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Abstract

A simple mass balance model provides insight into the hy-
drologic, isotopic, and chemical responses of Lake Titicaca
to past climatic changes. Latest Pleistocene climate of the Al-
tiplano is assumed to have been 20% wetter and 5°C colder
than today, based on previous modeling. Our simulation of
lacustrine change since 15,000 cal yr B.P. is forced by these
modeled climate changes. The latest Pleistocene Lake Titicaca
was deep, fresh, and overflowing. The latest Pleistocene riv-
erine discharge from the lake was about 8 times greater than
the modern average, sufficient to allow the expansion of the
great paleolake Tauca on the central Altiplano. The lake 580
value averaged about —13%., SMOW (the modern value is
about —4.2%o). The early Holocene decrease in precipitation
caused Lake Titicaca to fall below its outlet and contributed
to a rapid desiccation of paleolake Tauca. Continued evapo-
ration caused the 100-m drop in lake level, but only a slight
(1-2%o) increase (relative to modern) in 880 of early Holo-
cene lake waters. This Holocene lowstand level of nearly 100
m was most likely produced by a precipitation decrease, rela-
tive to modern, of about 40%. The lake was saline as recently
as 2,000 cal yr B.P. The timing of these hydrologic changes
is in general agreement with calculated changes of insolation
forcing of the South American summer monsoon.

Keywords: Lake Titicaca, Altiplano, lake level, paleohydrol-
ogy, isotope chemistry

Introduction

Lake Titicaca is a large, high-altitude, tropical lake located
on the Altiplano of the Andes in Bolivia and Peru. The lake has
been the target of paleoclimatic investigation for the past two
decades. However, most of these studies were based on cores
from a shallow (40 m maximum depth) basin known as Lago
Huinaimarca (Wirrmann and Oliveira Almeida, 1987; Wir-
rmann et al., 1988, 1992; Ybert; 1992; Mourguiart et al., 1995;
Wirrmann and Mourguiart, 1995; Abbott et al., 1997; Binford
et al., 1997). These studies indicated that Lago Huiflaimarca
underwent a period of desiccation that began in the late Pleisto-
cene or early Holocene and ended at about 3,800 cal yr B.P. A
single core from the much-deeper main basin (known as Lago
Grande) suggested the maximum lowstand reached about 55 m
below present lake level (Mourguiart et al., 1995; Wirrmann
and Mourguiart, 1995). Our recent work based on a suite of
cores from Lago Grande (Cross et al., 2000) and on seismic-
reflection evidence (Seltzer et al., 1998) indicates an early and
middle Holocene lake-level lowering of 85—100 m from a large
decrease in effective moisture on the Altiplano.

The Altiplano also underwent periods of increased effective
moisture in the late Pleistocene, each associated with episodes
of lake expansion to the south of Lake Titicaca (e.g., Servant
and Fontes, 1978; Sylvestre et al., 1999; Baker et al., 1999).
Ancient shorelines, marked by carbonate bioherm deposits
on the central Altiplano, show that the most recent paleolake,
known as Lake Tauca, covered about 60,000 km? and obtained



depths greater than 100 m (Bills et al., 1994; Blodgett et al.,
1997; Sylvestre et al., 1999). The Tauca lacustrine phase (in-
cluding the subsequent, smaller Coipasa phase) lasted from
about 25,000 cal yr B.P. to about 12,000 cal yr B.P. (Servant
etal., 1995; Sylvestre et al., 1999; Baker et al., 1999). Prior to
the Tauca phase, wet and dry conditions alternated on the Al-
tiplano for at least a few hundred thousand years (Servant and
Fontes, 1978; Seltzer et al., 1999; Baker et al., 1999).

