 m and 3.6-3.2 m), a 2.0-4.0 enrichment in
the 6'80 value of L. ceriotuberosa occurs. This
enrichment is mirrored, to a lessor extent, by
enrichment in the 680 value of the TIC fraction
between 10.6-10.4 and 3.6-3.2 m. The enrichment
in the 6'%0 value of both forms of inorganic
carbonate is interpreted to indicate the initial
approach of the lake system to an isotopic steady
state.

Between 10.4-5.2 m, little change occurs in the
overall trend of §'80 in L. ceriotuberosa, indicating
a balance between input of isotopically depleted
river water and evaporative output of isotopically
depleted water vapor. This implies a relative con-
stancy of lake volume which is also indicated in
the 5'80 value of the TIC fraction, which averages
about ~4.5%¢ between 10.0-7.8 m. However,
between 7.4-4.6 m, the 6'%0 value of the TIC
fraction is enriched, possibly indicating recrystalli-
zation in an isotopically enriched pore fluid
(Table 2). The §'80 values of TIC samples from
depths of 8.8 and 7.2m also indicate levels of
enrichment associated with shallow lakes or recrys-
tallization beneath the sediment-water interface.
Ostracode data are not available for these depths.
There is some peak-to-peak correspondence in the
two 8*%0 records between 11.0 and 7.0 m (10.8,
9.5 and 8.2 m, Fig.12b,c).

Between 3.6-2.0+ m, the 6'80 values in both
L. ceriotuberosa and the TIC fraction increase by
~2.0, indicating an overall decline in lake volume.
180.depleted values for L. ceriotuberosa at 2.8 and
1.2 m and in the TIC fraction at 2.5, 1.8, 1.2, and
0.6 m probably indicate increases in lake size due
to sizeable inputs of isotopically depleted water.
The 3.0% increase in the &'%0 value of
L. ceriotuberosa between 0.3-0.0 m is interpreted



CHANGE IN THE SIZE OF WALKER LAKE DURING THE PAST 5000 YEARS

to have been caused by the 70% reduction in lake
volume that occurred over the last 70 yr (Fig.6).

Differences in the 6' 80 values of L. ceriotuberosa
and the TIC fraction can be ascribed to several
factors including:

(1) Site of precipitation

Precipitation of inorganic forms of calcium car-
bonate (calcite and aragonite) often occurs within
the epilimnion of a lake when the lake becomes
supersaturated with respect to one or more forms
of calcium carbonate. These events, which are
termed whitings, generally occur during the
warmer months of the year (Kelts and Hsu, 1978).
For example, whitings have been observed to occur
in Pyramid Lake, Nevada, in August of 1973,
1978, and 1980, and also may have occurred in
September of 1957 (Galat and Jacobsen, 1985).
The 1973, 1978, and 1980 whitings were all ob-
served during an 8-day period (July 30-August 7)
when maximum 0-10-m deep mean-water temper-
ature in the upper epilimnion ranged from 21.0 to
23.5°C. The fractionation factor for 680 between
water and calcium carbonate is a function of
temperature; a 2.5°C difference in the temperature
of precipitation of calcite translates to a 0.55%o
difference in 580.

Ostracodes are benthic organisms with calcite
carapaces (two valves) that molt, generating
sequentially larger valves up to nine times before
reaching maturity (Chivas et al., 1986). The
calcium incorporated in low-magnesium calcite
valves is only acquired at the time of molting,
which is completed within a few days (Turpen and
Angell, 1971). A vital effect on 'O fractionation
between lake water and two different ostracode
types was checked wusing four samples.
L. ceriotuberosa was found to be depleted by
~0.9+0.1%0 relative to Candona species no. 1.
Paired L. ceriotuberosa and TIC samples were not
available for comparison.

The WLCB84-8 site is located in the deepest part
of Walker Lake where water temperature varies
< 5°C annually (Benson and Spencer, 1983). If the
ostracodes analyzed in this study were not trans-
ported from habitats situated above the base of the
thermocline, the variability in the §'%0 values of
individual valves of L. ceriotuberosa due to moult-
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ing at different seasons of the year should not
exceed 1.2%o. The presence of life proportions of
juvenile and adult ostracode valves in samples from
WLC84-8 supports the premise of a deep-water
habitat (R. Forester, pers. comm. 1989). If the deep
waters of Walker Lake were anoxic in Holocene
summers as they are today (Benson and Spencer,
1983), ostracodes would have acquired their §'30
values during the cold season when the lake was
oxygenated and isothermal and the change in tem-
perature over the cold season minimal.

(2) Chemistry of the precipitate

The fractionation of 80 between water and
calcium carbonate also is a function of the magne-
sium content of the carbonate (Tarutani et al.,
1969). The transition from 1-10 mole % MgCO,
between 10.9-7.4 and 3.8-1.6 m in WLC84-8
(Fig.12a) should have resulted in a 0.54 enrichment
in 180,

(3) Sample depths and intervals

Much of the fine-scale (<5 yr) variability in
the 6'%0 values of the TIC fraction and
L. ceriotuberosa is not comparable because the TIC
and ostracode samples came from different depth
intervals separated by ~2.0-4.5 cm (6.5-20.0 yr).

(4) Recrystallization of part of the TIC fraction

As discussed previously (see p. 198), metastable
forms of calcium carbonate, such as monohydro-
calcite, may recrystallize to more stable forms.
When this occurs, the carbonate acquires the iso-
topic composition of the fluid within which it
recrystallizes. The enriched 6'80 values of low-
magnesium calcites form between 7.6-4.6 m and
from below 10.9 m in WLC84-8 indicate the effects
of this process (Fig.12b).

