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perennial lake during much of the Holocene and Pleistocene. The San Agustin
catchment area, which covers approximately 5,180 square kilometers (2,000
square miles), is bounded on the south and west by the Continental Divide.
The boundary to the south is formed by the Luera Mountains, Pelona Mountain
and O-Bar-O Mountain; to the northeast by the Gallinas Mountains; to the
northwest by the Datil Mountains and Mangas Mountains; to the west by the
Tularosa Mountains; and on the east by the San Mateo Mountains. Elevations
range from 2,065 meters (6,775 feet) on the southwest portion of the basin
floor to 3,083 meters (10,115 feet) on Mt. Withington in the San Mateo
Mountains.

Today the region’s climate is semiarid. Annual precipitation ranges from
250-380 millimeters (10-15 inches) in lower elevations to 760 millimeters (30
inches) in the highlands. Modern vegetation (Potter 1957) consists of
saltbrush and greasewood grasslands on the lower elevation flats, pinon-
juniper and ponderosa pine forests on the lower mountain slopes, and douglas
fir forest at higher elevations.

Geologic Environment

Structure. The Plains of San Agustin lie within the Datil-Mogollon volecanic
plateau on the boundary between the Basin and Range and Colorado Plateau
prhysiographic provinces. The basin is a graben structure associated with the
latest Miocene and/or Pliocene phase of spreading along the Rio Grande rift
{Chapin and Seager 1975), and is bound by faults along the northwest,
southeast and southwest margins (Stearns 1962). Minimum structural relief
along these margin-bounding faults is at least 4,000 feet. However, the
surface expression of this offset has been reduced more than half by
Quaternary sedimentation. There is no geologic evidence of tectonic
deformation in the basin during post-Wisconsin.

Litholegy. Lithology in the highlands surrounding the basin consists
predominantly of mid-Tertiary (Oligocene-Miocene) volcanics interbedded with
sedimentary and volcaniclastic units (Stearns 1962; Weber 1980). Pliocene-
Pleistocene littoral and lacustrine deposits of extinct Lake San Agqustin fill
the basin to significant depths. Late Pleistocene to Holocene gurficial
deposits cover the lower mountain slopes and valleys tributary to the Plains.
Geomorphology. Extensive geomorphic evidence of Lake San Agustin exists along
the basin margins. Shoreline features in the form of well—-developed beaches,
spits and bars have been mapped in detail by Powers (1939). This mapping has
been refined and modified recently by Weber (1980; pers. commun. 1989). The
features imply a history of fluctuating lake levels with relatively few stable
stages. The highest lake level recognized by Powers occurs at 2,115 meters
(6,940 feet). Recent work by Weber has further defined traces of pre-
Wisconsin shore deposits as high as 2,149 meters (7,050 feet), and a possible
Wisconsin shore maximum at 2,135 meters (7,005 feet). Lower lake levels,
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represented by a series of wave-cut shorelines and beach deposits, extend to
the modern playa boundary at approximately 2,070 meters (6,750 feet).

Three major subbasins occur within the main structural valley of the San
Agustin Plains and include, from southwest to northeast, San Agustin Lake, C
Bar N Lake and White Lake. The subbasins are situated at elevations of 2,065
meters (6,775 feet), 2,101 meters (6,894 feet), and 2,119 meters (6,952 feet),
respectively. San Agustin Lake is connected hydrologically to ¢ Bar N Lake
via a channel way at 2,111 meters (6,925 feet). The C Bar N Lake and White
Lake subbagins are separated by a gill at 2,128 meters {6,980 feet). At
higher lake levels (above 2,128 meters), the subbagins were interconnected to
form one large reservoir. At its 2,149-meter high stage, the lake was 70
meters (230 feet) deep with a surface area of approximately 1,226 square
kilometers (473 square miles) (Weber 1980). At low lake levels (below 2,111
meters) each subbasin was isolated hydrologically, with € Bar N and White Lake
existing in a playa environment. True lacustrine conditions were maintained
most consistently in the San Agustin Lake subbasin. Bathymetry of the San
Agustin subbasin is shown in figure 31.

The current semiarid environment and internal drainage cause playa
conditions to dominate the modern basin. No perennial streams discharge into
the basin and most precipitation is brief and intense during the late summer
months. Wet playa conditions are therefore maintained intermittently by
runoff during the wet season. Dry playa conditions prevail otherwise.
Hydrologic Environment

The modern regional hydrologic regime of the San Agustin basin is poorly
understood. The regional groundwater gradient in the basin subsurface is
approximately 0.0054 to the south-southeast, toward the San Francisco River.
The water table ranges from 14 to 24 meters below the floor of the San Agustin
subbasin (Blodgett & Titus 1973). The basin fill sediments have not been
evaluated for hydraulic properties. Values previously used for hydraulic
conductivity and specific storage are unfortunately rough estimates at best.
Absence of evaporite minerals in subsurface sediments has been interpreted by
previous investigators (Blodgett and Titus 1973) as evidence of groundwater
seepage from the lake basin. This position is further supported by estimates
of high hydraulic conductivities for the fractured volcanic bedrock and
interbedded fluvial-lacustrine sediments underlying the basin floor. In this
study, the paleohydrologic environment is conceptualized as involving
transient interactions between the lake and a contiguous regional groundwater
aquifer. Accordingly, fluctuations in lake level are viewed as producing a
time-lagged, buffered response in the adjacent aquifer.

Lake level fluctuations are controlled by complex interactions between a
variety of factors, both intrinsic and extrinsic to the basin. These include
climate, hydrologic factors and vegetation change. The role played by any one
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factor has been unclear. Identifying synchronous changes in lake level at San
Agustin, Searles Lake, and other gites in the wegtern and southwestern United
States, may clarify the effects of regional climatic changes. However,
climatic change produces corresponding local responses in vegetation, runoff,
and groundwater which in turn produce interactive feedback regsponses. Further
difficulty is encountered with attempts to distinguish the responses induced
by changes in various climatic parameters. Whereas most investigators agree
that changes in lake volume are most likely produced by a combined change in
temperature and precipitation, with their accompanying effects on evaporation
rate and humidity, there is little accord on each parameter‘s relative
contribution.

A brief evaluation of the catchment and lake-water balance at San Agustin
will provide a qualitative sense of the relative significance of the various
parameters controlling lake level fluctuations. San Agustin Lake has a rather
small catchment (lake area: catchment area ratios range from 1:4 for high
stages to 1:30 for low stages), and it is unlikely that a high lake stage
could be sustained. Contribution to lake inflow was probably provided by
groundwater or interflow, particularly during higher lake stands. Changes in
lake level provide estimates of lake volume changes (dV/dt) which may be
assumed to represent a balance between catchment runoff (Qp)+, precipitation on

the lake surface (QP), net evaporation from the lake surface (QE), and the net

exchange with groundwater ( The water balance for the basin may then be

ng)'
represented by the equation:
av/de = Qg *+ Qp - Qp ~ Oy

In this study, both gualitative interpretations and quantitative numerical
modeling of the data group the inflow parameters (runoff, precipitation
and groundwater inflow/interflow) into one inflow flux. The outflow
parameters (net evaporation and groundwater seepage) are evaluated
independently.
STRATIGRAPHIC RECORD
Sediments

Subsurface lacustrine sediments from the Plains of San Agustin have
previously been described by Clisby and Sears (1956), Foreman et al. (1859),
and Markgraf et al. (1983). This sediment record, established from a 600~
meter core recovered from the basin‘s center, is dominated by silty clay, with
alternating layers of sand from 14 to 65 meters and below 290 meters.

The sediment record which forms the basis of this study is a composite
of two cores, SAC-4 and SAC-3. The cores were recovered at the same site,
approximately 45 meters west of Boss Well in the SW 1/4 of the SE 1/4 of
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section 21, T6S, R14W, Real Spring Quadrangle, Catron County, New Mexico, at a
surface elevation of 2,071 meters (6,794 feet). The drill site is located
along the depogitional boundary separating playa and lacustrine conditions,
and is situated sufficiently inward from the basin margin to aveoid thick
sequences of littoral and fluvial gravels, and far from regions within the
basin center where deflation has removed Holocene sediments. Core SAC-4 was
retrieved in one-foot sections with three~inch diameter shelby tubes. This
core covers a depth interval from the present surface to 27.4 feet (8.35
meters) with 91 percent recovery. (The original units of measurement for core
SA4 and SA3 were English units of length. Because field logs and notes were
completed in units of feet, direct references in the text to depth within the
core are in these units and parenthetical references are in metric units.)
Core SAC-3 was retrieved with a split-spoon sampler and extends from 26.0 to
63.9 feet (7.92 to 19.48 meters) with 86 percent recovery.

Cores SA4 and SR3 are correlated along an abrupt contact between two
distinctive sand units. This contact occurs at a depth of 26.3 feet (8.02
meters) in SAC-3 and at 26.0 feet (7.92 meters) in SAC-4 (8.02 meters) in SAC-
3 and at 26.0 feet (7.92 meters) in SAC-4. Further paleontologic support for
correlation is provided by a six-inch interval within the lower sand unit
which contains similar and unique specimens of the ostracode Limnocythere
ceriotuberosa. In both cores, mature ostracodes from this interval were
abnormally small and retrieved with articulate valves. Similar ostracode
specimens were not observed elsewhere in either core. Such lithologic and
paleontologic evidence collectively provide a firm basis for correlation
between the 26.0-foot (7.92-meter) level of SAC-4 and the 26.3-foot (8.02~
meter) level of SAC-3.

A detailed lithologic log of the composite sediment core, SAC-3/4, is
attached as Appendix J. The general nature of the sediment record is briefly
described here. Deposition in the basin is dominated by clastic
sedimentation; no significant intervals of chemical sediments occur in the
record. The upper 25 feet (7.62 meters) of sediment consists of massive and
laminated clays and clayey silts rich in organic material. The uniform nature
of these shallow sediments suggests stable deep water conditions prevailed
throughout the deposition interval. X-ray diffraction of laminated clay
sequences indicates the presence of illite, smectite and mixed-layer clays.
This clay assemblage may be suggestive of a variable weathering environment,
produced in response to changing climatic conditions, or it may be a result of
multiple source areas for the sediments. Sediments recovered from the
interval between 25 feet (7.62 meters) and 64 feet (19.51 meters) are
dominated by alternating sands and gravels. Field logs of core cuttings from
sediment intervals not recovered indicate these sections are dominated by
clays and clayey silts. The alternating coarse-fine sediment sequences below
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25 feet (7.62 meters) indicate that continually fluctuating lake levels
dominated this deposition interval.
Ostracodes

Ostracodes occur continuously and in large numbers throughout the
sediment‘s upper 27 feet (8.23 meters). The valves are well preserved
typically and always identifiable to species. Only two intervals in the
lower section of core 33.7 to 34.2 feet (10.27 to 10.42 meters) and 40.4 to
41.6 feet (12.31 to 12.68 meters) contain significant numbers of ostracode
valves. Five species of ostracode occur in core SAC-3/4: 1) Limnocythere
bradburyi (Fig. 32a,b); 2) L. ceriotuberosa (Fig. 32¢,d); 3) L. platyforma
(Fig. 32e,f); 4) Candona patzcuaro; and 5) Heterocypris spA. Ostracode
stratigraphy and isotopic data from shell carbonate provide the framework for
the paleoenvironmental interpretations presented later in this report.
METHODS
Lacustrine Ostracodas as a Tool in Palecenvironmental Reconstruction

Lacustrine Ostracode have found wide application in reconstructing
continental paleoclimates (Forester 1985; De Deckker 1988) and
paleohydrochemistry (Forester 1983; 1986; Chivas et al. 1985; 1986a; 1986b)
since Delorme (1969) first recognized that particular ostracode species were
8o habitat-specific that they could be used as very sensitive indicators of
temperature, water depth, salinity and hydrochemistry. When the temporal
distribution of these variables is known, they can be used as a proxy record
of past climatic conditions. For reviews see Forester (1987), Carbonel et al.
(1988), and DeDeckker and Forester (1988).

Use of stable isotope data from lacustrine ostracode shell carbonate to
make quantitative paleoenvironmental interpretations has yet to receive such
broad application despite its high potential. Ostracodes are typically the
most ubiquitous and abundant calcareous microfossil in lacustrine
environments, and often the only verifiable source of primary carbonate.
Preliminary investigations strongly suggest that freshwater ostracode
carapaces are precipitated in isotopic equilibrium with the ambient dissolved
carbonate species (Durazzi 1977; Gasse et al. 1887; Lister 1988a). 1In
circumstances where ostracode tests precipitate in isotopic equilibrium from a
well-mixed reservoir, oxygen isotope variations in biogenic carbonate record
temporal changes in 180 composition of the lake water. Such compositional
changes may then be related to climatic shifts or hydrologic changes within
the basin. The value of ostracode shell carbonate as a source of stable
isotope data has been demonstrated in the recent work of Chivas et al. (1986b)
and Lister (1988a; 1988b).

The extent to which taxonomic factors influence incorporation of 180 in
the ostracode shell is uncertain and should be addressed. Previous studies
(Durazzi 1977) have indicated that different ostracode taxa from the same
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FIGURE 32.

Ostracode specimens from Plains of San Agustin. Bar scale is
100 micrometers. (a) Limnocvthere bradburvyi, lateral view,

left valve exterior, male; (b) L. bradburyi, lateral view,
right valve interior, male; (c) L. ceriotuberosa, right valve
exterior, male; (d) L. ceriotuberosa, left valve interior,
male; (e) L. ceriotuberosa, right valve exterior, male; (f) L.
platvforma, right valve interior, male
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sample show significant differences in 180 composition. Based on recent
studies which support equilibrium isotopic fractionation during shell
precipitation, the most likely explanation is that such taxonomic variations
reflect different seasonal growth preferences or environmental conditions. 1In
any case, problems resulting from such "vital effects" should be avoided by
analyzing samples consisting of a single species or an assemblage of closely
related species. The influence of taxonomic factors on 180 composition of
ostracode shells in this study is discussed later in this report.

Modern Biogeographic Distribution and Occurrence of Ostracode Species.