The water balance of the Altiplano has thus changed sub-
stantially on time scales of thousands of years, and these
changes likely correspond to climatic changes in the adjacent
Amazon basin, the proximate source of water for the north-
ern Altiplano (see Cross et al., 2000). Our long-term aim is
to understand better the hydrologic history of Lake Titicaca
and the significance of that history in terms of regional and
global hydrologic and climatic changes. A continuous record
of the secular variation of 680 of Altiplano precipitation in
the past 25,000 years has been obtained from the Sajama ice
cap (Thompson et al., 1998). Here we employ an isotopic
and chemical model in order to assess the magnitude of hy-
drologic changes required to produce the observed lake-level
changes and to investigate the expected isotopic and chemical
response of the lake to water-balance changes.
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Setting

The Altiplano (Figure 1) is a large interior drainage basin
within the Andes, encompassing parts of Peru, Bolivia, and
Chile. Lake Titicaca (approximately 16°S, 69°W) is situated
at an elevation of 3,810 m at the northern end of the Altiplano.
The area of the watershed for Lake Titicaca (the northern por-
tion of the Altiplano) is approximately 57,500 km? and in-
cludes the Quelccaya ice cap located about 150 km north of
the lake. The Sajama ice cap (Thompson et al., 1998) is lo-
cated on the Altiplano ~200 km southwest of the lake.

The modern lake comprises two nearly separate basins: the
smaller Lago Huiflaimarca (1,428 km?; mean depth = 10 m;
max depth = 40 m) and Lago Grande (7,131 km?; mean depth
=100 m; max depth = 285 m). The two basins are connected
by the Strait of Tiquina, which is approximately 1-km wide
and has a sill depth of 35 m below modern lake level. A single
outlet for the lake, the Rio Desaguadero, drains out the south-
ern end of Lago Huiflaimarca to the central Altiplano. The Rio
Desaguadero outlet is silled at approximately 3,804 m above
sea level, about 5 m below the 20th-century mean lake level.
Additional information on the modern limnology of the lake
is available in Dejoux and Iltis (1992).
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Figure 1. Lake Titicaca and the Bolivian/Peruvian Altiplano.
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The Lake Titicaca watershed receives 880 mm of precip-
itation per year on average (data from Servicio Nacional de
Meteorologia y Hidrologia de Peru y Bolivia [SENAMHI]).
About 80% of the total annual rainfall occurs in the summer
months, from December through March. Although the Al-
tiplano is near the Pacific Ocean, climatological (Johnson,
1976; Ratisbona, 1976) and isotopic (Grootes et al., 1989)
studies show that the principal moisture source for the north-
ern Altiplano is the Amazon Basin to the north and east.

The water balance of Lake Titicaca has been studied hy-
drologically (Roche et al., 1992) and isotopically (Fontes et
al., 1979). Based on approximately 30 years of data on riv-
erine inflow and outflow, rainfall, and lake level, Roche et al.
(1992) reported that an average of 53% of the total annual wa-
ter input to the lake is from riverine input and 47% from di-
rect precipitation onto the lake; evaporation accounts for 91%
of the water loss, and outflow from the Desaguadero accounts
for the remaining 9%. Fontes et al. (1979) reported a simi-
lar budget based on an oxygen isotope mass balance. Using
6180 measurements on lake water and river inflow, Fontes et
al. (1979) determined that evaporation accounts for between
93% and 100% of the loss of water from the modern lake.
The modern lake, therefore, is close to being hydrologically
closed, and instances of flow reversal in the Desaguadero, in-
dicating total basin closure, have been recorded (Roche et al.,
1992).

Lake level varies significantly on seasonal and longer time
scales. The amplitude of the seasonal lake-level change, from
a nearly 90-yr record from Puno, Peru (SENAMHI Peru, un-
published data), averages ~0.7 m, with the highest levels gen-
erally occurring in April (corresponding to the end of the wet
season and peak river discharge) and the lowest levels in De-
cember, prior to the beginning of the wet season. The seasonal
change in lake level is asymmetric, with a relatively rapid rise
and slower fall. The total range of lake level over the period
of record is 6.4 m, representing a volume change of about 6%
for the lake as a whole and a volume change of 33% for Lago
Huinaimarca (Roche et al., 1992).