As discussed previously (see p.200-201), the
high-frequency (1.0+%o) variability in §'8Q that
occurs throughout WLC84-8 may indicate past
changes in water temperature or in lake volume.
For example, a depletion in 6'#0 may result from
either an increase in water temperature at the time
of carbonate precipitation (see above) or from
increased input of isotopically depleted river water
(increased lake volume). Between September 1981
and September 1983, the volume of Walker Lake
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increased by ~0.83 km® or 28% of its September
1981 value (Fig.14). The 6'80 value of lake water
correspondingly decreased 3.6%o from a value of
+19 to —1.7% (J. White, pers. comm., 1989;
table 11 in Benson, 1988). Between 1920 and 1981,
the volume of Walker Lake decreased by 7.4 km?3,
or 70% of its 1920 volume. During this time, the
8180 value of L. ceriotuberosa increased by 3.0%o
(0.3-0.1 m interval of Fig.12c). This idicates that
change in the §!'80 value of water in a closed-
basin lake is not a simple function of amount of
change in lake volume but is dependent on the
relative rates of input and output of water.

The 6'%0 value of the TIC fraction averages
~4%0 more depleted than the 6'80 value of
L. ceriotuberosa (Fig.12b,c). This is exactly the
difference in 6120 that would result from precipita-
tion of most of the TIC fraction as whitings at
~22.0°C in late August or early September and
from molting of L. ceriotuberosa at ~5.0°C in
bottom sediments. This indicates that most of the
second-order Holocene variability in 6180 was due
to change in lake volume and not to change in
lake temperature. Differences of <4%o in the 680
values of the TIC fraction and L. ceriotuberosa
from the same depth in core can, in part, be
attributed to the fact that L. ceriotuberosa makes
up a variable part of the TIC fraction.

813C values of the total inorganic carbonate
Jfraction and L. ceriotuberosa in WLC84-8

8'3C values in the TIC fraction, in hand-picked
carbonate crystals, and in L. ceriotuberosa are
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Fig.14. Change in the volume of Walker Lake from September
1979 through September 1985.
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shown in Fig.12d and e. Individual carbonate
crystals and the TIC fraction are isotopically
enriched in all samples from the lower shallow-
lake interval and in the lower one-half of the upper
shallow-lake interval. There is little or no peak-
to-peak correspondence in the 6!3C values of the
TIC fraction and L. ceriotuberosa. However, there
is a significant degree of correspondence in trends
and peak-to-peak variabilities in the 6'3C and
880 values of L. ceriotuberosa and in the §'3C
and 6'%0 values of the TIC fraction (compare
Fig.12c,e and Fig.12b,d). Note especially the
covariance of the 6!3C and 6!'%0 values of
L. ceriotuberosa in the top 3 m of WLC84-8.

The 6'3C value of preindustrial atmospheric
CO, averaged ~ —6.5%0. When CO, is incorpo-
rated into precipitation as HCOj, fractionation of
the carbon isotopes occurs. For example, if the
temperature of condensation is 5°C, the fraction-
ation factor for CO,(g)-CO,(aq) is —1.15 and the
8'3C value of CO,(aq) in precipitation becomes
- 8.2%o.

Precipitation in the Sierra Nevada, which border
the Walker Lake subbasin, consists of a dilute,
acidic (pH=15.6), aqueous solution that contains
small amounts of dissolved inorganic carbon (DIC)
(<1 mg/L alkalinity reported as HCOj, table 7
in Benson and Spencer, 1983). The concentration
of HCOj;, at the mouth of the Walker River is
=100 mg/L (Benson and Spencer, 1983). There-
fore, the amount of DIC and the §'3C value of
water that reaches the Walker River mainly is a
function of chemical reactions that occur between
infiltrating precipitation and organic and inorganic
materials found in the soil zone.

Vegetation along the Walker River drainage has
813C values that indicate the type of photosyn-
thetic pathway used in the assimilation of CO,.
The Calvin (C3) group of plants have §'3C values
of about —25%. and the Hatch-Slack (C4) group
have 6!3C values of about — 13%o (Table 3). The
8'3C of CO,(g) in the soil atmosphere is enriched
~4.4%o relative to the 6'>C of decaying plants
found in the soil (Cerling, 1984; Quade et al.,
1989). Therefore, decaying C3 vegetation. will give
rise to soil water with HCOj3 6'3C values of about
— 12%0; and C4 vegetation will give rise to soil
water with HOC3 6!3C values of ~ 0%o.
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TABLE 3

813C values of vegetation from the Walker Lake subbasin

Vegetation type 813C
{%0)
Deciduous trees (C3)
willow (Salix ssp) —26.7
aspen (Populus tremuloides) -258
cottonwood (Populus ssp) —25.0
Coniferous trees (C3)
pinon (Pinus monophylia) —2438
juniper (Juniperus ssp) -22.5
Shrubs (C3)
big sage (Artemisia tridenta) —264
rabbitbrush (Chrysothamnus ssp) —-252
greasewood (Sarcobatus vermiculatus) —-23.5
mormon tea (Ephedra ssp) —234
mountain mahogany (Cercocarpus ssp) —23.1
Shrubs (C4)
salt grass (Distichlus spicata) —14.1
green molly (Kochin scoparia) —133
shadscale (Atriplex confertifolia) -12.9
tumbleweed (Salsola kali) -12.5

Aquatic plants
mixed plankton
Nodularia
Nodularia

—28.8 (May, 1986)
—24.0 (May, 1984)
—18.6 (August, 1985)

The dissolution of soil-zone carbonates can
enrich the §'>C value of dissolved HCOj;
(Broecker and Walton, 1959). Ancient marine car-
bonates have 6'3C values of ~0% (Veizer and
Hoefs, 1976); and the 6'*C of secondary carbon-
ates in semiarid regions often ranges from +5 to
=9 (Quade et al., 1989). However, if complete
isotopic equilibrium occurs between CO,(g) in the
soil atmosphere and DIC species in the soil water,
the 6'3C value of soil water is not influenced by
the 8'3C value of dissolving carbonates but is
determined by the 6'3C value and temperature of
the soil gas (Cerling, 1984; Salomons and Mook,
1986; Quade et al., 1989).