The geographic and ecologic occurrence of Limnocythere bradburyi has been
well studied by Forester (1985; 1987). Today, L. bradburyi lives in large,
shallow, ephemeral lakes in the central Mexican Plateau and in southern New
Mexico. It has also been identified in Quaternary sediments from localities
in Mexico and the southwest U.S. {Cameron and Lundin 1977; Forester 1985;
1587). Limnocythere ceriotuberosa lives in deep and shallow lakes including
ephemeral waters. Its modern distribution extends throughout the central
Great Basin and from the central prairies north intoc the interior plains of
Canada (Delorme 1971; Forester 1985; 1987). It has been found coexisting with
L. bradburyi in fosesil lake sediments of Lake Cochise in Arizona {Cameron &
Lundin 1977).

Forester (1985; 1987) has also made special interpretations of the co-
occurrence of Limnocythere bradburyi and L. ceriotuberosa. Geographic
distribution of these two species is separated latitudinally along the frost
line; L. bradburyi required relatively warm water to hatch, mature and
reproduce. L. bradburyi can live in water with a greater seasonal temperature
range (00 to 25 0C) than L. bradburyi. L. ceriotuberosa lives in regions
where summer temperatures meet or exceed those of central Mexico, but it does
not live in Mexico. 1Its occurrence there may be precluded by warm winter
temperatures. Similarly, absence of L. bradburyi in northern latitudes may be
due to cold winter temperatures. Coexistence of L. bradburyi and L.
ceriotuberosa at San Agustin implies that winter temperatures were probably
warmer than today (above -20 to -4 0C) but not as warm as currently occur in
central Mexico (10 9C). Transitions between the two species may then by
viewed in terms of relative temperature changes. For example, replacement of
L. ceriotuberosa by L. bradburyi indicates a trend toward warm winter
temperatures. Replacement by L. bradburyi by L. ceriotuberosa, on the other
hand, suggests either cooler summers or significantly colder winters, or both.

The modern occurrence of Limnocythere platyforma (Delorme 1971) is rare.
The species has only been found in a small pond in the central prairies of
Canada. L. platyforma is viewed as an ecophenotype of L. ceriotuberosa (R.M.
Forester, written commun., 1987) based on a complete gradational series
between the two forms. Morphs generation is not completely understood.

84



Because L. platyforma is more heavily calcified, one possible explanation

calls for it living in waters with a higher caz* concentration, that is, fresh
waters. The occurrence of L. platyforma therefore suggests corresponding
increase in fresh-water inflow. Its co-occurrence with 1. ceriotuberosa could
be due to sediment averaging or to seasonal variability in water chemistry.
Candona patzcuaro lives in ditches and ponds throughout the semiarid
regions of the North American plains and the scuthwest central position of the
Canadian prairies (Delorme 1970). Candona patzcuaro and Heterocypris spa,
collectively separated from the sediment residue, are both characteristic of
ephemeral waters and are associated at San Agustin with a shoreline facies.
Heterocypris spA, a new species recognized by Richard M. Forester (written
commun. 1987) is believed to have affinities to H.incongruens., The five
ostracodes species occurring in San Agustin sediments live in chemically

similar waters which are carbonate enriched and dominated by Na+, Mg2+,
HCO; ™, €027, and/or €1 ions. Limnocythere ceriotuberosa lives in fresh to
elightly saline waters with a TDS ranging from 500 to 25,000 ppm, with a

greater salinity tolerance in €1~ dominated water (Forester, 1987). L.
bradburyi tolerates a narrower salinity range, from 1,000 to 10,000 rpm (Neale
1988).

Sample Selection, Preparation and Isotopic Analysis

Sample selection. Sample size was primarily governed by a need to obtain

sufficient carbonate from one ostracode epecies for isotopic analysis. A
second consideration was to produce a sample interval with a resolution
adequate to define short-term climatic fluctuations, that is, about 100 years
or less. Sample volume ranged from 90 to 120 cm?, and sediment samples were
processed from one-inch sections of core spaced at two-inch intervals. Based
on the chronology discussed below, the average time interval represented in a
sample is approximately 110 years.

Sample preparation. The samples were prepared by completely disaggregating
sediment grains from the ostracodes, and separating the sand-sized fraction
containing mature ostracodes from the silt- and smaller-sized fraction. The
preparation technique was modified from U.S8.G.8., Technical Detailed Procedure
HP~78 discussed below.

Sediment samples were initially sealed in plastic soil bags and frozen.
Approximately 30 to 40 cm® of frozen sediment was thawed and gently mixed with
500 to 600 ml of boiling, distilled water and one teaspoon sodium bicarbonate.
After cooling to room temperature, one teaspoon each of sodium
hexametaphosphate (HMP) and sodium triphosphate (TSP) were added as
dispersants, and the sample was allowed to stand for 48 hours. The
disaggregated sediment was gently washed through a 100-mesh (150 micrometer
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openings) sieve. The size fraction remaining in the sieve was washed with
distilled water onto a stack of paper towels, sealed in the towels, and dried
at room temperature.

Ostracode extraction and identification. Mature ostracode carapaces were

separated from the sand- and larger-sized sediment for identification and
analysis. The dried sediment residue was gently poured and brushed from the
papertowel into a nested set of three-inch sieves containing 20-, 40-, 50-,
60-, and 80-mesh sizes, and a receiver Pan. Adult specimens were largely
confined to the 40-, 50-, and 60-mesh fractions. These fractions were
systematically examined under a binocular microscope with reflected light at
16 to 18X magnification. Adult specimens were removed with a wetted, fine-~tip
(00) red sable brush and transferred to a standard micropaleontologic slide.
The shells were inspected for overgrowth and/or dissolution and separated by
species.

Igotopic analysis. Limnocythere bradburyi, the dominant specie in the core,
was preferentially selected for isotopic analysis to provide the most
consistent data set. Where L. bradburyi was not present in sufficient numbers
for analysis, L. ceriotuberosa or a mix of species of the genus limnocythere
was used. Only four samples consisted of some mixture of Heterocypris spA and
Candona patzcuaro.

One hundred eighty-six samples from 159 intervals was analyzed for oxygen
and carbon isotope ratios. Analyses were performed at the Stable Isotope
Laboratory, NMIMT, using McCrea‘s (1950) methods for acid decomposition.

About 0.5 to 1.5 mg of shell sample comprised of 40 to 150 individual
ostracode valves were reacted under vacuum with 100 percent phosphoric acid at
250 ¢ for 10 to 15 hours. The acid reaction produces 2.5 to 15 micromoles of
CO, gas. 13C/1l2C and 180/160 ratios of the evolved CO, gas were determined

using a Finnigan MAT Delta E mass Bpectrometer.
A special technique was developed for mass spectrometric analysis of the
small volumes of CO, gas produced. For gas samples less than approximately

three micromoles, the gas was first frozen into a coldfinger on the mass
spectrometer inlet and then released directly into the ion source. For
samples larger than three micromoles, the coldfinger was also used. However,
the gas was allowed to expand back into the variable volume to protect the
source from excessive pressures. The bellows were then used to equalize
sample and standard volumes prior to releasing the gas into the source.
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Isotopic results are presented using standard (6) notation (Craig 1957)
as the per mil (0/,,) deviation of the sample carbonate from PDB Standard for

13¢c/12¢, or from SMOW Standard for lég/iép.

Reproducibility of the isotopic compogition of normal volumes (i.e., 100
micromoles) of duplicate CO, gas samples is 0.05 per mil for both carbon and

oxygen. Due to the small volumes of gas generated in this study, these
specification values could not be verified by duplicate analyses of the same
gas sample.

A standard deviation for extraction and isotopic analysis of the CO, gas was

determined by analyzing six separate samples of Limnocythere bradburyi from
each of two different depths. Intervals where this species of ostracode was
especially abundant (9.12 feet and 19.52 feet) were used and all samples sizes
were of equal. The standard deviations in 180 were determined to be + 0.425
per mil and + 0.504 per mil for the upper and lower sample intervals,
respectively; deviations in 13C were + 0.160 per mil and * 0.264 per mil,
Chronology

Radiocarbon dating of three fiberous plant material samples and two
ostracode samples was attempted by accelerator mass spectrometry. However,
the plant fiber samples yielded anomalous ages. The results are displayed in
Table 4 and evaluated below. The plant fragments have 14C ages ranging from
160 to 410 yr B.P., and are apparently root remains of former vegetation whose
root system penetrated to depth from the surface. (Today the only vegetation
at the drill site is bunch grass, whose roots could not penetrate to depths of
5 m.) Thie plant material was common throughout the core from a depth of 4.0
feet (1.22 meters), just below the modern root zone, to 19.0 feet (5.79
meters).

14
The chronologic framework (Fig. 33) was established from three C dates
on organic and biogenic carbonate material from core SAC3-4, and correlation

of the ostracode biostratigraphy with a previously developed 1l'c-dateci
biostratigraphic record. Radiocarbon dating on core SAC3-4 samples was
completed by accelerator mass spectrometry at the National Science Foundation
Accelerator Facility for Isoctope Dating, University of Arizona. Organic
material consisting of two seeds of Eleocharis sp., a specie of spike rush

14
(Betancourt, J., personal communication, 1989), yielded a C date of 19,720
3210 yr. B.P. (AR-4711) at 3.04 m (9.96 ft). Two samples consisting of
ostracode shell material from depths of 3.01 m (9.88 ft) and 12.36 m (40.54

14
ft), provided respective C dates of 22,400 #210 yr B.P. (AR-3965) and

14
37,700 1100 yr B.P. (AA-3962). Comparison of C dates from the seed
material at 3.04 m (19,720 yr B.P.) and the shell material at a similar depth
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TABLE 4. Results of "¢ analysie of organic material and oetracodes from core SAC 3-4 by accelerator mass spectrometry

Sample No. Depth (ft) Depth {m) Material "C Age {yr B.P.,) 'C Analysis Number
SA4-6-2-2 6.21 1.89 Plant fragments 410 # 60 AA-3963
SA4-~9~10-11A 9.88 3.01 Plant fragmente 160 2 65 AR-3964
SA4-9-10-11B 9.88 3.01 ostracodes 22,400 + 210 AA-396S
SA4-~9-11~12 9.96 3.04 Zleocharis meed 19,720 % 210 AR-4711
SA4-18-9~10 18.79 5.73 Plant fragments 350 ¢ 55 AR~3966
SA3-40-6-7 40.54 12.34 ostracodes 37,700 ¢ 1,100 AR-3962
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14 12
of 3.01 m (22,400 yr B.P.) indicates that the €/ € ratio in the biogenic
carbonate sample is anomalously low. This is probably due to dilution by a

source of dead carbon, or the "hard-water effect". The 14’.‘: date for the shell
sample at 12.36 m was also assumed to be too old by a margin of 2680 years and
the age of this sample was corrected to 35,020 +1100 yr B.P. The chronology
was further constrained by correlation of the ostracode biostratigraphy (Fig.
3) with an ostracode record developed by Markgraf et al. (1984) and Forester
(1987). Two dated biostratigraphic markers in the record reported by Markgraf
et al. (1984) were correlated to the SAC3-4 core: (1) replacement of
Limnocythere bradburyi with predominantly L. ceriotuberosa at a depth of 2.35
m (7.71 ft) in core SAC3-4 and an age of 18,300 300 yr B.P. in the core
described by Markgraf et al. (1984); and (2) the transition point at 1.14 m
(3.73 ft) in core SAC3-4 where the ostracode distribution reflects
approximately 75% L. bradburyi, 25% L. ceriotuberosa and 0% Heterocypris
spA/Candona patzcuaro, and which corresponds to an age of 15,040 #200 yr B.P.
in the record of Markgraf et al. (1984). The age-depth relationship was also
adjusted for a faster deposition rate assumed to be associated with the
fluvial/deltaic sands and gravels deposited in the depth interval 8.35 m (27.4
ft) to 12.19 m (40.0 ft). The resulting chronology indicates that the
ostracode and isotope samples span the period from approximately 35,370 to
15,360 yr B.P. with an average sampling interval of 110 years.

RESULTS

Ostracode Stratigraphy

The relative abundance and stratigraphic distribution of ostracode
species in core SAC-3/4 is displayed in Figure 34; the raw data are summarized
in Appendix K. Limnocythere bradburyi and L. ceriotuberosa occur in greatest
abundance and alternately dominate the core. L. bradburyi dominates intervals
from 15 to 16.2 ka, 18.4 to 19.7 ka, and 21.8 to 28.7 ka. Limnocythere
ceriotuberosa dominates a short section from 18.0 to 18.5 ka and intervals
19.5 to 22.0 ka, and 28.0 to 31.0 ka. L. platyforma occurs sporadically in
low numbers throughout the stratigraphic column from approximately 20 to 29
ka, with significant spikes centered at 22.6, 25.1, and 26.5 ka. The two
species, Candona patzcuaro and Heterocypris SpA, are rare and collectively
dominate only the interval from 15 to 18 ka.

Oxygen and Carbon Isotopes.

The oxygen- and carbon-isotope curves for Lake San Agustin as determined
from ostracode shell carbonate are shown in Figure 35; raw data from isotopic
analyses are presented in Appendix L. 6180 values vary over a range of 6.15
per mil and 13C values over a range of 6.05 per mil. Assuming isotopic
equilibrium, negligible interference from taxonomic effects, and a well-mixed
reservoir, deviation in 180 and 13C content of the biogenic carbonate will
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Limnocythere L. L. Heterocypris spA/
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FIGURE 34. Relative abundance of ostracode species (as percent) and §'%0
as a function of age for core SAC 3-4
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reflect temporal changes in isotopic composition of the lake water and can be
used to infer a history of lake-level fluctuations.

Nine samples included in the raw data shown in Appendix L have been
deleted from the isotopic curves. Two samples at the top of core SA4 (LHMX3-
1-2 and LB3-8-9.5) appeared to consist of reworked shell material. The
ostracode tests in these samples were typically broken and etched and remained
coated with clay and other material even after preparation with dispersants.
Two samples at the bottom of core SA4 (C-26~0-2 and C-26-2-4) and five samples
in core SA3 (C-26-6-8, C-26-8~10, C-26-10-12, C-33-8-10, and C-34~0-2) were
further excluded because of alteration. The appearance of these seven samples
suggested that the original shell material had been completely replaced. All
the valves were articulate, opaque and filled with a crystalline carbonate
material. 1In addition, the anomalously enriched 13C content of these samples
provides further support for post-depositional alteration.