There have been several studies of the hydrology of pa-
leolake systems on the Altiplano (Kessler, 1984; Hastenrath
and Kutzbach, 1985; Binford et al., 1997; Blodgett et al.,
1997). Hastenrath and Kutzbach (1985) modeled surface en-
ergy and water budgets to study the conditions that produced
Lake Tauca; they concluded that a precipitation increase of
50-75% was required. Blodgett et al. (1997) approached the
same problem using a model that combined energy-budget
and bulk-transfer methods. They calculated that a 10°C tem-
perature drop, a doubling of cloud cover, or a 50% increase
in precipitation could have produced the great paleolake. Bin-
ford et al. (1997) applied the Hastenrath and Kutzbach (1985)
model to examine a late-Holocene lowstand of Lake Titicaca
linked to human cultural collapse. They calculated that a 15%
decrease in precipitation could have lowered lake level by 12
to 17 m.

Model Description

The oxygen isotope mass balance of Lake Titicaca is de-
scribed by

d{ Vélake}/ dt = 5rainQrain + 5inﬂoinnﬂ0W - 5evaervap -
5outﬂoonutﬂow ( 1 )

where V equals lake volume, ¢; represents the isotopic com-
position of component i , and Q; represents the mass flux of
component i .

Likewise, the mass balance of chloride is represented by

d{V[Cl_ ]Iake}/dt = [Cl_ ]inﬂoinnﬁow - [Cl_ ]oulﬂoonutﬁow
(2)

where [CI ]; represents the chloride concentration in compo-
nent i, assuming chloride is conservative and that gains by pre-
cipitation and losses by evaporation are not important. These
represent the governing equations of a box model constructed
with the STELLA software package (High Performance Sys-
tems Software, Inc.) that solves the equations using a second-
order Runge—Kutta numerical scheme.

Model inputs, derived from our own isotopic and chemi-
cal data, as well as data from other sources, are summarized in
Table 1. Values for rain and river water fluxes are taken from

Table 1 Model Input Parameters

Symbol Description Value

Qunttow River water input 8.51x 10 m3yr'a

Qrain Rain water input onto lake surface 7.48 x 10° m3yr-1a

Quutfiow Lake outflow via the Rio Desaguadero 1.60 x 10° m3 yr'2

Oinflow Average isotopic composition —14.4%02
of river inflow

O ain Isotopic composition of rainfall —17.5%02
onto lake surface

[CT e Lake chloride concentration 1.51 x 107 mol kg™
(initial)

[CT Lo Average chloride concentration 1.51 x 1073 mol kg!
of river inflow

Tiake Temperature of lake surface water 13.0°C?

Tair Air temperature 8.2°Ca

h Relative humidity 0.57

U Windspeed at 10 m above lake surface 3.28 m s™!

G Global radiation 340 Wm2b

c Cloud fraction 0.35b

o Albedo of lake surface 0.6°

B Bowen ratio 0.2°

a Parameters that are varied between or within model runs. In this case, the
value given is that for modern mean annual conditions.

b Parameters that are used only in the heat-budget model for evaporation. G,
¢, and o are used to calculate R ., the net radiation at the lake surface
(Equation 4). See Hastenrath and Kutzbach (1983, 1985) for details.



instrumental records for the period 1957-1990. Evaporation
is calculated from a semi-empirical formula (Pickard and Em-
ery, 1990),