The §'3C value of DIC at the mouth of the
Walker River was —16%0 in 1979 (Peng and
Broecker, 1980). Equilibrium distribution-of-spe-
cies calculations indicate that HCO; comprises
>99% of DIC in 92 samples taken from the
Walker River in June of 1985 (Benson and Spencer,
1983). Therefore, the — 16%0 6'3C value of Walker
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River water indicates that soil gas formed from
decay of C3 plant material has strongly influenced
the 6'3C value of Walker River water.

The 6'3C value in Walker Lake was + 3.0%o in
September, 1976, and in May, 1978 (Peng and
Broecker, 1980) and +2.5%o in August, 1983 (R.
Wanninkhof, pers. comm., 1989). Equilibrium
distribution-of-species calculations indicate that
Walker Lake DIC consisted of ~20% CO2~ and
~80% HCO3 in 1975 and 1976 (Benson and
Spencer, 1983). The §'3C value of Walker Lake
DIC (HCO; +CO%7) in equilibrium with the
atmosphere is about +3.1 at 5°C and about
+1.4%0 at 20°C. This indicates that equilibrium
with atmospheric CO,(g) and its 6'3C value is
approached in Walker Lake today. The amount
of DIC stored in Walker Lake is so large (Table 4)
that the man-annual input of §13C depletes the
8'3C value of the lake by only about 0.04%. d.

At any point in the chemical evolution of a
closed-basin lake, the §'2C value of the DIC is a
function of several processes that control the
transfer of carbon between the lake and its sur-
rounding environment.

(1) Input of carbon via streamflow discharge

As discussed above, the §'*C value of the DIC
in the Walker River (about —16%o) is presently
controlled by the decay of C3 plant material. There
are no data that indicate the C3/C4 plant ratio in
the Walker River subbasin varied during the past
5000 yr. Therefore, it is assumed that the §*3C
value of the DIC in the Walker River has remained
at a value of —16%. during the past 5000 yr. The
total amount of carbon annually reaching Walker
Lake by discharge from the Walker River totals
4.01 x 108 moles (Table 4).

(2) Storage of carbon beneath the sediment—

water interface

Nearly all the organic and inorganic forms of
carbon stored in the sediments of Walker Lake
acquire their carbon from DIC species. The
amount of inorganic carbon annually precipitated
in Walker Lake is limited by the amount of calcium
supplied by the Walker River (9.75 x 107 moles/
yr, Table 4).
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TABLE 4

Miscellaneous physical and chemical data for the Walker Lake
subbasin; M = moles

Walker Lake bathymetry (1975-1976)
Lake-surface elevation 1209 m
Lake-surface area 1.50 x 108 m?

Lake volume 3.55x 102 L

Walker River mass flux (1940-1987)

Chemical Number of Mole flux
species observations M/yr)

DOC 14 6.13x 107
POC 14 1.30 x 107
DIC 166 3.27x 108
Calcium 166 9.75 x 107
Magnesium 166 3.69 x 107
Sodium 166 2.09 x 108
Potassium 166 1.43 x 107
Alk (as HCO,) 166 3.27x 108
Chloride 166 4.30x 107
Sulfate 166 5.58 x 107
Silica (as SiO,) 166 4.50 x 107

Mean field pH=28.2 for 101 observations

Walker River reconstructured mean annual streamflow dis-
charge=0.38 km3|yr

Mass of solids dissolved in Walker Lake (1975-1976)

Chemical Concentration Mass
species (M/L) M)

DIC 0.0467 1.66 x 10!
Calcium 0.00027 9.6 x 108
Magnesium 0.00559 1.98 x 101°
Sodium 0.1357 4.82 x 10!
Potassium 0.00419 1.49 x 101°
Alk (as HCO,) 0.0467 1.66 x 101!
Chloride 0.0637 2.26x 10!
Sulfate 0.0215 7.63 x 101°
Silica (as SiO,) 0.000012 43 %107

Mean field pH=9.4 for 35 observations

Sediments in Walker Lake below the zone where
organic carbon is actively recycled (0.2 m) and
above the top of the first volcanic ash (age=
750 yr B.P. in WLC84-8) average ~2.5% carbon
by weight (Table 5). The mean sedimentation rate
in Walker Lake is ~1.5mm/yr and sediment
porosity averages ~80% (Benson and Spencer,
1983). If a mean grain density of 2.5 g/cm? is
assumed for Walker Lake sediments, an accumula-
tion rate of ~5 x 10® moles/yr of organic carbon
is indicated.

L.V. BENSON

Most of the organic carbon in the standing crop
of Walker Lake is contained in Nodularia spumi-
gena, a filamentous, nitrogen-fixing cyanobacter-
ium (blue-green alga) (Koch et al., 1979). The §!3C
value of Walker Lake water was 2.5%o in August,
1983 (R. Wanninkhof, pers. comm. 1989) and the
813C value of Nodularia in Walker Lake in 1984
and 1985 was —24.0 and — 18.6 (Table 3), indicat-
ing a mean-6'3C fractionation factor of about
—24.0%0. The mean §!3C value of two mixed
plankton samples taken in 1986 from Walker Lake
was — 28.8%o (Table 3), indicating a §!3C fraction-
ation factor of about —31.0%. for mixed plankton.

The 6'3C value of Walker Lake sediments
averages about —25% (Fig.12f). If a 6'3C frac-
tionation factor for TOC stored in the sediments
of Walker Lake is assumed to be —25%. (a value
near that of Nodularia), and if loss of organic
carbon to storage is assumed to occur instantane-
ously, the 6'3C of present-day Walker Lake DIC
is depleted by only 0.06%. during growth and
storage of TOC in the form of Nodularia. Only
when Walker Lake contained much less DIC did
the seasonal storage of organic carbon have a
substantial effect on its §'3C. For example, when
Walker Lake contained only 10% of its present
amount of DIC, loss of 5x 10® moles of TOC to
storage would have resulted in a depletion of
0.75%o in the 6'3C value of lake water. Depletion
in the 6!3C value of lake water would be even less
if storage of TOC were spread over some finite
length of time because continual exchange of car-
bon across the air-water interface would tend to
counteract the depletion (see p. 205).