To address the issue of taxonomic factor influence on the isotopic
composition of shell carbonate, the three species of the genus Limnocythere
were evaluated for variability of 180 and 13C content. The samples from which
the ostracodes were separated for comparison represent approximately 100 years
of sedimentation each. L. ceriotuberosa and L. platyforma are collectively
plotted against L. bradburyi for both 180 and 13C in Figure 36. L.
ceriotuberosa and L. platyforma are treated as a single population because the
wo forms are most likely a response to water chemistry variation, rather than
truly distinct species. Both species apparently occur under similar
temperature constraints, and it is therefore appropriate to group them for
statistical evaluation of isotopic composition. The sample regression line
(solid line) displays good correlation in both plots with a hypothetical one-
to-one regression line (dashed line). The hypothetical regression line
represents the ideal circumstance in which L. bradburyi incorporates 180 and
13C in the same ratio as the other species of Limnocythere. The correlation
between the sample regression line and the ideal is admittedly not exact;
however, it does not indicate any systematic taxonomic effects.

All species of the genus Limnocythere live in bottom-water conditions.
Heterocypris spA and Candona patzcuaro are characteristic of shoreline facies
and will presumably produce isotopic data unique to that environment. If San
Agustin Lake did not have a history of stratification, such distinctions would
be unnecessary. Covariance of the oxygen—- and carbon-isotope curves suggests
that during the last 25,000 years, stratification did not eccur. Further,
lake waters were likely shallow enough that bottom waters were thermally
coupled with the atmosphere, and relative changes in water temperature
recorded by ostracode distribution reflect a responge to changing air
temperature.
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Correlation and Interpretation of Ostracode Stratigraphy and Oxygen
Isotopes.

Oxygen isotope data from biogenic carbonate for the period 35 ka to 15 ka
are displayed together with the ostracode stratigraphy in Figure 34. By
inferring lake level fluctuations from the 180 curve and correlating this lake
level record with the ostracode distribution, a qualitative history of
relative changes in temperature, inflow and lake size can be developed for the
San Agustin Basgin.

A significant event is recorded at 28.6 ka where Limnocythere
ceriotuberosa was abruptly replaced by L. bradburyi, and a corresponding sharp
positive shift of 3.2 per mil in 180 occurred over a time span of
approximately 360 years. Prior to 28.6 ka when L. ceriotubercsa was dominant,
lake levels were relatively high and stable. Temperatures were either cooler
in summer, or significantly colder in winter than present, or both. This
interval coincides with the classic period of maximum advance of continental
glaciers during late Wisconsin. The species transition was preceded by an
increase in inflow, as suggested by the appearance of L. platyforma between
29.0 and 28.6 ka. An abrupt Bummer warming trend began at 28.6 ka and is
represented by the sudden dominance of L. bradburyi. The magnitude of
abruptness of the 180 shift between 29.0 and 28.6 ka further suggests an
increase in the mean annual temperature and increase evaporative enrichment.
Subgequent to 28.6 ka, lake levels gradually declined and an interval of low
to intermediate lake stage with minor fluctuations was maintained until about
26.4 ka. Temperatures remained relatively stable, with warm summers and
temperate winters.

At 26.4 ka Lake San Agustin was apparently at a relatively low level.
Spikes of Limnocythere ceriotuberosa which occur from 27.3 to 26.9 ka and 25.0
to 24.8 ka indicate the onset of relatively cooler temperatures. A broad band
of L. platyforma from 26.7 to 26.0 ka, and a negative shift in 180 of 4.59
per mil over the same interval strongly suggest filling in response to a long
period of sustained inflow and reduced evaporation. The span between 26.5 and
24.5 ka experienced with a series of extreme lake level fluctuations. Inflow
intervals are delineated with bands of L. platyforma and high stages in lake
level are defined by large negative deviations in 180 on the order of 4.2 to
4.6 per mil. Cyclic fluctuations in relative abundance of L. bradburyi
suggest a variable temperature regime with relatively warm, temperatures
accompanying low lake levels, and intermediate temperatures occurring during
inflow intervals. This period ended with an interval of abnormally cool
temperatures, defined by a peak in L. ceriotuberocsa at 25.0 ka.

The interval from 25.0 to 23.5 ka marked a period of relatively stable,
intermediate lake levels in the San Agustin basin. Temperatures were
similarly stable and quite warm; relative absence of Limnocythere
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ceriotuberosa suggests temperate winters. The next major event was a very low
stand at 23.0 ka, which was immediately followed by an interval of gradual
lake level rise, culminating in a high stand at 22.8 ka. This rise in stage
was most likely a response to a sustained increase in inflow (defined by
occurrence of L. platyforma at 22.7 ka combined with cooler temperatures
{indicated by an increase in L. ceriotuberosa).

Cold temperatures are indicated from 22.2 to 19.2 ka (indicated by a
clear dominance of Limnocythere ceriotuberosa), but were replaced by a
relatively warmer, more variable temperature regime beginning 19.2 ka. Several
small inflow events, defined by the presence of L. platyforma and negative
deviations in 180, occurred during this period. Low to intermediate stages
prevailed after 18.5 ka with relatively minor fluctuations. Temperatures
during this interval remained quite warm and stable.

A significant transition in the ostracode distribution occurred at 18.5
ka with the appearance and relative dominance of Heterocypris spA and candona
patzcuaro. This transition clearly defines the onset of generally low lake
levels. However, persistence of species of the genus Limnocythere indicates
some degree of lake stability. Relative absence of species of Limnocythere at
17.2 and 16.2 ka suggest playa rather than lacustrine conditions prevailed at
these times. Temperatures after 18.5 ka appear to be characterized by marked
seasonality.

NUMERICAL MODELING
INTRODUCTION

One goal of this project was to reconstruct quantitatively the lake
surface-area histories for the paleo-Owens River system and San Agustin Lake
using the stable isotope records. Examples of lake-level and stable isotope
evolution models were presented earlier using simple analytic solutions to
simulate the histories. Continuous variations in model input parameters
cannot readily be incorporated into analytical solutions. Therefore we
have constructed several numerical models for this purpose.

The main tool for the lake-level reconstructions is a transient
numerical model called TRANSISO. The complete program is listed in Appendix
M. The equations used were initially presented by Gonfiantini (1965). The
model is based on one described in Phillips et al. {(1986), but differs from
that model in being formulated on a time-derivative basis rather than a
volume-derivative basis. The model consists of linked water mass balance
and isotope mass balance equations. To compute the mass balance, the model
requires history of temperature, humidity, precipitation rate, evaporation
rate, isotopic composition of inflow water, isotopic composition of
precipitation on the lake surface, and isotopic composition of the
atmospheric humidity. The independent parameter that "drives" the model is
the inflow to the lake or lakes. The dependent variables calculated by the
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model are the surface area of the lake(s) and the isotopic composition of
the lake water. For cases (such as the paleo-Owens River asystem) in which a
series of lakes are involved, the model Bequentially calculates the lake
history for each lake individually, then uses the outflow from that lake as
the inflow to the next lake in the chain.

The basic approach used in implementing the transient numerical model
was to vary the inflow history so as to match the isotopic history. Based
on the linked water/isotope mass balance, the model then calculates the lake
surface area as a function of time. To avoid a long and tedious matching
procedure, the initial "guess" for the influence history of the lake was
taken from the output of a steady-state lake gimulation model. The steady-
state model back-calculated the lake inflow at each 180 data point based on
the much simpler steady-state equations. This steady-~state approximation
was then entered into the transient model and used as the input for the
initial simulation. The inflow was then varied to better match the 180 Qata
for intervals where transient effects were important. This approach proved
to be much more efficient than intuitive guessing of an initial inflow
history.

In addition to calculating an isotopic history of the lake water,
the model also produces a history of chloride accumulation in the lake
sediments. It performs this using a constant chloride influx and mass-
balance equations and assuming the chloride is conservative in the lake
water unless its concentration exceeds that for solubility of halite.
Although variations in soluble palts accumulation at Searles Lake have
sometimes previously been explained by long-term variations in the influx
(e.g., Smith 1979), we have found that the chloride accumulation history can
largely be explained simply by climatically controlled variations in the
inflow of water. We believe accumulation of many other solutes can be
explained similarly. There is some evidence for relative constancy of the
average chloride influx over long time periocds (Jannik, 1989), and
explaining the chloride deposition using only climatically-controlled water
inflow changes is more parsimonious than arbitrary variations in chloride
influx.

MODEL FORMULATION

The model is a transient numerical lumped-parameter model simulating
surface area and isotopic evolution of five lakes in the paleo-Owens River
system. This includes Owens Lake, China Lake, Searles Lake, Panamint Lake
and Lake Manly (Death Valley). Water mass balance for each lake is given
by:

at T 9t Q% * Q0 - -9 (9)
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where VL is the lake volume, QI is the inflow flux (from the Owens River or
the preceding lake), Qp is the flux of precipitation onto the lake, Q. is
the back-condensation flux, QO is the overflow flux, QE is the gross
evaporative flux, and t is time. The isotopic mass balance is described by:

d(VLﬁL)
at = 019p * 8p Qp + 8 Q- 8, 9y - b Qg (10)

where 4 is the relative isotopic enrichment of the reservoirs and fluxes
indicated by the subscripts. Applying the chain rule to (10) we have:

as, av,
VL ae t 0L aE = 019 * 0p%p * 6090 - 6,9, ~ OpQ (11)
déL
Letting B = 6IQI + 5PQP + GCQC - éoQo - 6EQE and solving (11) for 3 gives:
4aé av
ST = (B oy, dtL)/vL (12)

{9) and (12) are solved for each time step of the numerical simulation using
the Runge-Kutta-Fehlberg difference-equation method. Because calculations
in the modeling involved numbers which differ by many orders of magnitude,
all variables in the FORTRAN code were declared as double precision to
minimize rounding errors. The accuracy of the numerical solution was
verified by comparison with an analytical solution.

Bathymetric data for each of the lake basins (Appendix P) were used
to convert the volumes calculated by the model to surface areas. Data for
Owens and Searles Lakes are from G.I. Smith (1979); for China Lake from N.O.
Jannik (1989); for Panimint Lake from R.S.U. Smith (1976); and for Lake
Manly from N.O. Jannik (1989); and for Panamint Lake from R.S.U. Smith
(1976). Salinity strongly affects both evaporation and isotopic
fractionation and must therefore be taken into account by the model. The
model calculated changes in salinity with time for Owens, China, Searles,
and Panamint Lake using a simple mass balance approach. Specifically
calculated is the concentration of chloride ions. The starting point for
the mass balance is a constant input of chloride. Several studies have
concluded that the chloride load of the Owens River has been at least
roughly constant with time (Jannik 1989; Smith 1976) and approximately equal
to 5.9 x 10% kg yr-1 (Smith 1976). For a given time step of the model, the
mass (kg) of chloride entering Owens Lake is simply:
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6
c1 = ax 2:2%10°ka (13)

where At is the size (yr) of the current time step. To determine whether
chloride will be precipitated, the model then calculates the chloride
concentration (moles £~1) at the end of the time step as:

- 103g mole 1 m3
Concey = €1 543" 35.453g VOL~' Tpag (14)

where VOL is the volume (m?) of the lake at the end of the current time
step. If Concgn, is greater than 6.1 moles £-1, the solubility of halite,

the mass (kg) of chloride precipitated in the lake is given by:

_ - 35.453x10~-3 1039
Cldep = (t‘.:oncc:L 6.1) molo VoL m3 (15)

For a lake at overflow, dVL/dt = O and from (9), we see that the flux out of

the lake is:
The chloride flux (moles yr-1) out of one lake and into the next is then:

1039
Qc1 = Q T3 Concyy (17)

The gross evaporative flux is given by:

QE = gg aw A (18)

where 9g is the evaon rate for pure water, a is tae chemical activity

of the lake water, and A is the lake surface area. The back-condensation
flux, QC, can be related to the gross evaporative flux, the relative

humidity, h, and the activity of water by:

Q. = (19)

The activity of water is given by (Graf, 1%82):
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~3
a,6 = exp (~Mw $ m, ) 10 (20)

-1
where Mw is the molecular weight of water (g mole ), & is the osmotic
coefficient for water in the solution, and I m, is the sum of the molal

electrolyte concentrations in the solution. These concentrations were
obtained for each time step from the chloride mass-balance subprogram
described above. The osmotic coefficient was calculated using a simplified
form of equation (11) in Pitzer and Kim (1974).

The isotopic composition of the back-condensation flux can be
determined from the equilibrium isotopic enrichment factor (e,) for the

liquid/vapor phase change and the isotopic composition of the atmospheric
water vapor (6a):

a
= —a
ac - Ev(l * 103 ¢ 6A (21)

The equilibrium enrichment factor is a function of temperature alone and was
calculated according to Friedman and O'Neil (1977):

€, = {exp [[1.534 (106T _2)—3.206 (1037 “1) + 2.644}/103] -1 } 103 (22)

Because the degree of fractionation during evaporation is determined by
the kinetics of vapor diffusion away from the liquid surface, the 180 of the
gross vapor flux (6E) is a function of humidity, wind speed, and temperature

(Craig and Gordon, 1965). Modification of an expression from Merlivat and
Jouzel (1979) was used in the model to take these factors into account:

(1 + 107° 6.0 (1 = k)
by = — -1 | 103 (23)
(1 +10 "e) (1 - kh)

where k is a variable which accounts for both diffusive and turbulent
transport of the isotopic species away from the water surface. For the
range of wind speeds expected in most continental settings, k may be treated

-3
as a constant having the value of 6.8 x 10 for H,180 (Merlivat and Jouzel,

1979).
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The model solves (9) and then uses the necessary values along with
the other calculated parameters to solve (12). It should be noted that 6L=

60 in the model, based on the assumption that each lake can be treated as a

well-mixed system over each time step. The 6180 value calculated by the
model from (12) is the relative isotopic enrichment of the water. Because

the isotopic history the model is attempting to match is given as 6dolomite

the water values are converted by first calculating the equilibrium isotopic
enrichment factor for water/dolomite:

-2
= 6 - 3] - 3
eHzo,dol { exp [ [(3.2 (106 T ) 4.3)/10 ] 1 ]} 10 (24)
and then calculating the relative isotopic enrichment of the dolomite:

8

5 eHzo,dol
+1)

dol = ®H,0,dol +%H,0 [—303—“ (25)

MODEL PARAMETERIZATION
Paleo-Owens River System

To calculate lake surface areas, the numerical model requires histories
of 6180 of the inflow, 6180 of atmospheric humidity, temperature,
evaporation rate, precipitation on the lake surfaces, and relative humidity.
Obviously, there are no independent histories covering the past 1.2 Myr for
each of these parameters in the study area. Consequently, histories for the
independent parameters must be estimated by correlation to existing
paleoclimatic parameter histories that cover the time period. We know of
only two such histories. One is the 180 measurements at Searles Lake, and
the other is the marine 6180 record.