Quapkg m = day ') = (1:4 x U)(sy,, —h x 57 (3)

where U is windspeed at 10 m above the lake surface, h is rel-
ative humidity, and s is saturation vapor pressure at the tem-
perature of the water (T, w) or air (T, a). Lake-surface and air
temperatures and humidity come from modern recorded val-
ues. Accurate values for windspeed over the lake are lacking.
Han’s (1995) model of Lake Titicaca used a value for mean
annual windspeed of 1.15 m s~!, based on the work of Roche
et al. (1992). Blodgett et al. (1997) used a value of 4.6 m s~
Lin their model of the Pleistocene water balance of the Alti-
plano. This value was derived from measurements of wind-
speed over modern Lake Titicaca reported by Kirkish and
Taylor (1984); Blodgett et al. (1997) argued that windspeeds
are typically two to three times lower on land than over the
lake. A reasonable value for windspeed is derived by calculat-
ing the evaporation required to maintain constant lake volume,
using as inputs the mean values for river inflow, precipitation,
and river outflow for the period 1957-1990 (over which time
there has been little net storage). Mean annual windspeed thus
derived is 3.8 m s~!, well within the reported range.

Using this value for windspeed, a model of the seasonal
behavior of the lake was constructed using 12-month time
series of hydrological and climatological inputs represent-
ing monthly mean values derived from historical data. Lake
level is calculated from the model-derived lake volume, based
on the hypsometry of the lake basin (from Wirrmann et al.,
1992). The model reproduces the observed seasonally asym-
metric pattern of lake level, with maximum levels in April,
minimum levels in December, and an amplitude of 0.74 m
(Figure 2).

Because of uncertainties in choosing windspeed and the
sensitivity of the model to that quantity, we also calculated
evaporation using the heat-budget method for comparison,

Qevap(mm yr') =R /[(1+B)xL] 4)

where R, is net (shortwave minus longwave) radiation at
the lake surface, B is the Bowen ratio, and L is the latent heat
of evaporation (Hastenrath and Kutzbach 1983, 1985). This
model requires inputs for water and air temperatures, rela-
tive humidity, Bowen ratio, surface albedo, and cloud fraction
(see Table 1). Measured values of temperature and humidity
are available, and we adopt values for Bowen ratio and albedo
from Hastenrath and Kutzbach (1985). Cloud fraction is an
important component of the model through its effects on both
longwave and shortwave radiation. Previous authors have
used values between 0.11 (Binford et al. 1997) and 0.5 (Has-
tenrath and Kutzbach, 1985) in their energy-budget models of
Altiplano lake systems. We use the modern hydrologic budget
to calculate a modern value for cloud fraction, analogous to
our approach for windspeed, described above. The value thus
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Figure 2. A one-year model simulation of lake level, using historical
data for inputs of rainfall, river inflow, river outflow, water and air
temperature, and humidity. A time series of monthly mean lake level
(meters above a 3,809-m datum) for the period 1912—1990 is plotted
for comparison (data from Servicio Nacional de Meteorologia y Hi-
drologia de Peru).

derived is 0.35, midway between the previous workers’ val-
ues. This value is used in all simulations.

Neither evaporation model calculates the effect of increas-
ing air temperature on lake surface temperature. The differ-
ence between lake and air temperatures has a direct effect on
the calculated vapor-pressure gradient and therefore on evap-
oration. Equal forcing was applied to the lake surface tem-
perature and to air temperature, so that the air—water temper-
ature difference in all runs was equal to the modern observed
value (4.8 °C). The sensitivity of the model to this difference
and to other poorly known quantities is examined in a later
section.

Input values for oxygen isotopic ratios were taken from our
unpublished data or were calculated by the model. The value
of —14.4%o, chosen for river input, represents a mean of our
measured values of riverine 6120 for the five major inflowing
rivers, weighted by mean annual inflow recorded for the pe-
riod 1956-1987. In our data from 1995 to 1998, ¢80 values
of Lago Grande varied between —4.16 and —4.56%o for surface
water and was between —4.40 and —4.43%o for waters from
250 and 270 m depth (n = 15, Table S1). Fontes et al. (1979)
reported values ranging from —3.8 to—4.4%o for Lago Grande;
these numbers represent averages over the depth range 0 to
200 m on samples taken between June of 1976 and March of
1977. A value of —4.2%o was chosen as representative of the
modern lake (Lago Grande) surface water.