Precipitation of inorganic carbon has an even
smaller effect on the §!3C value of Walker Lake
DIC. Today, instantaneous precipitation of
9.75 x 107 moles of inorganic carbon would enrich
the 6'3C value of Walker Lake DIC by only
0.0004%o. Therefore, it is concluded that storage
of TOC and TIC has had a minimal effect on the
813C value of Walker Lake DIC.

(3) Temporary loss of carbon through increased

productivity

Although the causes of Nodularia blooms are
complex, the size of a bloom probably is limited
by the amount of available phosphorus (Galat and
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TABLE 5

Organic carbon contents (wt. %) in WLC75-B, C, and D
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Core Depth TOC Core Depth TOC Core Depth TOC
(m) {(wt. %) (m) (wt. %) (m) (wt. %)

75-B 0.20 3.97 75-C 0.20 1.94 75-D 0.20 1.56
0.30 [.53 0.30 2.29 0.30 243
0.40 .88 0.40 2.46 0.40 3.35
0.50 4.33 0.50 2.68 0.50 4.58
0.60 2.29 0.60 2.71 0.60 1.98
0.70 2.39 0.70 2.35 0.70 2.80
0.80 2.26 0.80 2.78 0.80 1.65
0.90 2.97 0.90 2.49 0.90 3.38
1.00 3.63 1.00 1.68 1.00 1.29
1.10 2.18 1.10 1.81
1.20 292
1.30 1.84
1.40 1.78

n=32 x=2.51 0=0.82

Verdin, 1988). The maximum daily photosynthetic M=Mexp(—1)=0.37M, when t=t, 8)

rate observed in Pyramid Lake, Nevada, during a
Nodularia bloom was 250 mg C/m?® (Galat, 1986).
These blooms usually last for only a few days
(Galat and Verdin, 1988). If a bloom of this
magnitude continued for 30 days in Walker Lake,
0.62 millimoles C/L would be transferred to the
standing crop of Nodularia. This represents a
conversion of only 0.087% of the DIC in Walker
Lake and would not affect the 6'*C value of the
DIC reservoir.

(4) Exchange of carbon across the air-water

interface

Peng and Broecker (1980) have shown that the
mean CO,(g) invasion rate for Walker Lake is
~15moles m ™~ 2 yr~!. The 1975-1976 surface area
of Walker Lake was 1.50 x 108 m?. This indicates
that 2.25 x 10° moles of atmospheric CO, entered
Walker Lake in 1975 and 1976, replacing an equiv-
alent amount of DIC. The equation describing
equilibrium of DIC with atmospheric CO, can be
written

M= M _exp(—t/t,) (7N

where M is the concentration of carbon at time ¢,
M, is the original concentration, and r, is the
decay time constant.

where the e-folding time (r=1,) is related to the
carbon invasion rate (IR), surface area (A4), and
original concentration of DIC (M,) in Walker
Lake by

t,=MJIRx A=T74 yr 9

Therefore, in 74 yr, 63% of equilibrium is achieved
between Walker Lake DIC and atmospheric CO,.
Since Walker Lake contains 1.66 x 101! M of DIC
and 7,=74 yr, it would take ~450 yr for the DIC
in Walker Lake to reach 99% of equilibrium with
respect to atmospheric CO,.

In Walker Lake, the DIC reservoir is essentially
infinite with respect to storage of TIC and TOC
and change in productivity. Therefore, the hypoth-
esis is offered that depletions in §!3C of WLC84-8
inorganic carbonates are due to extreme discharge
events (floods). In this hypothesis, the mass of
isotopically depleted water entering the lake is so
large that isotopic exchange across the air-water
interface cannot rapidly reset the §'3C value of
the lake to values in equilibrium with the atmo-
sphere. For example, if 10x the mean-annual
river-borne mass of carbon (Table IV) were instan-
taneously put into present-day Walker Lake, the
8'3C value of DIC in the lake would decrease
from +2.5%0 to +2.1%o.
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The flood hypothesis is consistent with the previ-
ous conclusion that most of the second-order
depletions in 6'®0 were due to increases in the
volume of Walker Lake resulting from increased
discharge of the Walker River (see p.200). The
sampling interval in WLC84-8 is not small enough
to determine whether one or more successive flood
events were responsible for observed depletions
in 613C. However, since reconstructed historical
(1871-1986) discharges of the Walker Lake have
never exceeded 1.0 km3/yr (2.6 x the mean-histori-
cal value) (Benson and Paillet, 1989), it is suggested
that 6'3C depletions in excess of 0.15%o probably
resulted from successive years of above-normal
streamflow discharge. It follows that the overall
correspondence in trends and peak-to-peak vari-
ability in the 6'3C and 6'%0 values of
L. ceriotuberosa and in the 3'3C and §'®0 values
of the TIC fraction stem from the same cause —
variability in the amount of steamflow discharge.

The present-day 6!3C value of bicarbonate in
Walker Lake is about + 2.6%e. Therefore, the 6'*C
value of TIC (whitings) precipitated at ~22°C
should be about +3.3%0 and the 6'*C value of
L. ceriotuberosa formed at about 5°C should be
about +2.5. The 6'3C value of the TIC fraction
from the upper part of WLC84-8 is near the ex-
pected value. However, the §13C value of L. cerio-
tuberosa from the upper part of WLC84-8 exceeds
its theoretical value by >1%.. In addition, the
difference in the §!3C value of the TIC fraction and
the 613C value of L. ceriotuberosa is substantially
greater than the 0.8%o value resulting from a 17°C
difference in temperature of formation (Fig.12d, e).
This indicates that L. ceriotuberosa exerts a strong
influence (vital effect) over its own 6'3C value.