Fortunately, an independent basis exists for choosing the
appropriate history with which to link the various independent parameters.
Winograd et al. (1988) have published a U/Th dated chronology of 8180
variations in vein calcite from Devils Hole, Nevada. The 6180 of the
calcite reflects 180 variations in the groundwater from which the calcite
was precipitated, and thus ultimately the 6180 of precipitation, probably
mostly on the Spring Mountains of Nevada. The most notable feature of this
180 record is the remarkable fidelity with which it mimics the marine 180
record. (We note that Winograd et al. (1988) observed dating discrepancies
between their record and the marine one. We assume the discrepancies are
due to errors in one or both of the chronologies, but since the differences
are within the uncertainties of our chronology, we have not attempted to
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resolve them.) The primary control on 6180 of precipitation is temperature
(Dansgaard, 1964) and we take the strong similarity of the Devil’s Hole and
marine 6180 records as evidence that the marine 6180 is a good proxy for
temperature in the study area. The similarity is certainly evidence that
the 6180 of precipitation (and thus alsoc the 6180 of atmospheric moisture)
can be reconstructed on the basis of the marine §180 record.

In this model, evaporation is parameterized as the difference of the
gross evaporation flux and the atmospheric back-condensation flux. The
gross evaporation is thus independent of atmospheric humidity and is
presumably largely a function of temperature (although the results of Benson
(1986) indicate that factors we have not incorporated into thé~mode1, such
as the cloudiness, also play a significant role). We have therefore linked
the (gross) evaporation to the temperature record.

The remaining independent parameter of major significance is the
relative humidity. Sensitivity analyses showed that wide variations in
humidity are necessary to explain the lacustrine 6180 data. High humidities
were required for the model to produce the observed light 6180 values, even
if all other parameters were favorable. Conversely, low humidities were
required to match the observed heavy 6180 values. We therefore considered
that the Searles 6180 record itself was the best guide to the relative
humidity history. This approach is consistent with the basic assumption

that lighter 6180 periods represent favorable water balance (and thus
presumably higher humidity) while periods of heavy 6180 represent
unfavorable water balances, and thus lower humidity.

The histories were constructed for all the independent parameters
(except humidity) by first establishing a correlation between temperature
and the marine 6180 record, then correlating the other parameters to the
temperature history. A linear relation between temperature and 6180 was
assumed and was calibrated by matching the modern mean annual temperature of

19.10C at Searles to the modern 6180 of 3.51 per mil, and the late Wisconsin
minimum assumed temperature of 12.10C at 13.6 ka to the corresponding &§180,
The 12.10c temperature at 13.6 ka is based on a temperature reduction

estimate of about 7°C at the late Wisconsin glacial maximum by Dohrenwend
(1984), spaulding et al. (1983), and Phillips et al. (1986).

The correlations of climatic parameters to temperature were obtained by
assuming that the ancient correlations of these parameters with temperature
correspond to the modern correlation with elevation. Climatic data for
stations at different elevations in the region were assembled from Smith
(1979), Smith and Street-Perrott (1983), Ruffner (1985), NOAA (1982)
University of cCalifornia (1988) and Meyers (1962). Temperature and the

102



other ciimatic parameters were regressed against elevation. The regressions
showed good correlations with elevation. The regression "r2" values ranged
from 0.94 to 0.99. The regression plots and equations can be found in
Appendix I. The temperature versus elevation, and other climatic parameters
versus elevation regressions were then combined to regress the other
climatic parameters against temperature.

The assumption that the ancient relationship of temperature with the
other climatic parameters, as a function of time, mimics the modern
relationship with elevation is obviously at best an approximation. However,
it does provide an internally consistent basis for reconstructing the
covariation of all climatic parameters. The effect of inadegﬁécies in the
reconstruction was assessed by means of a sensitivity analysis, described
below.

The calibration of relative humidity to Searles 6180 was performed
using the other parameters obtained as described above. The calibration was
accomplished by matching lake surface areas from the model with estimates
from times for which there is independent evidence of lake level. The most
important calibration points were: 12 to 11 ka, when the lake volume had
declined until the lake water was near saturation with halite and the
isotopic composition showed evidence of equilibrium; a similar pericd during
the interval 810 to 800 ka; and, the period 15 to 13 ka, when varnish
radiocarbon dates show that Searles was overflowing (Dorn et al. 1990) but
geological evidence from Panamint Valley indicates only a small lake
resulting from that overflow (Smith 1976). The calibration exercise yielded
the following relation of humidity to 6180:

h = 135 - 2.2 §180 (15)

dol

A sensitivity analysis was performed by varying the slope and
intercept of the humidity/§180 equation and substituting them intoc the
steady-state lake model. 1In general, the resultant steady-state lake levels
were quite insensitive to the slope and intercept parameters used, so long
as the high and low humidities were within certain ranges. Humidities above
50% were required to keep lake levels within reasonable bounds during light
isotopic episodes. If humidities fell below 30 percent, the model was
unable to yield low levels, even during times when geological evidence
showed that desiccation was imminent. However, given that the maximum and
minimum humidities were above 50 percent and 30 percent, respectively,
additional changes in the humidity/8180 relationship produced only small
variations in the simulated lake surface areas. The humidity
parameterization thus appears to be quite robust.
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Lake San Agustin.

Unlike Searles Lake, no good proxy record for continental
paleotemperatures exists for west central New Mexico. Without local
corroboration, marine 180 records were so geographically distant from the
Plains of San Agustin as to render a good correlation problematical. An
internally consistent alternative is provided by the ostracode stratigraphy
of San Agustin, with the assumption that changes in the proportion of
Limnocythere bradburyi to the other species of the genus Limnocythere are a
sensitive reflection of relative changes in temperature (Forester 1985;
1987). Because the modern geographic distribution of L. bradburyi and L.
ceriotuberosa appears to be principally controlled by seasonai‘variations in
water temperature (discussed above), we feel the ostracode biostratigraphy
is itself the best available indicator of historic temperature changes.

The temperature history was developed by applying the same 70C
temperature differential as used at Searles, between the modern mean annual
temperature and that from the late Wisconsin glacial maximum. A current
mean annual temperature of 9.420C was determined using the longest available
(9- to 17-year) temperature records compiled by Gabin and Lesperance (1977)
for two sites (the Birmingham ranch and the Danley ranch) in the
southwestern Lake San Agustin subbasin. By linearly interpolating
proportions of Limnocythere bradburyi to both L. ceriotuberosa and L.
platyforma over the temperature range of 2.42 to 9.420C (that is, 100
percent L. bradburyi corresponds to 9.429C and 100 percent L. ceriotuberosa
plus L. platyforma to 2.420C), a history of estimated mean ostracode life
cycle temperature was created for the lower elevations of the Plains of San
Agustin basin. A 500-year moving average of the temperature data is
illustrated in Figure 37. This chronology was developed principally to
incorporate a temperature-dependent fractionation factor into the numerical
model, and is not intended to stand on its own merit as a definitive record
of absolute paleotemperature. Although we do feel the chronology is a good
representation of temperature trends, ambiguities inherent in the data limit
its use as an independent proxy for continental paleotemperatures.

In the San Agustin model, as with Searles Lake, gross evaporation is
linked to the temperature record. It was necessary to make a similar
assumption that a correlation between ancient temperature and evaporation
rate with changing climate can be approximated by a modern temperature and
pan evaporation rates for altitudinally-varied sites across western New
Mexico. Applying a pan coefficient of 0.70 to convert to lake evaporation,
the following regression relationship was established between lake
evaporation and temperature:
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qg = 0.06567 T + 0.65924 (26)

The equation has a squared correlation coefficient of 0.60458. The
regression plot and equation data can be found in Appendix R.

As with the Searles Lake model, the most accurate reflection of the
humidity record in the San Agustin basin was the 180 record itself. By
applying a similar calibration technique of varying the slope and intercept
of a humidity/d180 regression equation, and substituting the relationship
into an analytical steady-state model, it was discovered that both high lake
levels (light isotopic episcdes) and low lake levels {heavy isotopic
episodes) could be matched with the following relation of humidity (in
percent) to 6180:

h = 262 - 7 8180 (27)

al

This regression relationship yields maximum and minimum humidities of 72
percent and 30 percent.

In modeling the water balance for the San Agustin basin, we have
lumped all inflow parameters into one inflow flux, which is the independent
parameter for the model. Because lake/groundwater interactions are a major
control on lake level, groundwater inflow is a significant component of the
inflow flux, with precipitation on the lake surface and direct runoff
constituting short-term inflow components. Variation of the 180 composition
of this inflow water with time is a required input for the model. An
estimate of the variation in 6180 of precipitation and groundwater recharge
in the San Juan Basin (northwest New Mexico) over the last 35,000 years has
been developed by Phillips et al. (1986b). This 6180 history should also be
a reasonably accurate representation of the 180 composition of
precipitation- and runoff-derived inflow, as well as groundwater inflow, for
the San Agustin basin a short distance to the south of the San Juan Basin.

The remaining parameter (not incorporated in the Owens River aystem
model) is the groundwater outfiow flux. The palechydrologic environment in
the San Agustin basin, as discussed earlier, is known to include a
substantial component of groundwater seepage from the basin. This outflow
component must be incorporated into the model.

First, to determine the importance of transient effects in
lake/aquifer interactions, the analytical solution to the one-dimensional
hydraulic diffusion equation, with a sinusoidally fluctuating boundary
condition, was evaluated using aquifer parameters estimated for the regional
flow system. Mathematical manipulation of the solution yields an expression
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for the time lag between a lake-level fluctuation and the aquifer response
given by:

t, = X ((t,5/4 7)) (28)

where x is the distance into the aquifer at which the regponse is evaluated
(1 km in this case); t, is the period of the sinusoidal lake fluctuation in

years; S is aquifer storativity; and T is aquifer transmissivity. For a
200-year period sinusoidal input function, a range of storativities of

-~

10" to 10-#, and a range of hydraulic conductivities of 10 to 10~° m/s,
the time lags of the aquifer response at 1 km vary from about 0.045 years to
142 years. Because the estimated values for this "time constant® fall below
or near the average time span of our sampling interval (105 years), we have
considered the regional transient effects associated with lake/groundwater
interactions to be negligible.

The problem remaining is to develop a steady-state relationship
which will describe the groundwater seepage from the lake basin. By using
the modern regional hydraulic gradient of 0.0054 (Blodgett and Titus, 1973),
assuming this gradient remains constant (i.e., that fluctuations in lake
level have a negligible effect on the regional gradient), and applying an

-6
estimated hydraulic conductivity of 10 m/s (an average value for fractured
volcanics and silty sand), Darcy’s law gives a volumetric outflow flux which

is linearly related to lake area: Qcw = 0-17A. Although this relationship

provided a reasonable "first guess," we discovered that the model
simulations were heavier isotopically than the measured data by an average

1.5 0/,,. Considering the uncertainty in estimating the aquifer parameters
vig-a-vis the climatic parameters, it was reasonable to calibrate the model
by varying the groundwater outflow function.

Lake surface area fluctuations developed numerically from the 180
chronology were constrained by geoclogic data from San Agustin shoreline and
sediment records. The highest shoreline mapped by Powers (1939), located at
2115 m (6940 ft), is generally accepted as the highest lake stage during
mid-to-late~Wisconsin. This lake level, corresponding to a lake surface

2
area of 780 km , provided the approximate upper limit for lake levels

14
simulated by the model. A shoreline located at 2110 m (6920 ft) with a c
date (on tufa) of 21,400 %300 yr B.P. (Markgraf, V., personal communication,

2
1989) further constrained the lake surface area to 700 km . The sediment
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record from core SAC3~4 provided additional constraints in the time interval
from 35,000 to 25,000 yr B.P. 1In addition, the groundwater outflow flux was
used as an internal calibration factor to help simulate transient effects.
Because the outflow flux will increase with lake level and higher hydraulic
heads, the flux was varied between 0.34*Area and 0.15*Area, depending on
simulated lake levels.

The actual groundwater outflow flux is clearly a nonlinear function
of lake level which cannot be accurately determined without a transient,
distributed parameter lake-aquifer model. Our approach is a simplistic
attempt to simulate this nonlinearity and we believe it to be the most
reasonable alternative available. The technique cannot, however, fully
accommodate local transient effects manifested in bank storage. Storage of
water in, and release of water from, sediments peripheral to the shoreline
constitute a major component in lake/groundwater interactions. This bank-
storage effect further complicates the groundwater outflow flux by making it
a function of the rate of lake level change in addition to absolute lake
level. Accordingly, the solutions obtained by our model for lake surface
area and inflow are not unigque. The solutions are probably good
approximations as the bank-storage effect is significant only during
episodes of rapid lake level fluctuations.

MODEL IMPLEMENTATION

The initial inflow history used to "drive"™ the transient model was
derived using a FORTRAN code, SS.FOR (Appendix 0). In the main routine,
this steady-state model sequentially calculated the surface area of 6180 for
each lake in the system. Using nested DO loops to iterate selected input
variables, specifically inflow (Q;), temperature (T), and humidity (h), 6180

and surface area were calculated as function of these "possible solutions™
as a 3-D array and a search through the array was implemented to back-
calculate Q. Simulations were performed using variable temperatures and

also constant high and low temperatures to provide sensitivity analysis.
Three parameters were entered at the start of the program: the
chemical activity of the water (aw), a starting value for QI’ and an ending

value for Q- a, was assigned a value of 1.0, the activity of pure water,

to simulate non-saline conditions, and a value of 0.761, the activity of
halite saturated water, to simulate saline conditions. It should be noted
that the variable a, was used only in the Searles Lake calculations. The

implicit assumption was, therefore, that a, was a constant with a value of

1.0 for all other lakes in the system. For the variable temperature steady-
state simulations, the starting and ending values for QI were 4.0 x 107 and
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5.0 x 10% m3® yr-1, respectively. These values were increased by
approximately half an order of magnitude for the constant high-temperature
simulations and decreased by the same amount for the constant low-
temperature simulations. Diagnostics written to files along with the output
aided in calibrating the inflow ranges. If the range of input values used
for QI was such that the steady-state model could not match the simulated

possible golutions to the actual Searles Lake histories, error messages were
obtained.