The model calculates the isotopic composition of evapo-
rating water according to the formula of Merlivat and Jouzel
(1979),

5180, = (1+ 107 x 5180, ) x (1 k) / [(1 + 103 x e)(1 — kh)]
(5)
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where 680,, and 6180, are respectively the isotopic compo-
sitions of the evaporating vapor and of the lake, e is the equi-
librium isotopic enrichment factor (calculated according to
Friedman and O’Neil, 1977), k is a constant accounting for
diffusive and turbulent transport of an isotopic species away
from the surface, and h is relative humidity.

There are no long-term averaged data on the isotopic com-
position of rain falling on the lake. The model calculates a
value for rainfall by solving Equation (1) for J,,;,, assuming
an equilibrium value of —4.2%o for 6. The resulting value
is —17.5%o, close to the value for long-term, near-modern pre-
cipitation on the Quelccaya and Sajama ice caps (Thomp-
son et al., 1985, 1998). Fontes et al. (1979) estimated a value
for 6, of —=17%o by crossing an evaporation line based on
oD and 580 measurements on lake, wetland, and river wa-
ter in the Lake Titicaca basin, with the meteoric water line.
Finally, we have analyzed groundwater from several wells
and springs on islands in the lake; the average of the §'80
values of these samples is —16.1%o0 (n = 8, Table S1). Thus,
the model-derived estimate of —17.5%o for the 680 of mod-
ern rainfall appears to be a reasonable approximation. Out-
flow from the Rio Desaguadero is calculated according to an
empirical relationship between lake level (volume) and riv-
erine discharge gauged at the outlet at Desaguadero, Bolivia,
between 1956 and 1987.

Model Experiments and Results

Holocene Hydrologic Change

To quantify the hydrologic change that caused the major
early-Holocene drop in lake level, the model was used to cal-
culate the changes in precipitation and temperature required to
produce lake-level drops of 50 and 100 m. We made a series
of 2,500-yr simulations, each starting with modern values for
(annualized) river inflow, precipitation, outflow, lake-surface
and air temperatures, humidity, and windspeed. At model year
500, the river and precipitation inputs were decreased in a sin-
gle step, and temperature was increased or allowed to remain
constant. The length of each simulation was sufficient for the
lake to establish equilibrium at a lower level. The process was
repeated until a number of solutions were obtained for 50- and
100-m lake-level drops at different temperatures.

With no temperature change, both evaporation treatments
yield the same results: a 34% decrease in inputs from mod-
ern levels is required to produce a 50-m drop in lake level,
and a 43% decrease in inputs is required to produce a 100-
m drop (Figure 3). These figures change to 21% (=50 m) and
32% (-100 m) for a temperature increase of 3 °C using the
empirical evaporation treatment. The heat-budget evapora-
tion treatment is relatively insensitive to temperature change;
the required decrease in inputs to produce either a 50-m or
100-m lake-level drop given a 3 °C temperature increase is
within a few tenths of a percent of the values for no temper-
ature change. Some studies suggest that the early or middle
Holocene was perhaps 1 °C warmer than today in the cen-
tral Andes (Thompson et al., 1995). In this case, inputs to the
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Figure 3. Model-calculated lake-level decrease as a function of wa-
ter input and air temperature change.

lake must have been reduced by approximately 40% to lower
the lake by 100 m.

These model runs establish that the isotopic composition
of the lake, although sensitive to changes in the water bud-
get when the lake is close to overflow, rapidly reaches a
steady-state value once the basin becomes closed. For exam-
ple, a change in lake level from modern (slightly overflow-
ing) to -5 m (closed) yields an increase in J,,, of about 2%,
while a further lake-level decrease to —100 m results in only a
0.5%o increase in dy,,,. These results agree with conclusions of
other workers that, in closed-basin lakes, J,,,, reaches a steady
state as the composition of the water evaporated from the lake
evolves to equal the composition of the inputs (Gat, 1984,
1995; Ricketts and Johnson, 1996).

