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Abstract

Cellulose-inferred lake water 8'%0 (8'30y,,) records from Lago Potosi (LP), a seasonally closed lake in a watershed
that is not currently glaciated, and Lago Taypi Chaka Kkota (LTCK) [previously reported in Abbott et al., 2000. Quat.
Sci. Rev. 19, 1801-1820], an overflowing lake in a glaciated watershed, provide the basis for late Pleistocene and
Holocene paleoclimatic reconstruction in the Bolivian Andes. Deconvolution of the histories of changing evaporative
isotopic enrichment from source water 8'%0 in the lake sediment records is constrained by comparison to the Sajama ice
core oxygen isotope profile, whereas local hydrological influence is distinguished from the regional moisture balance
history by the response of the different catchments to climate change. Overall, variations in the LP §'30y,, record appear
to be dominantly controlled by evaporative ¥ O-enrichment, reflecting shifts in local effective moisture. This record is
used to generate a preliminary quantitative reconstruction of summer relative humidity spanning the past 11 500 cal yr
on the basis of an isotope-mass balance model. Results indicate that the late Pleistocene was moist with summer relative
humidity values estimated at 10-20% greater than present. Increasing aridity developed in the early Holocene with
maximum prolonged dryness spanning 7500-6000 cal yr BP at LP, an interval characterized by summer relative
humidity values that may have been 20% lower than present. Highly variable but dominantly arid conditions persist in
the mid- to late Holocene, with average summer relative humidity values estimated at 15% below present, which then
increase to about 10-20% greater than present by 2000 cal yr BP. Slightly more arid conditions characterize the last
millennium with summer relative humidity values ranging from 5-10% lower than present. Similar long-term variations
are evident in the LTCK 8'%0y,, profile, except during the early Holocene when lake water evaporative '8O-enrichment
in response to low relative humidity appears to have been offset by enhanced inflow from '80-depleted snowmelt or
groundwater from the large catchment. Although some temporal offset is evident, significant correspondence occurs
between the isotope-inferred paleohumidity reconstruction and other paleohydrological proxies from the region. These
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results support the contention that millennial-scale variations in tropical moisture balance may be linked to changes in
summer insolation. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Large moisture fluctuations are dominant fea-
tures of late Pleistocene and Holocene climate on
the Bolivian Altiplano. Wetter conditions com-
pared to the present characterized the late Pleis-
tocene and early Holocene as indicated by pluvial
lake high stands spanning from prior to 19000 to
about 14000 and 10700 to 9500 cal yr BP? (Clay-
ton and Clapperton, 1997; Sylvestre et al., 1999).
Marked aridity, however, is believed to have pre-
vailed during most of the Holocene from about
9500 to 3900 cal yr BP, based mainly on studies of
sediment cores from Lake Titicaca (Wirrmann
and de Oliviera Almeida, 1987; Wirrmann and
Mourguiart, 1995; Mourguiart et al., 1998; Cross
et al., 2000; Baker et al., 2001) and seismic-reflec-
tion profiles of the basin (Seltzer et al., 1998).
New paleo-water level estimates suggest that
Lake Titicaca experienced lowest lake levels be-
tween 8000 and 5500 cal yr BP (Baker et al.,
2001). Desiccation may have been widespread at
this time in the shallower southern basin of Lake
Titicaca and likely in many other ephemeral lakes
resulting in discontinuous sedimentary records,
which has hampered Holocene paleoclimatic re-
construction in this region. Increasingly moist
conditions at about 3500 cal yr BP are suggested
by the rise in Lake Titicaca to the overflow level,
although highly variable moisture conditions de-
fine the late Holocene based on reconstructed 15—
25-m water level fluctuations including several
pronounced drought events (Abbott et al,
1997a). Linkages have been proposed between
these climatic variations during the late Holocene
and the history of ancient civilizations (Binford et
al., 1997).