The outermost FORTRAN DO loop iterated temperature. For the
variable temperature simulations, the temperature at Owens Lake was varied
from 6.5%C. The corresponding temperature for both China and Searles lakes
was 3.60C higher. The temperature at Panamint Lake was calculated by adding
2.350C to the Searles Lake temperature and the temperature at Lake Manly was
4.080C higher than at Panamint Lake. For the constant low and high
temperature simulations, the temperatures at Owens Lake were 7.7 and 15.20¢,
respectively. Temperature variations between lakes were the same as those
given above. The next DO loop nested within the temperature loop
incremented QI. For the range of QI entered at the beginning of the

program, thie loop divided that range into 100 equal increments. The inner-
most DO loop was used to increment humidity from 30 percent to 90 percent in
1 percent steps. For a given interaction, the humidity values for all the
lakes were the same.

The first parameter calculated in the steady-state model were those
assumed to be a function of temperature. These included the isotopic

compositions of the inflow (6I), the atmospheric water vapor (6 and the

a)s
precipitation (ép), as well as the precipitation (qp) and evaporation (ag)
rates. 9g for all lakes was not allowed to be less than 1.35 yr-1. All

parameters were calculated as linear functions of temperature using
regressions described in the MODEL PARAMETERIZATION section above.

The isotopic composition of the back-condensation flux (6 ) was then
determined from (21), and the equilibrium enrichment factor was calculated
using (22). The kinetic isotopic enrichment factor was calculated as:

a, (1-kh)
x ST 1-x | "1 10 (29)

where av, the isotope enrichment factor, is related to €y by:

(30)
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Surface area was given by:

ol e

The steady-state model then determined fluxes for the different parameters.
Gross evaporation flux was given by:

Qg =9z A ay (32)
the precipitation flux was given by:

Q =g, A (33)

(34)

When the steady-state model was run, the range of inflow values were
adjusted so that the first two lakes in the system, Owens Lake and China
Lake, were always at overflow. The lakes were determined to be at overflow
when the calculated surface area was greater than the maximum surface area
as determined by the bathymetric data. The relative isotopic enrichment of
the lakes at overflow was calculated as:

s _ QIGI+QP6P+QE (h6c+aw+ek) 35)
Hzo QI +hQE+QP

Searleg Lake, however, was not always overflowing. For non-overflow
conditions, the 6180 of the lake was given by:

Qr 6y %c 9 %
6H20— o +€k+h¥+Q_E_— (36)

These 6180 values were the relative isotopic enrichment of the water.
Because isotopic water values were converted by first calculating the
equilibrium isotopic enrichment factor for water/dolomite using (24) and
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then calculating the relative isotopic enrichment of the dolomite from (25).
The flux out of one lake into the next was calculated using (16). At
various times during the modeled history, Searles Lake would exceed a
critical volume (65.87 x 109 m3) and couple with China Lake, forming one
lake. During these periods the outflow from Owens Lake became the inflow
for Searles Lake and there was essentially no China Lake.

The above equations were used to calculate 6180 and surface area for
each lake in the system for each iteration, I, of the temperature DO loop, J,
of the Q; DO loop, and k, of the humidity Do loop. At the end of each

interaction, the 6180 of Searles Lake and total surface area of the system
were saved in 3-D FORTRAN arrays as functions of these variables, that is
A(QI(I), T(J), h(K)), and 6(QI(I),T(J),h(k)). After this process was

completed, the steady-state model read the data files containing the

temperature (T humidity (h and 6180 (6 ) histories

Searles)’ Searles)' Searles

for Searles Lake. For a specific point in time, h was compared with

Searles

each h(K) until a match was found and likewise with T matched

Searles
6(T(I),QI(J),h(K)). QI(J) was then saved as the inflow value for that time.

The corresponding surface area for the gystem was given by
A(T(I),Q;(J),h(K)).

This process was used to generate three inflow histories for input
for the transient model; a variable temperature history, a constant high
temperature history, and a constant low temperature history. The variable
temperature inflow history was used as the initial "guesg" for the actual
transient modeling. The constant temperature histories were used for
sensitivity analysis. When the steady-state model was run with a constant
temperature, all the parameters assumed to be a function of temperature,

) o

also became constants, that is, 6 and Qg This enabled

1 %par Ppr qP,
testing the sensitivity of the model to the assumed histories for the above
parameters.

Each of the three histories was generated in two parts. By varying

Brgr the steady-state model could be used to simulate both low lake levels

(saline conditions) and high lake levels (non-saline conditions). For each
of the temperature histories, the model was run once with a, = 1, the

activity of pure water, and once with ag, = 0.761, the activity of water at
halite saturation. The final history was constructed by substituting QI

values from the saline history into the non-saline history when geologic
evidence showed that Searles Lake was at or near chloride saturation.
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The transient modeling was performed using a numerical lumped-
parameter code, TRANSISO, written in FORTRAN (Appendix M). The code solves
(9) and (12) for each time step of the stimulation using the Runge-Kutta-
Fehlberg (RKF) difference-equation method (Burden and Faires 1385). Results
of the simulation are displayed along with the actual histories in graph
form for visual evaluation.

The main program first reads three files, OWENS.IMP, C_S.IMP, and
P_D.INP. These files contain initial values for parameters necegsary to
begin and control the simulation. The file OWENS.INP contains the Owens
Lake parameters, China Lake and Searles Lake parameters are contained
inC_S.INP, and Panamint and Lake Manly (Death Valley) parameté}s are found
in P_D.INP. Contained in these files are values for maximum reactions, lake
volume (m3), 618°Dolomite' maximum time step, minimum time step, lake volume

tolerance, 6180 tolerance,and chloride concentrations (moles £~1).

Maximum iterations refers to the number iterations the RKF
subroutine is allowed to use while solving (9) and (12) over the designated
simulation period. The RFK subroutine calculates and constantly changes the
step size used by the program while solving the differential equations. The
number of interactions necessary to simulate a designated block of time is
therefore not known in advance. To prevent overflow of the solution arrays,
the maximum number of iterations must be limited. Values used have been
6,000 for Owens Lake and 25,000 for China Lake and Searles Lake. The logic
used in assigning these values involves an "optimization process, " that is,
allowing enough iterations of the RKF algorithm to simulate the entire
designated time period but not allowing soc many as to allow overflow of the
solution arrays. Both array sizes and number of iterations must be limited
to maintain a reasonable file.

Lake volume is entered in units of m3. Particular care should be
taken when entering the interpreting volumes for China Lake and Searles
Lake. A zero volume for China Lake may mean that China Lake is dry, or the
volume for Searles Lake is greater than or equal to 65.87 m3 and the two
lakes have coupled. If the Searles volume at the start of the simulation is
greater than or equal to 65.87 m3, the model will automatically assign a
volume of zero to China Lake regardless of the number that is entered.

6180 values should be entered as & All of the modeling

Dolomite®

calculations, however, usge § The final values are then converted to

H,0"
. 18 .
output as 6Dolomite to allow comparison to the Searles 6180 history.

Maximum and minimum time step are the limits imposed on the RKF
step-size calculations. If the maximum step size is too large, the program
may use a large number of iterations reducing the step size to control the
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error in the calculated derivative. The minimum step size need not be
unreasonably smaller or again iterations may be wasted. It must, however,
by small enough to allow the RKF algorithm to jiterate to a solution when the
derivative is changing rapidly. The maximum and minimum time steps used
when modeling Owens Lake were 250 and 10 years, respectively. The
corresponding values for the China Lake and Searles Lake system were 100 to
0.1 years. These smaller values were used because, given its "pancake"
bathymetry, China Lake tended to experience relatively rapid volume and 6180
fluctuations.

Lake volume tolerance and 6180 tolerance are the maximum error size
allowed in the calculation of the corresponding derivative. If these limits
are too restrictive, the simulation will be solved in an unreasonably small
time step. The RKF algorithm will not iterate to a solution, however, if
these limits are restrictive enough. When the calculated error exceeds the
tolerance, the RKF routine decreases the step size to reduce the error.
Values for these parameters were determined by observing the errors
calculated by the model during actual simulations. The lake volume

tolerance was set at 5x103 and the 6180 tolerance was set at lxlo-a.
Chloride concentration is the concentration entered as moles per liter at
the beginning of the simulation.

At the start of each simulation, the default value for each of these
eight parameters is the value assigned in the previous simulation. The
model then prompts the user, asking if changes are to be made. Final values
for each parameter are displayed at the end of the simulation. These values
should then be input at the start of the next simulation if the modeling is
to continue from that point.

To match the chloride deposition history at Searles Lake, a
beginning value for the mass of chloride deposited per square meter at KM-3
must be entered at the start of each simulation. This value is usually
taken from the output of the previous simulation or from the actual
depositional history, depending on the particular simulation. All the
chloride deposited over the course of the simulation is then added to this
initial value. The default value for this parameter is zero.

The model allows the user to choose from a variety of inflow
functions. Posgsible choices include the following simple functions; linear,
exponential, logarithmic, power, sinusoidal, step, and zero inflow. The
user may also choose from among three steady-state derived histories. These
include a variable temperature history. Constant high temperature history
was derived using a steady-state model (SS.FOR) and has been previously
described in this section. The constant temperature histories are to be
used in conjunction with the constant parameter option. 1If one of the
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constant temperature histories is chosen, the constant parameter option
should be used. Three constant parameter options are available and are
prompted for in the model: UPPER LIMIT, to be used with the constant low
temperature history; and CUSTOM, which may be used with either. The UPPER
LIMIT and LOWER LIMIT options read values for temperature, precipitation,
gross evaporation, and 63, 61, and 6P from existing data files. Derivation

of the values in the LOWER LIMIT and UPPER LIMIT files was described in the
steady-state modeling section. The CUSTOM option allows the user to input
the values for these parameters from the terminal. If the variable
temperature inflow history is chosen, the values for the corresponding
parameters are read from the data files. Unique data files exist for Owens
Lake, Panamint Lake, and Lake Manly. Searles Lake and China Lake, however,
share history files. Sensitivity analysis show that wide variations in
relative humidity are necessary for the model to match the Searles §180
data. For this reason, humidity is not treated as a constant during the
constant temperature simulations. A single humidity history is used for all
lakes.

Values for parameters necessary to restart the modeling process may
be saved at any point during a simulation. The model prompts for this
option, asking for the number of restart points desired and corresponding
times. This feature is useful for "fine tuning” the end of a simulation
without having to rerun the entire simulation.

The remaining parameters necessary to begin a simulation are a
beginning and an ending time. These should define a continuous block of
time over which the simulation is to proceed. Present day is designated as
time 0 and any positive number represents a corresponding number of years in
the past. For example, to model from ten thousand years in the past to the
present, 1 x 10% would be entered for the beginning time and 0 would be
entered for the ending time.

To proceed with the modeling, the main program first calls the RFK
subroutine. The subroutine solves (9) and then (12) for Owens Lake for each
time step of the numerical simulation. Intermediate values for (9) and (12)
are calculated at six different points within a given time step in a
function subprogram, F(t). Each derivative is calculated first at the
beginning of the time step, then at points 1/4, 3/8, 12/13, at the end, and
1/2 of the way through the time step. Using these intermediate values, the
RFK subroutine determines whether calculating dv/dt and dd/dt over the
current step size will result in a unacceptably large error. If the
calculated error is greater than the designated tolerance, the RKF
subroutine incrementally decreases the step size within the given limits.

If after the step size is decreased the error becomes less than than the
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tolerance, the results are written to any array and the process moves
forward. At the end of a successful iteration, the subroutine will increase
the step size, attempting to speed the simulation process.

The RFK algorithm assumes the function to be differentiated is
continuous. Unfortunately, volume calculated as a function of time, VOL,
contains two singularities. These occur at the points where the lake
desiccates or exceeds maximum volume and begins to overflow. To avoid
simulating across these singularities, a logical variable, ZEROCHK, is used
to detect their approach and allow the model to "step acrosse” the
singularity. If the calculated volume at any of the six intermediate points
within the time step is zero and the step size is the minimumiillowable step
Bize, ZEROCHK is set to TRUE. When ZEROCHK is TRUE, the model sete the
volume to zero without calculating an error and comparing it to the
tolerance as would normally be done. 1In this way, the solving routine comes
as close to the singularity as the minimum step size will allow while
preventing the model from "crashing"” at the singularity.

When the calculated lake volume exceeds maximum volume as determined
by bathymetric data, dv/dt is zero and the lake begins to overflow. At this
peint, however, potions of the model are "lied to", that is, dv/dt is not
allowed to equal zero. The RFK subroutine solves (%) and from that result,
calculates a new volume. Because dV/dt is not set to zero, this volume
grows beyond the known maximum volume as long as the derivative is positive.
The volume written to the solution array, however, is the known maximum
volume. When the calculated derivative becomes negative, the lake volume is
reduced. By doing this, the part of the model that solves {(9) "sees" the
function as continuous. The excess volume at the end of each time step is
the amount of water that flows into the next lake over that time step. 1In
reality, dv/dt would be zeroc when the lake begins to overflow. Because the
term dv/dt is found in (12), the portion of the model that calculated (12)
is "told" that dv/dt is zero as long as the calculated volume indicates that
the lake is at overflow. This continues until the calculated volume is less
than the maximum volume.

The parameters necessary to solve (9) and (12) at the intermediate
points within the time step are calculated in the function subprogram F(t).
This function first determines values for 61, 6P, 6A' temperature,

evaporation, and precipitation at a designated point in time, t. If the
simulation is being run with constant parameters, these values have already
been assigned in the main program. For variable temperature simulations,
these values are calculated by interpolating linearly between data points in
the histories read in the main program. These histories are read as 1-D
arrays, and each value of a particular parameter has a corresponding time
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array element, (for example, 6P(40) corresponds to time(40)). The

subroutine FINDT is used to determine where the current time, t, lies in
relation to the time array elements. Using a binary search routine, the
subroutine may find, for example, that t is between time(40) and time(41).
This in turn means that the current value of ép is between 6P(40) and GP(41)

and likewise for the other parameters. The values for these parameters are
then calculated by linear interpolation in the subroutine OINTERP. Because
the humidity history and inflow history have unique chronologies, this
process is repeated using two subroutines, FINDHT and HUMTERP, for humidity,
and two subroutines, FINDQT and QINTERP, for inflow. The current surface
area of Owens Lake is calculated in the subroutine OAREA, which uses
bathymetric data to convert a given volume to surface area. As explained
above, this volume (VOL) may exceed the known maximum volume (VOLMAX),
indicating that the lake is overflowing. The volume of water {m3) that

flows out of Owens Lake during the time step is: V = VOL-VOLMAX. The

out
precipitation flux, Qp is given by (33).