Isotopic and Chemical Changes

The model was also used to investigate the isotopic and
chemical composition of the lake during the period 15,000
cal yr B.P. to present, spanning the late-glacial highstand
and early-to-middle Holocene lowstand intervals. We ran a
15,000-year simulation with forcing designed to reproduce the
major changes in lake level that we have reconstructed based
on our studies of piston cores from deep Lago Grande (Cross
et al., 2000; Baker et al., 2001), ice-core records from Sajama
(Thompson et al., 1998), correlation with the Lago Junin sed-
iment record (Seltzer et al., 2000), and model studies of the
central Altiplano (Blodgett et al., 1997). Because the Sajama
ice cap is near Lake Titicaca, and because their modern pre-
cipitation is similar in 680, the ice cap probably records the
6180 of precipitation that fed Lake Titicaca throughout the
past 25,000 years. If so, changes in precipitation, evaporation,
and temperature can be estimated without the confounding ef-
fect of variable J,;,.

For this simulation, the model treatment of water outflow
was simplified to accommodate conditions, for which there
are no appropriate river-gauge records, that were much wetter
than those at present. The empirical relationship between lake
level and discharge at the outlet was abandoned, and water in
excess of the modern mean lake volume was allowed to freely



discharge. For lake volumes equal to or less than the mod-
ern value, outflow was set at zero. The initial water input lev-
els were set to 20% above the modern levels to simulate pre-
cipitation conditions that we believe are most reasonable for
the late Pleistocene Tauca lacustrine phase on the Altiplano
(Blodgett et al., 1997, their Figure 9a, assuming temperatures
5 °C lower than modern as in, for example, Hostetler and Mix,
1999). Under these conditions, flow out the Desaguadero in-
creased to approximately 8 times greater than at present.

The isotopic composition of the inputs was initially de-
pleted by 5%o relative to modern values and was increased by
5%o at 11,500 cal yr B.P., consistent with data from the Sa-
jama ice core (Thompson et al., 1998). Initial J,, was set at
—13.3%o, the equilibrium value given the initial hydrologic
and isotopic inputs. The oxygen isotopic composition of the
outflow was set equal to d,, throughout the run. The initial
chloride mass in the lake was set to the modern level and the
chloride concentration of the inflow was set to the observed
modern mean value. Although the temperature history of the
Altiplano is unknown in detail (see Ybert, 1992, for one in-
terpretation), we assumed for the sake of modeling that snow-
line depressions and sea-surface temperature decreases of the
last glacial maximum also applied to the latest Pleistocene; we
therefore initialized air and lake-surface temperatures at 5 °C
colder than present annual mean temperatures, consistent with
the model results of Hostetler and Mix (1999).

The model was forced by changes in rates and isotopic
compositions of hydrologic inputs and by changes in air and
lake temperatures. At 11,500 cal yr B.P., the time when sed-
imentary records from Lake Titicaca show clear signs of de-
creased precipitation-to-evaporation ratio, the river and rain
inputs were decreased to produce an equilibrium lake level
of —100 m, simulating the onset of the Holocene dry period.
At 5,000 cal yr B.P. the hydrologic inputs were increased at
a constant rate, filling the lake to its present, just-overflow-
ing level at 2,000 cal yr B.P. The sedimentary record shows
that Lago Grande became fresher at this time, that evapora-
tion decreased, and that Rio Desaguadero again drained Lake
Titicaca (Baucom and Rigsby, 1999). A short-term period of
overflow that occurred between 10,000 and 8,500 cal yr B.P.
(Baker et al., 2001) was not modeled. The isotopic compo-
sition of the inputs was increased by 5%o to modern values
at 11,500 cal yr B.P. Temperatures were increased by 5 °C at
11,500 cal yr B.P. according to some interpretations of the pa-
leoclimatic record in the region. None of the major conclu-
sions that we derive from the model are critically dependent
upon this assumed temperature. Each forcing was applied in
a single step (except the ramped increase in moisture between
5,000 and 2,000 cal yr B.P.).