813C value of the total organic carbon fraction in
WLC84-8

The 6'3C value of the TOC fraction averages
~ —25%0 during the relatively deep-lake intervals.
During the upper part of shallow-lake intervals,
the TOC is more enriched in '3C, achieving values
of —21.5 to —22.5%0. The enriched values are
attributed to growth of plankton and Nodularia in
a 13C-depleted water together with increased input
of C4 vegetation from the lake periphery (Table 3,
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Fig.9). The 6'3C value of the DIC fraction was
~+2 to +3% during the upper part of the
shallow-lake intervals. Using the fractionation
factors listed in Friedman and O’Neil (1977) and
a 6'3C fractionation factor of —25%o for Nodu-
laria, a 6*3C range of —22.5 to —23.5%0 for TOC
derived from Nodularia debris is calculated. This
range of values is consistent with measured 6!3C
values for TOC from the upper part of the shallow-
lake intervals.

There is a substantial amount of peak-to-peak
correspondence in the §'3C record for TOC and
the 6'3C and 680 records for TIC in WC84-8
(Fig.12b, d, f). The correspondence in the two
8'3C records is attributed to the fact that both
TOC and TIC share the same carbon reservoir —
Walker Lake DIC. The correspondence between
the 6'3C value of TOC and the 580 value of TIC
indicates that the TOC and TIC formed in a lake
that sometimes received large amounts of isotopi-
cally depleted water (floods).

The magnitude of long-term trends in the §'3C
value of TOC do not match long-term trends in
the 6'3C value of TIC. For example, between
3.8-2.0 m in WLC84-8, the 6'3C value of TIC is
enriched by 4.2%., while the 6'*C value of TOC
is only enriched by about 1.0%.. During relatively
deep-lake intervals, variability in the §'*C value
of TOC cannot be attributed to allochthonous
sources of carbon because the amount of particu-
late organic carbon (POC) in the Walker River is
small (4%) relative to the amount of DIC entering
the lake (Table 4). Part of the variability in the
813C value of TOC probably results from selective
decomposition of POC as it falls through the water
column and as the material accumulates- at the
bottom of the lake. Fine particles of phytoplankton
and zooplankton decompose at a rate of about
1%/day (Saunders, 1976). Residual organic mate-
rial undergoes aerobic decomposition by micro-
scopic organisms, fungi, and bacteria. As oxygen
becomes depleted in the interstitial water, anaero-
bic decomposition becomes the predominant pro-
cess. The quantity and type of organic matter
preserved in Walker Lake sediments depend on
the bulk rate of sedimentation and the resistance
of the organic material to decomposition (Meyers
and Benson, 1987).
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Stable-isotope indications of lake-level variations
in the Walker Lake subbasin for the past 5000
years

Interpretation of the stable-isotope values of
unrecrystallized carbonates in WLC84-8 (Fig.12b,
¢, d, f) indicates several general trends in lake
level:

(1) Between 12.0-10.9 m (5300-4800 yr B.P.),
Walker Lake was shallow.

(2) Between 10.9-10.6 m (4800-4700 yr B.P.),
Walker Lake was rising.

(3) Between 10.6-10.4 m (47004630 yr B.P.),
the level of Walker Lake was approaching a steady-
state condition.

(4) Between 10.4-5.2 m (4630-2900 yr B.P.),
Walker Lake maintained a more-or-less steady-
state level.

(5) Between 5.0-4.6 m (2840-2700 yr B.P.),
Walker Lake was declining.

(6) Between 4.6-4.0 m (2700-2310 yr B.P.),
Walker Lake was shallow.

(7) Between 4.0-3.6 m (2310-1950 yr B.P.),
Walker Lake was rising.

(8) Between 3.6-2.0+ m (1950-900 yr B.P.),
Walker Lake was declining.

(9) Between 2.0+ — 0.3 m (840-150 yr B.P.), the
stable-isotope data are more difficult to interpret.
The 6180 and the 3'3C values of the TIC fraction
indicate rising lake levels beginning at 2.0 m (840
yr B.P.). The 6!3C data for the TIC fraction also
appears to indicate that the lake stabilized or fell
at 1.5m (630 yr B.P.) and then rose again. The
813C value of L. ceriotuberosa is similar to that of
the TIC fraction but there are too few data points
to rely solely on this parameter.

(10) Between 0.3-0.0 m (130-0 yr B.P.), the
increasing 6'%0 and the 6'3C values of
L. ceriotuberosa indicate a rapid decline in lake
level.

Superimposed on these general trends in the
3'80 and the 6'*C values of unrecrystallized car-
bonates are several minor variations (Fig.12b, c,
d, e). Depletions in the 3'30 and the 6'3C values
of the carbonates occur at the following depths
(times) in WLC84-8: 9.5m (4330 yr B.P.), 9.2 m
(4230 yr B.P.), 8.7m (4070 yr B.P.), 8.2 m (3900
yr B.P.), 5.0 m (2840 yr B.P.), 2.6 m (1090 yr B.P.),
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1.8 m (760 yr B.P.), 1.2 m (510 yr B.P.), and 0.6 m
(250 yr B.P.). These depletions are interpreted to
indicate relatively rapid rises in lake level and are
included in the stable-isotope based interpretation
of the lake-level record summarized schematically
in Fig.16c. The general trends in lake level indi-
cated by the stable-isotope data are consistent with
trends in lake level indicated by carbonate mineral-
ogy and chemistry (Figs.11 and 12).