The next parameters calculated relate to the chloride mass balance.
The total moles of chloride (CL) in Owens Lake at the start of a time step
is either given at the beginning of the simulation (for the first time step)
or known from the last point solved in the RKF subroutine. The model must
then calculate the total moles of chloride (TCL) at peints 1/4, 3/8, 12/13,
at the end, and 1/2 of the way through the time step. The total moles of
chloride at each of these points is given by:

103¢
t m3

TCL = (OTIME-t) QCL + CL - V_, CONC, (37)

where OTIME is the time at the beginning of the time step, t is the time at
each intermediate point, QCL is the chloride flux (1.67 x 10% moles yr-1)
into Owens Lake, and CONC ;. is the chloride concentration (moles £-1) at the

beginning of the time step. If the chloride concentration at any time t
within the time step exceeds 6.1 moles £-1, the model sets the concentration
at 6.1 moles £-1, This would indicate that halite precipitated at that
time. Geological evidence indicates that no halite was precipitated in
Owens Lake during the time period covered by the modeling. Chloride
saturation in Owens Lake should therefore not exceed 6.1 moles £-1 during a
successful simulation.

The chemical activity of water is given by (20). The function
subprogram FPHI, which calculates &, the osmotic coefficient for water, was
adapted from Pitzer and Kim (1974). It should be noted that this routine
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has been modified to work with only sodium chloride. QE is given by (18)

and Qe is given by (19). The isotopic enrichment factor, € is calculated

in the function subprogram FEPS using (22). The del of the back-
condensation is given by (21). The del of the evaporation is calculated in
the function subprogram DELE using (23). Equations (9) and (12) are then
solved and these values are returned to the RKF subroutine.

Once the Owens Lake simulation is complete, the process is repeated
for China Lake and Searles Lake using the subroutine RKF_CS and the function
subprogram F_CS. Because these lakes couple and decouple over time, they
must be simulated simultaneously. If China Lake and Searles Lake are
coupled, the flux out of Owens Lake is the flux to Searles Lake. Inflow
into China/Searles is calculated by linearly interpolating between outflow
data points saved as an array, 0QO, during the Owens simulation. This
linear interpolation process is the same as that previously described. The
chloride flux out of Owens is saved in the array TIMECL IN. Chloride flux
into China/Searles is also calculated using linear interpolation.

The transient model was not used to simulate periods of chloride
deposition at Searles Lake, but it does contain a correction factor which
aids in this process. The chloride deposition history for Searles Lake was
derived from analysis of the KM-3 core. After developing a chronology for
the core, chloride analysis was used to produce a table of cumulative
chloride versus age/depth (Jannik 1989). A small part of this chloride can
be attributed to brine which soaked the core during drilling. This chloride
was therefore not actually precipitated as halite from Searles Lake, but it
does appear in the history. To account for this added chloride in the
history, the model deposits a small amount of chloride over each time step
regardless of the chloride saturation in Searles Lake. The calculated
correction factor, SLTCONST, is 1.27x10-2 kg m-2 yr-1, The actual chloride
history-matching process is described later in this section.

Equation (10) and (12) are not used in the Panamint Lake and Lake
Manly simulations. 6180 histories are not simulated for Panamint Lake or
Lake Manly. These lake areas are calculated in the subroutine RKF_CS in the
following manner. PDINTERP is a linear interpolation subroutine used to
calculate evaporation rates from histories read in the main program. When
the evaporation rate is determined, the surface area for each lake is given

by:

|Q|lO
)

(38)
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The final calculation in the transient model is the calculation of total
surface area for the paleo-Owens River system. This is done by finding the
change in surface area over the current time step for each lake. This
change is added to the previous surface area and the surface areas are then
summed.

The transient modeling using the variable temperature history was
begun at 1.18 Ma. Because the model is not sensitive to initial conditions,
the starting parameters were chosen arbitrarily. Owens Lake and China Lake
were both at overflow and the 6 values were 25 0/,, and 32 0/,,,

respectively. The starting volume for Searles Lake was 65 x 10% m3, and the
6 value was 32 0/,,. Chloride concentration for each of the three lakes was

set at 2.0 x 10-% moles/liter. Both Panamint Lake and Lake Manly were dry
at the start of the simulation.

To guide the modeling process, a table detailing the salt deposition
history at Searles Lake was used (Appendix 7 in Jannik 1989). The transient
modeling was performed in discrete blocks, simulating intervals between
these tabulated periods of salt deposition, that is, intervals during which
the model could match the Searles isotopic history. Starting with the
"initial guess"” inflow values, adjustments were made until the transient
model output matched Searles 180 values and the modeled lake was at or very
near halite saturation (6.1 moles/liter) immediately preceding a known
period of salt deposition. If Searles Lake was not quite at saturation at
the end of the simulation period, the volume at saturation was calculated
by:

CONCEND

6.1 HOLE

= VOL x (39)

where VOLEND and CONCEND were the volume and chloride concentration output

by the transient model at the end of a gimulation period.

Periods of salt deposition were not modeled with the transient code.
Simple mass balance calculations were done by hand and the volume of Searles
Lake was adjusted accordingly, giving the starting parameters for the next
non-depositional period. The tabulation of salt deposition history gave the
observed salt deposition (SALTOBS) at the KM-3 core site in Searles Lake and

also the length of the depositional episode {(At). The mass of salt per
square meter that flowed in during the depositional period was calculated
by:
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= kg
SALT prr o = At X 0.19 meyr (40)

-2 -1
where 0.19 kg m yr was the average chloride accumulation rate at KM-3
(Jannik 1989). The additional mass of salt per square meter necessary to
match the observed salt deposition at XM-3 was given by:

SALTADD = SALTOBS - SALTINFLOW (41)

Iif SALTADD had a positive value, VOLSAT was decreased by the amount

necessary to precipitate the mass of salt per square meter egual to SALTADD.

If SALTADD had a negative value, VOLSAT was increased by the amount
necegsary to accommodate the mass of salt equal to SALTADD and remain at

halite saturation. Because salt was not deposited evenly over the Searles
playa, an additional conversion was necessary to determine the mass of salt
that would be deposited per square meter at KM-3 for a given volume of
Searles Lake at halite saturation. This conversion was calculated by:

0.18 kg
8 -2

= —mt0? yr _ -
TeoRR = B 7R10F ko= 3:22x107 m (42)
Yyr

SAL

where 6.7x10¢ kg yr-! was the approximate chloride load of the Owens River
over the past 20 kyr (Smith 1976). The new volume (m3) was given by:
SALT

VOLNEW = ADD

1000¢ 6.1 moles 35.435 g 1 kg SALT
m3 2 mole 1000 g CORR

(43)

VOLSAT was changed linearly over At such that VOLSAT equaled VOLNEW at the

end of the depositional period.

To start the transient model at the beginning of the next simulation
period, it was necessary to input values for volume, chloride concentration,
and 6WATER for Owens, China, and Searles lakes. These values for Owens and

China lakes were taken from the final output for the previous simulation

period. The starting volume for Searles Lake was VOL chloride

NEW’
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concentration was set at 6.1 moles/liter, and 6WATER was the final value

from the previous simulation. Searles Lakes surface area was calculated
from VOLNEW using bathymetric data. A simplified version of the steady-

state model was used to calculate a value for QI that was in equilibrium
with VOLNEW’ allowing the simulation to begin under stable conditions.

In addition to the modeling described above, the transient model was
also used to investigate the system response to variations in the inflow
frequency. To ensure that the observed responses were due only to
variations in the inflow, the model was run with constant parameters until
equilibrium was achieved. Starting with a constant inflow (B) of 9.43x107
m? yr-1, the change in inflow with time was given by:

Q; = B + A SIN (C t) (44)

where A, the amplitude, was 2.82x107 m3 yr-1, C was the designated frequency,
and t was time. Analysis of the signal response showed that the lag time
for the 6180 response increased from 24 to 70 years as the inflow period
(2x/C) increased from 90 to 675 years. As the period increased from 675 to
5000 years, the 6180 lag time decreased linearly from 70 to ~565 years. The
negative lag time indicated that the 6180 equilibrated prior to the lake
volume equilibration.

The amplitude of §180 response increased from 0.125 to 0.85 /90 as

the inflow period increased from 90 to 1575 years. As the inflow period
increased from 1575 to 9000 years, the amplitude of the 6180 response
decreased from 0.85 to 0.5 /00 Dependence of the lag and amplitude on

frequency is shown in figure 38a.

The system response to a step change in inflow is shown in figure
38b. The calculated response time was approximately 900 years, which is
greater than the average spacing of the data points in the Searles 6180
history. This would indicate that all major changes in the stage of the
Bystem would be represented in the present 6180 history.

SENSITIVITY ANALYSIS

One goal of this study was to compare the lake surface-area history
of Searles Lake with the marine 180 record. Use of the marine 180 record
itself to parameterize the temperature history of the model (and, through
regression equations, most of the other environmental parameters of the
model) introduces a serious concern of biasing the model output in the
direction of forcing it to mimic the marine record. To quantify the degree
to which the assumed temperature history influenced the model output, we
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conducted a sensitivity analysis for the interval 0.97 to 1.13 Ma. This
interval was selected because it was one of the longest in the lake record
without evaporite precipitation, and thus over which the surface area
history could be considered only by the 6180 data.

Over this interval the 6180 data were matched by simulated values
using three different temperature histories: a constant value of 19.10 ¢
(high temp), variable temperatures linked to the Williams et al. (1988)
stacked marine 180 record (variable temp simulation), and a constant value
of 12.19C (low temp). The high temp and low temp values correspond
approximately to the extreme maximum and minimum temperatures calculated by
the variable temp equation over the lake history. The match of the three
simulated 180 histories to the data are illustrated in Figure 39. The model
lake surface area outputs for the three histories are shown in Figure 40.
Given that the temperature histories represent the extremes actually
expected over the lake history, the variation between the three simulations
is remarkably small. The standard deviation of the lake surface areas

produced by the variable temp simulation is 255 km2, while the standard
deviation of the residuals of the high temp and low temp simulations

(relative to the variable temp) are 82 and 81 kmz, respectively. In other
words, the residuals average only about 32 percent of the simulated lake
area variation, and 5.1 percent of the mean simulated lake area.

In addition to the sensitivity magnitude of the simulations to the
temperature history, we were also concerned about the timing of the
residuals. In figure 41 we show a spectral analysis of the coherency of
residuals (between the two constant temp simulations and the variable) and
the Williams et al. (1988) marine 180 record used to generate the variable
temp history. Significant coherency between the two would demonstrate that
the input history was biasing the mode output. As figure 41 shows, there is
no coherency at significant levels.

Analysis of the magnitude and the timing of the residuals indicates
that the numerical model is surprisingly robust with respect to the input
temperature history. On the other hand, examination of the inflow histories
for the different temperature scenarios (not illustrated in this report)
shows that the inflow estimation is not similarly robust. The reason for
the robust surface area estimation can be seen by comparing the governing
differential equations for isotope mass balance and water mass balance (1
and 2). The surface area and the 5L terms occupy analogous positions in the

two equations and thus simulations calibrated to the isctope history will
tend to compensate for differing temperature histories by requiring
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differing inflows rather than by producing differing surface areas. This
robustness of the surface area simulation leads confidence to model
application.

MODEL RESULTS

Paleo-Owens River System

Numerical model results for Searles Lake simulations are listed in
Appendix R. The match of the simulated 5180 and chloride deposition to the
data is shown in figure 42. The lake surface area history produced by the
8imulation is illustrated in figures 43 through 49. 1In these figures, the
8olid lines indicate intervals of the lake history in which the surface area
is simulated by the numerical model and constrained by both the 6180 record
and the chloride deposition. Dashed lines correspond to intervals of
evaporite deposition in which the main constraint is chloride mass balance
from the numerical model. Dotted lines represent intervals for which the
lake surface area was reconstructed using qualitative interpretation of
stable isotope data, chloride deposition, and independent geological data.

The lacustrine isotope evolution model was able to simulate the
entire lake history, with the exceptions noted below. The halite bed
deposited at 1.145 Ma is unusually thick, but the model "dumped” most of the
chloride in Searles Lake into Panamint Valley during the preceding overflow,
leaving an insufficient amount in the lake water to match the observed
deposition. Therefore we assumed that the lake remained density stratified
during the overflow (in contradiction to the "well-mixed lake" model
assumption) and thus retained sufficient chloride below the chemocline to
supply the observed halite deposition at 1.145 Ma. A similar problem was
encountered in the interval 355 to 300 ka, in which the modeled chloride
deposition was insufficient to match the observed. Again, the lake was
assumed to be stratified during the preceding overflow episode, thus
retaining chloride that would otherwise have been flushed into Panamint
Valley.

The modeling process itself was not successful for the interval 300
to 150 ka. During most of this interval, the sediments deposited consisted
of mud thinly interbedded with trona, nahcolite, and halite, clearly
indicating that the lake was shallow to moderate depth, fluctuated rapidly,
and was usually saline. In contrast, the 6180 of the carbonate sediments is
generally very light, but also quite variable. This apparent conflict is
easily resolved. During intervals when the lake water is saline for long
periods, the chemical activity of the lake water is reduced, and with it,
the evaporation rate. However, the atmospheric back~condensation is not
affected. Thus, the isotopic composition of the lake water is strongly
affected by light atmospheric water vapor.
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The model was capable of simulating the light isotopic values for
this interval, given appropriate (low) values for the water activity.
However, sensitivity analyses showed that the model became very responsive
to the poorly constrained histories of humidity and 6180 of atmospheric
water vapor. The model was also difficult to match to the data because, at
the low water volumes that prevailed for most of the interval, the model
ocutput was hypersensitive to small changes in the specified inflow. Given
these difficulties, we decided that numerical simulation of this interval
was not reliable. Instead, we estimated lake surface areas in a qualitative
fashion, based on the 180 data, the sediment mineralogy, and
sedimentological evidence from the basins upstream and downstream of Searles
(Jannik 1989). In addition to the data in Jannik (1989), we alsoc used

unpublished 36Cl buildup dates on incised shorelines in Panamint Valley that
indicate the last overflow of Panamint Valley into Death Valley occurred at
about 140 ka.