In this simulation the J,,, value jumps from its initial late
Pleistocene overflow condition in response to the decreased
input and the 5%o increase in J,,;,, reaching a maximum value
of about —0.6%o before relaxing to a steady-state, early-Holo-
cene value of —1.9%o. At the end of the dry interval, o, de-
creases irregularly (because of hypsometry-related evaporation
effects) to its final (near-modern) value of —3.9%o (Figure 4.).
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Figure 4. Fifteen-thousand—year simulation of lake level, 680 of
lake water, chloride concentration of lake waters, and water dis-
charge via the Rio Desaguadero.

The lake’s steady-state isotopic composition during the Ho-
locene lowstand is the same (—1.9%o) for both evaporation
treatments, because under closed-basin and steady-state con-
ditions the ratio of river input to precipitation input controls
the lake isotopic composition; this ratio is part of the forcing
and does not depend on the evaporation model. However, the
steady-state value during the late Pleistocene overflow condi-
tions is substantially greater (—10.5%0) with the heat-budget
evaporation model than with the empirical evaporation model
(—13.3%o).

Chloride concentrations rose to about 0.15 mol kg~ by the
end of the closed-lake interval (2,000 cal yr B.P.) and then
fell rapidly once the lake began to overflow at its outlet. Sim-
ilar behavior of other conservative ions, such as sodium,
can be expected. The final value for the simulated chloride
concentration of lake waters was 0.01 mol kg, still sev-
eral times greater than the observed modern value, but not a
steady-state value, as chloride was still decreasing at the end
of the model run.

Model Sensitivity

The model results depend on some quantities that are un-
known or poorly known. In particular, lake surface temperature,
windspeed, humidity, and cloud fraction all affect evaporation
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Table 2. Sensitivity Analysis

Parameter Change Result

AT e 0.5 x AT, Qevap decreases by 6%
AT ke 0.75 x AT, Qevap decreases by 3%
h -10% Qevap increases by 7%
h -10% O)ake Increases by 0.4%o
u -10% Qevap decreases by 10%
C -10% Qevap increases by 4%

(in one or both of the evaporation treatments) and, ultimately,
the calculated lake-level change. The sensitivity of the model
to changes in windspeed, humidity, and cloud fraction was
determined by additional model runs in which the parameter
in question was decreased by 10% concurrent with the step
changes in hydrologic and climatologic inputs (Table 2). Hu-
midity also has a large effect on 6, through its effect on the
isotopic composition of evaporating water vapor (Equation 4).
The equilibrium closed-lake 6, , was enriched by about 0.4%o
by the 10% humidity decrease.

The calculated evaporation rate is sensitive to the tempera-
ture difference between the lake surface and the overlying air
(Equation 3). In our simulation, the lake surface water temper-
ature increases by the same amount as the air temperature (1
°C) during the lowstand interval (i.e., AT, = AT,,). In reality,
increased evaporative cooling of the lake surface during the
lowstand may have reduced the air—water temperature differ-
ence, resulting in a lower calculated evaporation rate than that
derived from the original assumption. We measured the sen-
sitivity of the model to the air—water temperature difference
by additional model runs in which the lake surface warmed
less than the air. For AT, . = 0.5 AT, there is a 6% decrease
in evaporation relative to the original calculation; for AT, =
0.75 AT, there is a 3% decrease (Table 2).