Grain-size data for WLC84-8

Grain-size data for WLC84-8 were taken from
Yount and Quimby (1990). During shallow-lake
intervals, fine-grained clays and silts were depos-
ited at the WLC84-8 site (Fig.15). The silt fraction
and mean grain size rapidly increased after the
shallow-lake intervals (Fig.15a, c, d). Between
10.2-4.8 m, the amounts of silt and sand gradually
increased. Between 2.5-0.2 m, the amounts of silt
and sand are variable, but a tendency exists for
silt to decrease with decreasing depth. In the upper
5.0 m of WLCRg4-8, the percentage of sand is small
and highly variable.

We hypothesize that increase in the relative
amount of clay deposited during shallow-lake
intervals (Fig.15b) resulted from deflational trans-
port of fine-grained material from newly exposed
lake sediment to the WLC84-8 site, and from
reduced competence of the Walker River. Increase
in clay content in the upper 0.2 m of WLC84-8 is
not a natural phenomenon, but is due to upstream
trapping of coarse-grained material by reservoirs
located on the Walker River (Fig.2). The transition
to coarse-grained material between 10.9-10.2 m
and 3.8-2.5 m (Fig.15¢c, d) is interpreted to indicate
rising lake level in the Walker Lake subbasin. The
increase in silt content at 11 m in the lower shallow
lake interval indicates that Walker Lake may have
been relatively deep 5000 yr B.P.

Depth intervals that represent relatively deep
lakes (Fig.15a, 10.2-4.8 m and 2.5-0.2 m) contain
several second-order peaks in grain size (e.g., peaks
centered at 2.4 m [~1000 yr B.P.], 1.2 m [~500
yr B.P], and 0.4 m [~ 170 yr B.P.] in the upper
deep-lake interval). The grain-size peak centered
at 2.4m is coincident with a tree-stump-based
lowstand of Walker Lake (Fig.8b); however, the
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grain-size maximum centered at 1.2 m is roughly
coincident with a highstand of Walker Lake
(Fig.8b), illustrating the difficulty in using grain-
size data to estimate change in lake level.
Variation in the amount of sand-size material
between 3.8 and 0.0 m (Fig.15d) parallels variation
in the abundance of F brevistriata (Fig.7g). If it is
assumed that the introduction of sand-size material
is due either to (1) proximity of the core site to
the delta region (decreasing lake level) or to (2)
increased competence of the Walker River (increas-
ing lake level), the observed covariance of peaks
in the F brevistriata and sand-size populations
support the hypothesis that F brevistriata was
transported from its shallow-freshwater habitat to
the WLCB84-8 site by flood events. However, it is

also possible that the covariance of F brevistriata
and sand-size material resulted from turbidite
activity.

Magnetic susceptibility data for WLC84-8

Sediments deposited during shallow-lake
intervals have about twice the mean magnetic
susceptibility of other WLC84-8 sediments
(Fig.15e). This increase in susceptibility is consis-
tent with reduced discharge of the Walker River;
i.e., during low-flow conditions, less calcium was
available to form paramagnetic calcium carbonate
(Figs.11 and 13), which dilutes the magnetic, detrit-
al-silicate component of the sediment. In addition,
desiccation of Walker Lake probably occurred
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during the shallow-lake intervals. This would have
led to decreased sediment porosity, causing an
apparent increase in the bulk-magnetic suscep-
tibility.

Five double peaks in magnetic susceptibility
occur within the upper 6 m of WLC84-8 (Fig.15¢).
Troughs in susceptibility between double peaks at
26m (~1100 yr BP), 1.2m (~500 yr B.P.),
and 0.6 m (~250 yr B.P.) coincide with troughs
(depleted values) in the §'80 and 6'3C values of
the TIC fraction (Fig.12b and d). Troughs in
susceptibility at 5.5m (~3000 yr B.P.) and at
48m (~2770 yr B.P.) do not coincide with
depleted values of 680 and 6'3C. The lack of
coincidence may be due to recrystallization of the
TIC fraction.

Peaks in magnetic susceptibility are interpreted
to indicate proximity of the WLCB84-8 site to the
delta or to shore regions that are both sources
of magnetic-detrital silicates. Proximity to these
sources indicates a decrease in lake level. There-
fore, troughs in magnetic susceptibility together
with depletions in 6'80 and §'3C values are inter-
preted to indicate increases in lake level.

Cause of the shallow-lake intervals

Both WLC84-8 and WLC76-G were taken in
water depths of ~ 34 m (Benson, 1988). Within part
of the upper shallow-lake interval (e.g., 3.1-3.8 m
of WLC76-G; Fig.5 of Bradbury, 1987), diatoms
are absent or poorly preserved. This, together with
the presence of Ruppia pollen (see p. 197), indicates
water depths of <1 m. Using the bathymetric map
of Rush (1970), the surface area of the < 1-m-deep
Walker Lake was calculated to be <35km?
(< 11% ofits reconstructed mean-historical surface
area of 320 km?; Milne, 1987). Everett and Rush
(1967) estimated that 0.0185 km? of water reaches
Walker Lake as annual runoff from the surround-
ing mountains. If, during the upper shallow-lake
period, the mean-annual precipitation, evapora-
tion, and runoff rates were similar to those of the
historical period, a lake with a 17 km? surface area
would have existed in the Walker Lake subbasin if
input from the Walker River ceased. These calcula-
tions indicate that a shallow ephemeral lake could
have been maintained in the Walker Lake subbasin
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despite diversion of the Walker River to the Carson
Desert subbasin.

In the Walker Lake and Pyramid Lake subbas-
ins, the climate of watershed areas located in
bordering mountain ranges controls fluid input to
the subbasins (Fig.1). Benson and Paillet (1989)
have argued that desiccations of Walker Lake since
21,000 yr B.P. resulted from diversion of the
Walker River. Their argument was based on two
observations: Pyramid Lake did not fall below
1153 m during the past 21,000 yr (Benson and
Thompson, 1987b) and historical, reconstructed,
mean-annual discharges of the Walker and Truckee
Rivers are well correlated (R?=0.76) (Fig.17).
Because present-day discharges of the two rivers
are well correlated, it is reasonable to assume that
their past discharges were also well correlated. If
Pyramid Lake did not desiccate during the past
21,000 yr, then discharge of the Truckee River did
not cease for any significant amount of time during
the same time period. Therefore, it follows that
discharge of the Walker River also did not cease
during the past 21,000 yr.