Our sample spacing was not close enough to resolve adequately the
rapid lake fluctuations during the interval 32 to 24 ka (the Lower salt).
Therefore, we supplemented the simulation with a geologically based
interpretation provided by G.I. Smith (Personal communication, 1990). 1In
the numerical simulation, the modeled lake did not contain sufficient
chloride at 10 ka to match the halite deposition observed in the Upper Salt,
due to chloride flushing during the overflow episodes between 24 and 18 ka.
Although geological evidence from Panamint Valley does demonstrate that a
small lake was created in that valley by overflow from Searles, it also
indicates that no thick halite was precipitated when the lake desiccated.

We again assumed that the chloride was retained in Searles by chemical
stratification. Finally, since Searles Valley has been desiccated for most
of the Holocene, we used the historical surface area of Owens Lake as
representative of this interval,

Lake San Agustin.

18
The 6 O history calculated by the transient model for Lake San

18
Agustin is shown in figure 50, together with the measured O data. The
input data for the model are listed in Appendix Q and the model outputs in

Appendix S. The 180 record was closely simulated with the exception of two
time intervals, 28,400 to 26,600, and 25,600 to 25,400 yr B.P., in which the
lake surface area was constrained by geologic evidence rather than isotopic
simulation. Fine sands and silts with periodic occurrence of gypsum
indicate that very low lake stands bordering on the playa level were
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maintained from about 28,500 to 26,600 yr B.P. The lake level during the
interval 25,600 to 25,400 yr B.P. was limited to the Powers shoreline.

The lake surface area history calculated by the model, and the
inflow chronology which produced the model 8imulations, are shown in figure
50. The surface area curve mimics the inflow curve with minor deviations
produced by temporal variation in temperature and, accordingly, evaporation,
thus indicating that precipitation rather than temperature fluctuations
exert the dominant control on lake level variations. Dashed portions of the
lake surface area curve were developed solely on the basis of geologic
evidence. Sand and gravel intervals in core SAC3-4 indicate that lake
levels dropped below the modern drill core elevation from 34,700 to 34,300,
and from 33,700 to 31,500 yr B.P. Fine sand and silt with gypsum indicate a
very low lake level was maintained from 31,500 to 31,200 yr B:b., and clays
logged from drill cuttings suggest brief low stands occurred during the
intervening periods, 34,300 to 33,700 and 31,200 to 30,800 yr B.P. 8Silt and
very fine sand with iron-coated grains occurred in the interval from 25,300
to 24,800 yr B.P., and imply that decreases in lake surface area simulated
at 25,700 and 25,100 yr B.P. were probably much more dramatic than model
results indicate. This anomaly is probably due to the humidity feedback
problem discussed above. Lake surface area between 15,000 and 14,000 yr
B.P. was estimated based on a shoreline at 2085 m and 14C dated at 14,200 +
140 (Markgraf, V., personal communication, 1989} .

The inflow history correlates closely with occurrence of
Limnocythere platyforma shown by patterned boxes in figure 51. The
association between intervals of high or increasing inflow and L. platyforma
provides sound support for the proposal that this ostracode specie is
principally associated with fresh water lake phases (Forester, R.M.,
personal communication, 1971). The geologic constraints and
biostratigraphic correlation also establish a high level of confidence in
the modeling results; however, uncertainties inherent in model input
parameters and the problem of nonunique solutions introduce some uncertainty
in the lake surface area simulation and much uncertainty into the inflow
simulation. Values for surface area and inflow should be considered
reasonable approximations. The lake level chronology developed numerically
is well constrained by the known geologic record and is consistent with
sediment and shoreline records, the biostratigraphy, and qualitative lake
level reconstructions proposed by Forester (1987) and Markgraf et al.

(1984).

Paleoclimatic and Paleohydrologic Reconstruction. The late Wisconsin
full-glacial climate between 35,000 and 26,400 yr B.P. in the San Agustin
record was a dry period with low basin inflow and relatively stable low lake
levels. Interpretation of the thermal regime during this interval from

the ostracode record alone is problematic because dominance of Limnocythere
ceriotuberosa and absence of L. bradburyi may be due to either increased
salinity accompanying low lake levels, or to cold temperatures.

18
The O record, however, indicates that salinity levels were
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normal, .and supports the interpretation of a cold thermal regime. An abrupt
warming event is recorded at 28,600 yr B.P. by total replacement of

18
Limnocythere ceriotuberosa with L. bradburyi, and a positive shift in O of
3.20/,,. The ostracode replacement occurred very rapidly over approximately

50 years. The less sensitive 18O record, which reflects the lake level
response, did not peak until 28,400 yr B.P. The temperature shift forced
only about a 30 percent decrease in lake surface area, while the basin
inflow remained essentially constant. Warmer temperatures continued until
21,800 yr B.P. interrupted by only short term cold pulses.

The time interval from approximately 26,400 to 24,600 yr B.P. is
represented in the San Augustin record by a dramatic increase and cyclic
oscillations in inflow and lake surface area. Extreme, rhythmic

fluctuations in the 180 curve suggest that both lake inflow and surface area
varied between near-extreme late Wisconsin levels with a periodicity of
about 600 years. Temperature fluctuations during this interval appear to
have been minor. The correlation between Limnocythere platyforma, which is
associated with large influxes of fresh water, and periods of high or rising
lake level during this interval provides good support for the contention
that the dominant driving mechanism for these climate oscillations was
increased moisture input and not reduced temperature. The integrated data

from this study ~- the surface area simulation, inflow history, 18O history,
and ostracode biostratigraphy -~ all support the hypothesis that extreme
changes in lake level were driven more by variation in inflow than by
changes in evaporative outflow.

The late Wisconsin thermal minimum was initiated at San Agustin by a
cold and wet period between 21,800 and 20,600 yr B.P. During this interval,
Limnocythere ceriotuberosa comprised 80 to 100 percent of the ostracodes in
the record, suggesting a prolonged, intense cold periocd. Cold temperatures
resulted in a very favorable water balance reflected by high, stable, lake
levels which were maintained through a pericd of moderately decreased
inflow. A rapid warming trend at 20,600 yr B.P., substantially before
estimates for the close of the late Wisconsin glacial maximum, is suggested
by replacement of L. ceriotuberosa by L. bradburyi.

This reconstruction is supported by local paleoclimate indicators.

Based on 18O data from groundwater in the San Juan basin in northwest New
Mexico, Phillips et al., (1986) proposed a cold, wet period before about
20,000 yr B.P., followed by an interval of relatively high temperature and
low effective precipitation between 20,000 and 17,000 yr B.P., and a brief
episode of moist conditions around 17,000 yr B.P. Based on the San Agustin
record, and support from independent, regional, paleoclimate indicators, we
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propose that the period of late Wisconsin glacial maximum in the American
Southwest extended from about 21,800 to 20,600 yr B.P., and was
characterized by a long (1200-year) period of climatic stability, with cold
temperature and a moisture influx at least four times that of the modern-day
water balance. Retreat of the glacial maximum was initiated about 20,600 yr
B.P. by a period of relative climatic instability characterized by rapid,
dissynchronous fluctuations in temperature and moisture influx.

DISCUSSION AND CONCLUSIONS
SEARLES LAKE
Sources of Uncertainty
Our final best estimate of the Owens River system lake level history
has been presented above in Figures 43 through 49. The reconstructions in
these figures have been based on proxy paleohydrologic data, largely

chemical sediment mineralogy and 180 measurements on lacustrine carbonates.
These data were interpreted with the aid of a numerical model.

Like all paleoenvironmental reconstructions, the estimated history
depends on assumptions regarding the materials examined, the behavior of the
system and the history of extrinsic processes that have influenced the

system. One important assumption in this study is that the carbonate

18
minerals analyzed for O were primary precipitates from the lake waters

that preserve the isotopic signature of the original water. Unaltered
primary character is difficult to petrologically and geochemically "prove"
for even a single intensively studied sample, and would require an immense
effort for the hundreds of samples that were processed from Searles Lake.
Such detailed characterization would be highly desirable and should be a
priority for future research, but was not within the scope of this project.
Instead, we must rely on two main lines of evidence. The first is the
independent evidence for the primary nature of gaylussite and dolomite that

has been adduced by previous investigators and summarized on pages 17

18 13
through 24. The second is the way in which the large number of 0 and c

data are consistent with the expected isotopic systematics of primary

18
carbonates, but inconsistent with a diagenetic origin. The O values are
congistent with primary precipitate compositions predicted from a simple

18 13
analytical model of the Owens River system. Both the O and C are
comparable to values measured in unquestionably primary modern gaylussite

13
from Mono Lake. The § C does not show the extreme enrichment (often
0
greater than +20 /,,) that characterizes diagenetic dolomite created in
lacustrine sediments as a result of methanogenesis (Irwin et al. 1977,

18
Talbot and Kelts, 1986). Nor does it exhibit the consistent § O enrichment
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that would be expected of diagenetic dolomite precipitation from downward-

percolating evaporative brines, In contrast the analyses show the strong

18 13
6 O~ 48 C covariance that is a diagnostic feature of primary lacustrine

carbonates in closed-basin lakes (Stuiver 1970, Talbot 19%0).

The pattern of 6180 within individual lake cycles is also consistent
with the hydrologic pattern of the cycles. A typical sediment cycle begins
with a massive halite. Above an often-abrupt contact the halite is overlain
by lacustrine "mud", the top of which grades into moderately soluble
evaporite carbonates (nahcolite and trona), which in turn is overlain by
massive halite. The hydrological interpretation of this sequence is an
initial shallow halite-saturated brine poel that is diluted b§~fresh inflow
at the beginning of a humid cycle. After rising to some high (and dilute)
lake level, diminishment of inflow causes shrinkage of the lake volume until
soluble salt saturation is reached, with the most soluble salts precipitated

18
last. Typical 8 O patterns (figures 24 to 29) over these sediment cycles

18
show initial moderate to enriched 6 O values that progressively decrease to
a depleted plateau or peak near the end of the cycle. Just below the

terminating evaporitic salt bed the 5180 values usually show a pronounced
enrichment. This is exactly the pattern expected from the hydrological
cycle inferred above. Although any one of these lines of evidence is not
conclusive, taken together they present a strong case that the isotopic
measurements have indeed been performed on materials representative of the
primary carbonate precipitates.

Another important assumption is that the numerical model used to

reconstruct the lake levels mainly responds to the 6180 input. This
assumption is important because any reconstructions of environmental
parameters entered into the model are necegsarily highly uncertain, and thus
if the model output depends strongly on these parameters it will also be
very uncertain. Thig issue was addressed by means of the sensitivity
analyses, which demonstrated that the simulated lake levels were quite
insensitive to the assumed temperature history. Therefore, uncertainties in
any of the parameters assumed dependent on temperature (e.g., evaporation
rate, isotopic composition of precipitation) will not contribute large
degrees of uncertainty to the lake-level reconstruction. The only remaining
potentially independent input variable is humidity. This was linked to the
180 data record itself. The humidity parameterization thus serves as an
"amplification factor" for the amplitude of the lake cycles, rather than
being treated as an external input. Given that under even the most

18
elementary qualitative interpretation, light 6 O would be considered
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18
indicative of humid conditions and heavy 6 O of arid ones, the humidity
parameterization seems to be a relatively reliable approach.

A further indication of the relative conservativeness of the

modeling approach can be obtained by comparing the raw 6180 data for the
period 700 to 600 ka with the modeled lake levels in figure 51. For the
most part, the lake surface-area reconstruction constitutes a rough linear
inversion of the isotope data. This generally linear correspondence is an

18
indication that the data have not been overinterpreted, and that the 6 o
data themselves are a good proxy for the water balance. 1In this sense, the

main function of the model is to provide a "conversion factor™ between 6180
deviations and water balance fluctuations.

A final assumption in the interpretation of the isotope data is that
the ancient hydraulics of the Paleo-Owens River system are adequately
described by changes in discharge of the basin in its present configuration.
There are only two likely violations of this assumption. One is discharge
contributions by overflow of Lake Russell {Mono Basin). Although Lake
Rugsell clearly did overflow and discharge into the Owens System (Putnam
1950) the very small ratio of basin area to lake surface area at overflow
indicates that the overflow volumes are likely to have been insignificant in
comparison to Owens River discharges under the same pluvial maximum
conditions.

The other violation of the assumption is potentially more
significant. During portions of the Pleistocene, Long Valley (near the
headwaters of the Owens River) was occupied by a large lake (Mayo 1934).
Evaporation rates at the approximately 2,500 m elevation of Long Valley are
undoubtedly much less than at the 500 m elevation of Searles Lake, but the
lake may nevertheless have made an appreciable contribution to the
evaporation balance of the river system. Unfortunately, the history of the
lake, and in particular the date of its draining, are very poorly
constrained. At present it is thus not possible to include the effects of
the lake in our simulations, but should chronological data ever become
available it would be desirable to do so.

In summary, we wish to emphasize that our lake surface-area
reconstructions depend on a wide range of assumptions which should be
considered when evaluating the reconstructions. We have attempted, insofar
as is feasible, to test these assumptions and uncertainties using
sensitivity analyses and statistical tests. We believe that additional
testing should be an important part of any future extensions of this work.
We point out that any paleoenvironmental reconstructions from proxy records

18
(e.g., paleotemperatures from pollen data or ice volumes from marine § O)
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are subject to similar assumptions. Although the degree of uncertainty in
our reconstructions is difficult to quantitatively assess (in part because
the methods we used have not been previously employed), we believe that the
degree is generally commensurate with those of other accepted approaches to
paleocenvironmental reconstruction, and that the reconstructions should be
tentatively accepted, subject to future confirmation. We therefore proceed
to comparisons with some of these other palecenvironmental proxy records.
Comparisons With Other Records

In Figure 52 our simulation of the Searles lake surface-area history
is compared to other long records of Quaternary climate change. The three
records selected were the "stacked” marine 180 curve of Williams et al.
(1988), the mid-North Atlantic (site 607) percent CaCO,; record of Ruddiman

et al. (1989), and the magnetic susceptibility record from the Xifeng loess
profile in central China published by Kukla (1987). The Williams et al.
(1988) marine 180 curve was selected because, as a composite of several
cores, it should be representative of global trends in the same way as the
well-known SPECMAP stacked curve (Imbrie et al. (1984), but because it is
not "orbitally tuned" it offers the opportunity to compare independent
radiometrically based chronologies. 1In contrast, the Ruddiman et al. {1989)
percent CaCO,; curve does follow the conventional orbital tuning. The Kukla

(1987) loess profile is included because it represents one of the few
continental paleoclimatic records of comparable length to the Searles
recongtruction. It should be noted that absolute dating of the Xifeng
profile is limited to correlation with paleomagnetic boundaries. Using
these records for comparison, we can address the questions raised in the
first section.