Discussion

The results of this study combined with earlier hydrologic
modeling suggest that precipitation may have decreased by
half on the northern Altiplano between the late glacial pe-
riod and early Holocene. A lake-level fall of 50 to 100 m in
the early Holocene required a sustained precipitation decrease
of 30% to 40% relative to today’s, while the late Pleistocene
Tauca lacustrine phase on the Altiplano required a precipi-
tation increase of 20% (Blodgett et al., 1997, assuming 5 °C
lower temperatures) to 75% more than modern levels (Kes-
sler, 1984; Hastenrath and Kutzbach, 1985). The two com-
bined suggest late glacial values of perhaps 1,000 mm yr',
dropping to early Holocene values of perhaps 500 mm yr'.
The higher levels of precipitation during the latest Pleisto-
cene mean that Lake Titicaca was a deep, fresh, and overflow-
ing lake at that time. Discharge at the outlet averaged about
8 times its modern mean value. This overflow, in turn, was a
substantial, and possibly dominant, contribution of inflow to

paleolake Tauca on the central Altiplano. When the dry period
set in around 11,500 cal yr B.P., Lake Titicaca fell below its
outlet, the water supply to the central Altiplano via the Desa-
guadero was cut off, and paleolake Tauca rapidly desiccated
as local precipitation and runoff decreased.

As long as Lake Titicaca remained below its outlet level,
salinity increased. The modern-day residence times for the
mostly conservative ions—Na*, K*, Sr®*, Mg®*, CI-, and
SO42‘, for example—range from about 350 to 500 yr (Car-
mouze et al., 1992); Lake Titicaca receives about 0.8 g kg™!
of conservative salt every 500 yr. If the lake was a closed ba-
sin for 9,500 years as in our simulation, it would have accu-
mulated about 15 g kg~!, nearly one-half the salinity of sea-
water. The occurrence of an overflow interval between 10,000
and 8,500 cal yr B.P. (Baker et al., 2001) means that this sa-
linity was likely never reached. However, our assumption that
inflow chloride concentration remained at the same (mod-
ern) value throughout the simulation is conservative; the value
may well have risen during the dry period, as it does season-
ally today (Carmouze et al., 1992).

A problem with this or any model of paleohydrological
conditions is its sensitivity to poorly known quantities. In par-
ticular, the semi-empirical treatment of evaporation is highly
sensitive to windspeed, a quantity that is poorly known even
for the modern lake. The heat-budget formulation for evapo-
ration obviates this problem but introduces other unknowns,
most importantly cloud fraction. In our model cloud fraction
over the lake is a constant, but it could have been significantly
lower during the Holocene dry period. Nevertheless, the sim-
ilarity in evaporation calculated by the different approaches,
especially considering that Holocene temperature variations
were likely small, increases our confidence in the results.

One further drawback to this model is that it assumes that
changes of lake level did not produce significant changes in
the ambient climate (e.g., humidity or rainfall in the lake ba-
sin). This is an unrealistic assumption for a lake as large as
Lake Titicaca (Taborga and Campos, 1995) and, as the model
results are fairly sensitive to humidity, may be a significant
source of error.

Conclusions

Using a simple box model we have investigated the magni-
tude of hydrologic change required to produce the large, early-
Holocene drop in lake that occurred in Lake Titicaca, as well
as the nature of associated chemical and isotopic change. Our
principal findings are as follows:

Assuming a precipitation increase of 20% during the late-
Pleistocene Tauca lacustrine phase (based on the work of
Blodgett et al., 1997), outflow from late-Pleistocene Lake Tit-
icaca was approximately 8 times greater than the modern av-
erage, representing a substantial contribution of inflow to pa-
leolake Tauca.

A 40% decrease in hydrologic inputs from modern mean
values was required to produce a lake-level decline of 100 m,



assuming a | °C warming (relative to modern) during the early
to middle Holocene and no change in mean annual windspeed.
Fluctuations in the Holocene water budget of the northern Al-
tiplano were thus apparently of the same order as those during
the late Pleistocene.

The stable isotopic signal recorded in lake carbonates from
the Holocene closed-basin interval should be small, although
the transitions between open and closed conditions should
produce a large signal.

Lake salinity reached a maximum just before the basin
overflowed approximately 2,000 years ago. For a closed-basin
interval of 9,500 years, the maximum salinity would approach
half the seawater value.
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