The types of fish that inhabited Pyramid and
Walker Lakes in 1940 also indicate that desicca-
tions of Walker Lake since 21,000 yr B.P. were
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caused by diversion of the Walker River. Lahontan
cutthroat trout (Salmo clarki hanshawi) inhabit
lakes and streams; but in order to spawn, lake-
dwelling Lahontan cutthroat must ascend the river
that discharges into the lake (La Rivers, 1962).
The cui-ui (Chasmiste cujus), a member of the
sucker family, lives only in lakes and is known
only from Pyramid and Winnemucca Lakes (the
latter is now dry). It prefers to spawn in the lower
reaches of the Truckee River, but it has been
observed to spawn at the periphery of Pyramid
Lake (Sigler et al., 1985).

Prior to 1850, Lahontan cutthroat inhabited the
Truckee and Walker Rivers and Pyramid and
Walker Lakes (La Rivers, 1962). In 1875, a large
dam which closed the upper Truckee River to
Lahontan cutthroat was built on the Truckee River
at Verdi, Nevada. In 1905, a diversion dam was
built at Derby, Nevada. The Derby Dam closed
the middle reach of the Truckee River to Lahontan
cutthroat and diverted about one-half of the
Truckee River’s flow out of the Pyramid Lake
subbasin (Townley, 1980). By ~1930, Pyramid
Lake had fallen to 1170 m and not enough water
reached Pyramid Lake to aliow Lahontan cut-
throat to enter the river. Because the existence of
the Lahontan cutthroat in Pyramid Lake was
dependent on the ability of the fish to spawn in
the Truckee River, by 1940, the Lahontan cut-
throat were gone from the Lake (La Rivers, 1962).

During the last highstand of Lake Lahontan
(~ 14,500 yr B.P.), the Walker and Pyramid Lake
subbasins were connectd (Benson and Thompson,
1987a). At that time, the Lahontan cutthroat and
cui-ui coexisted throughout the seven subbasins of
Lake Lahontan. The persistence of a spawning
populations of Lahontan cutthroat and cui-ui in
Pyramid Lake until ~ 1930 indicates the lake did
not fall below the 1170-m level for any extended
period of time (> 30 yr) during the past 21,000 yr.
The presence of Lahontan cutthroat and absence
of cui-ui in Walker Lake during the late 1800s (P.
Wagner, pers. comm., 1990) indicates that post-
highstand desiccations of Walker Lake were caused
by diversion of the Walker River. When the river
diverted to the Carson River drainage, the Lahon-
tan cutthroat were able to live in the river, but the
cui-ui, a lake-dwelling species, died. When the river
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diverted back to the Walker Lake subbasin, the
Lahontan cutthroat reentered Walker Lake.

Comparison of the Walker Lake-level record with
the lake-level record of Mono Lake

Reconstructed records of lake-level change for
the Pyramid Lake/Winnemucca Lake and Mono
Lake basins indicate a high degree of correspon-
dence since 1910 (fig. 22 in Milne, 1987). In this
section, the late-Holocene records of lake-level
change that occurred in these basins are compared.

The lake-level record (relative scale) for Walker
Lake constructed from stable-isotope data for
inorganic carbonates (Fig.16¢) is similar to the
lake-level and surface-area records for Walker
Lake constructed using tufa and tree-stump data
(Fig.16a, b). Both lake-level records indicate rela-
tively high lake levels between 4800-2700 yr B.P.
and within the last 300 yr. Both records also
indicate depressions in lake level ~2000 and
~1000 yr B.P. Decline in lake level prior to the
upper shallow-lake interval appears to have begun
~3000 yr B.P. and recovery from the shallow-lake
interval may have begun as early as ~2000 yr B.P.

The Mono Lake surface-area record constructed
by Stine, 1990 (Fig.16d) also indicates the existence
of relatively large lakes in the Mono Lake basin
prior to 2700 yr B.P. and within the last 300 yr.
In addition, a relatively shallow lake existed at
~2000 and ~1000 yr B.P. Between 1600-200 yr
B.P., Mono Lake experienced five peaks in lake
size. The Walker Lake stable-isotope record of
lake-size change is somewhat similar to the Mono
Lake record for this time, although most changes in
lake size cannot be demonstrated to have occurred
synchronously. The asynchroneity may be due to
the approximate nature of ages assigned to the
Walker Lake record or it may be due to the
discontinuous nature of both records. The Mono
Lake record does not indicate desiccation between
2700-2100 yr B.P. but it does indicate that Mono
Lake achieved a level as low as any attained in
late Holocene time.

Summary and conclusions

All organic and inorganic proxy indicators of
lake size discussed in this paper were found useful
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in determining the presence and timing of
extremely shallow-lake intervals in the Walker
Lake subbasin. However, none of the indicators
could be used to determine the cause of the shal-
low-lake intervals (river diversion or climatic
change). The types of fish present in Pyramid
and Walker Lakes prior to 1940 were used to
demonstrate that the shallow-lake (desiccation)
intervals were caused by diversion of the Walker
River to the Carson River drainage. The lower
(oldest) shallow-lake interval recorded in sediments
of WLC84-8 began prior to 5300 yr B.P. and
ended 4800 yr B.P. The upper (youngest) shallow-
lake interval occurred between 2700-2100 yr B.P.
A calculation, using present-day hydrologic data,
indicates that shallow lakes would have intermit-
tently existed in the Walker Lake subbasin despite
diversion of the Walker River. This calculation is
in agreement with the presence of abundant Ruppia
pollen at ~3.8 m in WLC84-8 that indicated the
presence of a shallow (<1 m deep) saline lake.