The first two questions originally stated on pages 4 and 5, dealt
with whether the Searles Lake record could be directly correlated with the
marine 180 history. The answer is a qualified "yes." Suggested
correlations are shown in figure 52. The numbers assigned to the Searles
"lake cycles" have been chosen to match with the correlative Williams
isotope stage numbers. The absolute chronologies for both records have
uncertainties estimated to range from plus or minus 10 kyr to 30 kyr,
depending on core location. Given this uncertainty, the discrepancies in
the timing of the correlative peaks are probably due to chronological error
rather than any real leads or lags. (The chronological inconsistencies are
certainly no greater than those between the untuned Williams and tuned
Ruddiman curves (figures 52 (b and c), which are ungquestionably
correlative.) This inference is supported by the marked similarity in the
shape of many of the peaks, especially in the interval of cycles 24 through
1é. Although it is not apparent in the smoothed Williams curve {due to the
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effect of the stacking procedure), the inception of lake cycle 24 is
remarkably similar in its high-freguency oscillation to the corresponding
isotope stage 24 in the site 607 isotope record (Ruddiman et al. 1989).
Although difficult to quantify, this similarity in form can leave little
doubt that the approximate correspondence of the timing of the peaks does
indeed represent a valid correlation.

This conclusion can be further supported by comparing the Searles
and marine records in the spectral domain. Figure 53 is a contour plot of
spectral density calculated through moving windows using the Lomb
periodiogram method (Lomb 1976). Prior to 900 ka the plot shows dominant
periodicities close to 23 kyr, 31 kyr, 41 kyr, and 54 kyr. These are all
pericdicities that have been noted in untuned marine 180 curves from the
same general time interval (Ruddiman et al. 1988; Joyce et al. 1990). The
23 kyr and 41 kyr periodicities correspond to the precession and obliquity
frequencies of Milankovitch forcing (Berger 1988). In oceanographic
studies, the standard procedure is to suppress the non-Milankovitch
frequencies (and correspondingly enhance the Milankovitch ones) through
orbital tuning, and we are confident that within the constraints of our
absolute chronology (generally superior to that of marine cores), we could
accomplish the same result. However, this procedure does not address the
fundamental question of the extent to which this asgsemblage of dominant
frequencies is a result of non-Milankovitch forcing versus simple errors in
chronology or lake surface-area reconstruction. This fundamental
chronological problem is illustrated by the generally poor coherency between
the Searles curve and the Williams et al. (1588) marne 180 curve, shown in
figure 54. Except for near the 100 kyr period, between 600 and 100 ka, the
coherency is not statistically significant. This is not surprising,
considering that the chronological uncertainties of the two records are on
the same order as the periodicities identified.

After about 800 ka figure 53 shows the development of strong 100 kyr
power. Power in this frequency range continues throughout the lake history,
but shifts toward 80 kyr at about 400 ka and weakens toward the end. The
shift is due to the close temporal spacing (about 80 kyr) of the cycle 12
and 10 peaks, but the timing of these events is relatively loosely
constrained by 36Cl dates with large analytical uncertainties and thus the
shift may be spurious. In any case, the general pattern of strong spectral
power close to 40 kr prior to the Brunhes/Matuyama reversal (with very
little 100 kyr power) followed by strong power close to 100 kyr (and little
close to 40 kyr) is so similar to spectral analyeis of the marine isotope
record (Joyce et al. 1990) that is strongly supports the correlations made
above.
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‘The third and four questions raised in the first section dealt with
systematic differences between the lacustrine and marine records, and
possible explanations for any differences. We do indeed see systematic
differences in two characteristics. The first is long~term periodicity.
Figure 53 shows significant power in the Searles time series close to the
400 kyr period. Similar conclusions were previously obtained by Smith
(1984) based on a qualitative analysis. Low-frequency power with magnitude
comparable to the 40 and 100 kyr periods is rare or absent in the marine
records (Ruddiman et al., 1989). At Searles Lake, the source of this low-
frequency power is clearly the long interval of predominantly‘low lake
surface area centered around 450 ka, but matched before and after by long
intervals of predominantly high lake surface area. Although this pattern is
not reflected in the marine 180 record (figure 52(b)), some long records
strongly affected by mid-latitude climate do show similarities. The
variations in the percent CaC0O; data from core 607 (illustrated in figure

52(c)) reflect mainly dilution of the CaCO; by ice rafted debris (Ruddiman

and McIntyre 1976; Ruddiman 1977). Periods characterized by low percent
CaCO; presumably represent times when continental glaciers penetrated to

sufficiently southerly latitudes to release icebergs across much of the
North Atlantic. The percent CaCO; for the period 600 to 300 ka resembles

the Searles surface-area history much more than does the 30 pattern in
figure 52(b). Similarly, the Xifeng loess magnetic sugceptibility curve in
figure 52(d) (Kukla 1987) shows prolonged episodes of high susceptibility
(indicative of warm, humid climate) during the same time interval.

In summary, the Searles Lake surface areas show long~term trends of
predominantly large surface area (from 1.1 to 1.0 Ma, 850 to 600 ka, and 200
ka to the present) and small surface area (from 1.0 Ma to 850 ka and from
600 to 300 ka). These trends are at best weakly reflected in the marine
180, but are more clear in records that reflect mid-latitude continental
climate. We postulate that one possible reconciliation of the differing
characteristics would be that the marine 180 is an accurate indication of
global ice volume, but that the locus of continental glaciation has shifted
between more scuthern positions (e.g., from 850 to 600 ka), deflecting
continental climate belts south of the ice sheets at the same time. This
hypothesis is clearly testable. 1If verified, it would indicate that some
as-yet unidentified process is exerting long-term control over global
climate.

Another systematic difference between the Searles record and the
marine 180 is the nature of the climatic transitions. The marine 180 (e.gq.,
figure 52(b)) is characterized by brief interglacial episodes, generally
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gradual progressions toward full glacial state, and abrupt terminations. 1In
contrast, the Searles Lake area show in many cases longer interglacials
followed by abrupt transitions to lake level highs and abrupt terminations.
The impression is one of relatively stable humid (i.e., glacial) climate and
stable arid (interglacial) climate with rapid switches between these modes.
This impression can be supported quantitatively by comparison of the
frequency distributions of the Searles lake levels with the Williams et al.
(1988) stacked marine 180 record (figure 55). The Searles histogram shows a
much more pronounced bimodal distribution than the marine 180 data. This
tends to support a model of bimodal interglacial/glacial clzmate, with
sudden switches between modes, such as has been presented by Blrchfxeld et
al. (1990). We suggest that the gradual interglacial to glacial transitions
in the marine 180 record may be more a reflection of kinetic factors in the
growth of continental-scale ice sheets than of the nature of the climate
impulses driving the transitions.

LAKE SAN AGUSTIN

The paleohydrologic reconstruction of Lake San Agustin over the
peried 36,000 to 15,000 yr B.P. is of particular interest because there are
few detailed lake level histories for the southwestern United States older
than 20,000 yr B.P. The relatively sparse data from this period for the
Great Basin, summarized in Benson et al. (1990), uniformly indicates a
prolonged period of low lake levels during the interval around 30,000 yr
B.P., in excellent agreement with the San Agustin reconstruction. Searles
Lake, in eastern California, is the only other basin for which detailed
reconstructions have been presented {Smith 1987; Benson et al. 1990;
Phillips et al. 1991). Searles Lake data indicate that the lake underwent a
series of high amplitude oscillations with approximately a 1000-year
periodicity between 32,000 and 25,000 yr B.P. This pattern is very similar
to that modeled for San Agustin during the latter part of the same period,
except that the periodicity of the fluctuations at San Agustin appears to be
close to 600 years. The chronology in this interval of SAC3-4 is not well
constrained, however, and additional dating will be necessary to resolve
this discrepancy.

The period of the lake cycles is of special interest because
Birchfield and Broecker (1990) have proposed that during glacial periods the
circulation of the North Atlantic Ocean was controlled by a "salt
oscillator" with a period of about 1000 years. Broecker et al. (1990) have
shown that the interval from about 35,000 to 25,000 yr B.P. in Greenland ice
cores and North Atlantic sediment cores was characterized by much stronger
oscillations in climate-related parameters than the preceding and following
ones. Similar-period oscillations in southwestern U.S. lakes might indicate
that these oscillations influenced a much larger area.
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The reconstruction from San Agustin indicates that "full glacial"
(here defined as combined high inflow and relatively low temperature) began
about 26,000 yr B.P. and ended about 20,600 yr B.P. Although this may
appear to be in conflict with standard definitions of the full glacial
lasting until the initiation of continental deglaciation at c.a. 15,000
(radiocarbon) yr B.P., it is in very good agreement with the regional
glacial evidence. Summarizing a large body of data, Richmond (1586) placed
the age of the maximum Late Wisconsin ice advance at about 22,000 yr B.P.
He estimates that over a wide region of the Rocky Mountains the glaciers had
undergone major recession by 17,000 yr B.P.

Our san Agustin reconstruction ig in good agreement wifh histories
inferred for nearby lake basins, but shows major discrepancies with more
northern basins. Waters (1989) found that a moderate high-stand existed in
Lake Cochise (southeastern Arizona) at about 13,500 yr B.P., and evidence
for at least two significantly higher stands prior to that time. Allen
(1991) reconstructed a lake level history for the period 20,000 to 10,000 yr
B.P. at Lake Estancia (central New Mexico) that is very similar to ours for
the same interval. However, in contrast to our results that show a series
of lake cycles with progressively lower peaks at 22,000, 19,000, 17,000 and
14,000 yr B.P., histories from Lakes Bonneville and Lahonton (Benson et al.
1590) in the northern Great Basin show a pattern of increasing lake level
until about 13,500 yr B.P., followed by abrupt decline. Interestingly, the
reconstruction in this report from Searles Lake, which is intermediate in
latitude, shows peaks with approximately equal surface areas at 22,000,
17,000 and 13,000 yr B.P. Taken together, these data support a model of
synchronous fluctuations in the water balance over the entire region, but
overlain by a progressive south-to-north shift in latitude of maximum
precipitation.

IMPLICATIONS FOR WATER RESOURCES

This study was partly motivated by societal concern over the
possible ramifications of human-induced global climate change. The release
of anthropogenic "green-house" gases, among other human alternations of the
global environment, is virtually certain to produce measurable modifications
in the climate system, presumably in the direction of global warming.
However, the chain of interrelated climatic consequences of these
modifications cannot currently by predicted reliably.

Although global warming has received most of the popular attention,
it will probably be one of the less important direct effects. Humans and
most food plants are tolerant of a fairly wide temperature range. The most
significant effects will likely relate to soil moisture availability, water
supply, and sea level changes. All are directly linked to the water balance
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(sea level changes being a result of water-balance changes in ice sheets)
and thus the water~balance reconstructions we have developed for the
southwestern U.S. should be useful for predicting the impacts of global
climate change. This does not mean that we maintain these reconstructions
are directly useful in an "analog" fashion; since the exact combination of
circumstances that are going to force global climate change in the near
future have not been duplicated in the past, we cannot expect to see the
effects duplicated in the past either. However, the basin water-balance
reconstructions can contribute to fundamental understanding of the
hydroclimatic processes involved in future water-balance changes. We note
the following specific points: N

1) Magnitude of Water Balance Fluctuations. The reconstructions at
both Searles Lake and San Agustin indicate that over the periods of record
the water balance (measured by the ratio of basin runoff to lake
evaporation) at both sites has fluctuated by roughly one order of magnitude.
Clearly, this degree of variability is sufficient to cause major human
disruptions, were it to occur over a short-time scale. The data support the
hypothesis that water-balance fluctuations should be a matter of major
concern in global change studies.

2) Nature of Hydroclimatic Regimes. In contrast to the marine 180
record, the lake-level records show a strongly bimodal frequency
distribution. This suggests that the continental-scale climate system tends
to operate in certain stable "modes,"” with brief transitions between them.
Most current detailed climate models do not seem to account adequately for
this type of behavior. This behavior raises several questions: What
regimes characterize these modes? What forcing drives transitions between
modes? Might the global climate system find a completely new (and posgibly
radically different) mode in response to unprecedented anthropogenic
forcing?

3) Rates of Climate Transition. The data from Searles Lake give the
impression of relatively rapid transition between stable climate modes. The
high-temporal~resolution data from San Agustin confirm thig inference. This
record, with an average resolution on the order of one hundred years, shows
transitions between very positive and very negative water balances over time
spans of less than 500 years. It is quite possible that even higher
resolution records would show the transitions to be more abrupt. These data
imply that future climate changes could also result in rapid water-balance
changes. Since the rate of change of the generally accepted climatic
forcing (astronomically driven changes in insolation) is slow, but the
water-balance shifts are rapid, these paleohydrologic reconstructions also
show that we need a better understanding of the mechanism of such rapid
shifts.

4) Hydroclimatic Instability. The high-resolution record from San
Agustin shows that about 25,000 years ago the hydrologic balance went
through a series of remarkable oscillations. These oscillations imply that
the climate can undergo periods of instability. What is the origin of this
instability? It is possible that future climate changes could also generate
such instabilities?

5) Long-Term Nonlinearity. One of the study‘s most intriguing
results is the finding that there apparently exist long-term nonlinearities
in the response of the water balance at Searles Lake to global climate
forcing. This is not apparent when comparing the Searles surface area curve
for the interval 600 to 300 ka to the marine 180 record for the same period.
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Although the global climate fluctuations (and also the presumed Milankovitch
forcing) appear to be relatively stationary for the period 700 to 200 ka,
the water-balance response at Searles is markedly different from 600 to 300
ka than for the beginning and end of the period. This unexplained nonlinear
response should serve as a warning when attempting to use present climatic
processes as a basic for predicting future ones.

6) Climate Model Verification. To have confidence in climate model
predictions (under unprecedented boundary conditions), they should at least
be demonstrated capable of "postdicting"” past conditions. This postdiction
should include not only quasi-steady state episodes such as the last glacial
maximum, but more importantly, highly transient phenomena such as the San
Agustin oscillations. This study has provided the climate modeling
community with 1.2 Myr of water-balance fluctuations against which to test
and refine their simulators.
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