Changes in carbonate mineralogy and diatom
taxa that occurred between the two shallow-lake
intervals resulted from change in the hydrologic
balance of the Walker Lake subbasin combined
with the progressive chemical evolution (increasing
salinity) of Walker Lake. While palynomorphs
were useful in delimiting shallow-lake intervals,
palynological data were much less useful in delimit-
ing moderate- and deep-water intervals.

Calcium carbonate accumulation in the sedi-
ments of Walker Lake appears to result from the
homogeneous precipitation of carbonate whitings.
Today (1957-1980), carbonate precipitation occurs
in the epilimnion of the lake during the late
summer/early autumn. The magnesium contents
of calcites in WLC84-8 progressively increase after
shallow-lake intervals until they contain ~ 10 mole
% MgCO,; then monohydrocalcite occurs. Low-
magnesium calcites found between 12.0-10.9 m
and 7.4-3.8 m in WLC84-8 probably formed by
recrystallization of metastable monohydrocalcite
in a magnesium-depleted pore fluid. This recrystal-
lization reset the magnesium, 6'80, and 6'3C
values of the carbonate minerals, limiting their
usefulness in recreating the chemical and isotopic
history of Walker Lake.

The stable isotopes of oxygen and carbon are
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very useful in determining the direction of change
in lake size. Changes in 6'%0 in a closed-basin
lake indicate the relative importance of evaporative
removal of isotopically depleted water vapor from
the lake relative to the input of isotopically
depleted streamflow discharge. An increase in vol-
ume is accompanied by a depletion in the 20
value of lake water and a decrease in volume is
accompanied by enrichment in 0. However, the
magnitude of the §!80 value of water in a closed-
basin lake (or the carbonate precipitated from the
lake) cannot be used to determine the exact volume
of the lake since the §'80 value is dependent on
the rate of lake-level change.

Fractionation of 80 between a carbonate pre-
cipitate and lake water is a function of: (1) mineral-
ogy of the precipitate, (2) chemistry of the
precipitate, (3) temperature of precipitation, and
(4) the 80 content of lake water. When recon-
structing the 680 history of a lake, it is preferable
to analyze a stable form of calcium carbonate that
forms below the thermocline. This minimizes the
possibility of recrystallization and the temperature
dependency of fractionation. Deep-water benthic
ostracodes are ideal for this purpose.

The '3C value of water in a closed-basin lake
is a function of: (1) the §!3C value of a streamflow
discharge, (2) storage of organic and inorganic
forms of carbon beneath the sediment—water
interface, (3) temporary loss of carbon through
increased productivity, and (4) exchange of carbon
across the air-water interface. In the Walker Lake
subbasin, the — 16%o value of river water indicates
that the decay of C3 plant material in the soil zone
influences the 8!*C value of water reaching Walker
Lake.

The DIC reservoir in Walker Lake becomes
essentially infinite with respect to annual storage
of TOC and TIC, as well as seasonal changes in
productivity, within a few hundred years after the
Walker River diverts back to the Walker Lake
subbasin. This indicates that depletions in §'3C
values of carbonates precipitated from Walker
Lake resulted from extreme discharge events. The
magnitude of some of the depletions indicates the
occurrence of successive years of above-normal
streamflow discharge. These conclusions are con-
sistent with the observation that there exists a
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significant degree of correspondence in trends and
peak-to-peak variabilities in the §!3C and 6'%0
values of L. ceriotuberosa and in the §'3C and
680 values of the TIC fraction in sediments
of WLCB84-8. However, L. ceriotuberosa exerts a
strong vital effect on its own 8!3C value. This
implies that the temperature-dependent fraction-
ation factors for the system CO3 ™ —-CaCO;(s) can-
not be used to determine the 6'3C value of lake
water from the '3C value of L. ceriotuberosa.

Whereas there is a substantial amount of peak-
to-peak correspondence in the §!3C records for
TOC and TIC in WLC84-8, there is a lack of
correspondence in the magnitude of long-term
trends in the 6'*C values of TOC and TIC. This
lack of correspondence probably results from selec-
tive decomposition of POC as it falls through the
water column and during the residence time of
POC in the upper 20 cm of the sediment column!:

Increase in the relative amount of clay deposited
during shallow-lake intervals is hypothesized to
have resulted from deflational transport of fine-
grained material from newly exposed lake sediment
to the WLC84-8 site and from reduced competence
of the Walker River. The transition to coarse-
grained material between 10.9-10.2 m and 3.8-2.5
m in WLC84-8 is interpreted to indicate rising lake
levels in the Walker Lake subbasin. The increase
in silt content at 11.3 m in the lower shallow-lake
interval indicates that Walker Lake may have
been relatively deep 5000 yr B.P. The observed
covariance of peaks in the F, brevistriata and sand-
size populations support the hypothesis that
F brevistriata was transported from its shallow-
freshwater habitat to the WLC84-8 site by flood
events.

The schematic lake-level record for Walker Lake
constructed from stable-isotope data is similar to
the lake-level and surface-area records constructed
using tufa and tree-stump data. Both records indi-
cate relatively high levels between 4800-2700 yr
B.P, at 1250 yr B.P., and within the last 300 yr.
Both records also indicate substantial declines in
lake level ~2000 and ~ 1000 yr B.P. The Mono
Lake surface-area record also indicates the exis-
tence of relatively large lakes in the Mono Lake
basin prior to 2700 yr B.P. and within the last 300
yr. In addition, relatively shallow lakes existed at
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~2000 and ~ 1000 yr B.P. Between 1600-200 yr
B.P., Mono Lake experienced five peaks in lake
size. The Mono Lake record of surface area change
is somewhat similar to the Walker Lake stable-
isotope record of lake-size variation for this time;
however, most changes in lake size cannot be
demonstrated to have occurred synchronously.
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