Multi-proxy studies of Lago Taypi Chaka Kko-

3 All ages in this manuscript are reported as calibrated years
(cal yr BP) according to INTCAL98 (Stuiver et al., 1998).

ta (LTCK), presently an overflowing lake in a gla-
ciated watershed of the Cordillera Réal of Bolivia
20 km from Lake Titicaca, provide one of the few
largely continuous Holocene lake records of pale-
ohydrological change in this region (Abbott et al.,
1997b, 2000). During the mid- to late Holocene,
the oxygen isotope composition of the lake water
inferred from analysis of lake sediment cellulose
averaged 6 %o higher than present due to greater
evaporative '8 O-enrichment. This is comparable to
lakes in non-glaciated watersheds in the region to-
day, which drop below the overflow level during
the dry season. Significant aridity during the mid-
Holocene was also suggested by prevalence of
shallow-water non-glacial periphytic diatom taxa
as well as enrichment of '3C and "N in bulk or-
ganic matter possibly attributable to loss of labile
fractions due to periodic desiccation. Wetter con-
ditions are suggested after 2300 cal yr BP by a
decline in lake water '*O/!'°O and return of diatom
assemblages characteristic of a proglacial setting.
The centennial-scale paleoclimate record de-
rived from LTCK is broadly consistent with that
from Lake Titicaca, indicating that the region be-
came increasingly arid during the early to mid-
Holocene with generally more moist conditions
developing in the late Holocene. Some intriguing
discrepancies are evident, however. In particular,
the timing of both the onset and conclusion of
this dry interval in LTCK appears to lag by one
to several millennia behind Lake Titicaca, accord-
ing to the oxygen isotope record. For instance,
the water level at Lake Titicaca may have been
100 m lower than present as early as 10200 cal yr
BP (Cross et al., 2000), yet cellulose-inferred lake
water oxygen isotope values at LTCK between
10000 and 6200 cal yr BP are in the range of
lakes that today are glacier-fed and overflowing.
Diatom taxa in the LTCK core, however, become
dominated by shallow water periphytic forms
after 8500 cal yr BP consistent with changes in
the physical sedimentology (Abbott et al., 1997b,
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2000). The late Holocene shift to more moist con-
ditions also appeared to be out-of-phase. At Lake
Titicaca this developed at about 3500 cal yr BP
(Abbott et al., 1997a), while this did not occur
until after 2300 cal yr BP at LTCK (Abbott et
al., 2000). Thus key questions remain regarding
the spatial and temporal variability of early to
mid-Holocene aridity in this region.

To evaluate the regional significance of the
LTCK lake water oxygen isotope record, we ex-
amined the sediment record from Lago Potosi
(LP), a seasonally closed lake in a watershed
that is not presently glaciated, which should pro-
vide a more sensitive record of climate change
(Fig. 1). Here we reconstruct the lake water oxy-
gen isotope history for this site from sediment
cellulose and compare it to our previous results
from LTCK (Abbott et al., 2000). This compar-
ison, in addition to other supporting isotopic and
paleoclimatic evidence, provides the foundation
for a preliminary quantitative reconstruction of
summer relative humidity variation for the past
11500 cal yr.

2. Climatic and hydrological setting

Precipitation in the Altiplano region is strongly

seasonal with about 75% of the annual total oc-
curring during the austral summer months (De-
cember to March) due to convective activity asso-
ciated with the Bolivian High. Above average
precipitation has been linked with strengthening
and southward displacement of the Bolivian
High while below average precipitation is associ-
ated with weakening and northward displacement
(Aceituno and Montecinos, 1993). Latitudinal gra-
dients in precipitation and relative humidity are
evident between LTCK and LP. At El Alto, La
Paz (4105 m above sea level (masl); 16°30'S;
68°12'"W) in the northern Altiplano near LTCK,
mean annual precipitation is 564 mm (December
to March: 388 mm) and mean annual relative hu-
midity is 60% (December to March: 70%) (John-
son, 1976). Further south at the town of Potosi
(4640 masl; 19°38’S; 65°41'W) near LP, mean an-
nual precipitation is 301.5 mm (December to
March: 226 mm) and mean annual relative humid-
ity is 38% (December to March: 50%) (Boletin
Meteorologico Del Departmento De Potosi, 1996).

LTCK and LP have significantly different hy-
drological settings. The LTCK watershed (84
km?) is located at 16°13’S, 68°21'W in the Rio
Palcoco Valley on the western slope of the Cor-
dillera Réal. Situated at 4300 masl in elevation,
LTCK is 1.3 km? in area and 12 m deep.

Cordillera Real
Cordillera Chichas

Bolivia
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Lago Taypi Chaka Kkota
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Pacific
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Fig. 1. Location map of study area. Shaded area represents elevations greater than 3000 m.
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Through-flow at LTCK is maintained throughout
the year by drainage from lakes upstream, which
are presently fed by several small alpine glaciers.
The LP watershed (3.9 km?) is located at 19°38'S,
65°41’'W in the Cordillera Chichas at 4640 masl
and the lake is 0.2 km? in area and 11 m deep. LP
is a headwater lake whose watershed does not
presently contain glaciers. Cores and water sam-
ples were collected between June 12 and 16, 1997.
LP formed a thin ice cover at night during this
period and the lake was below its overflow level,
although outflow channels suggest the water level
reaches the overflowing stage during the summer
wet season.

A regional water sampling survey spanning lat-
itudes 13°54" to 19°38’S, also conducted during
the dry season of 1997, revealed that the 8'%0O
and 8D composition of lake waters diverge from
the Global Meteoric Water Line (GMWL) due to
evaporative enrichment (Fig. 2; Abbott et al.,
2000). A Regional Evaporation Line (REL) can
be drawn through these data  points
(8D =5.18"*0—35.5; R?>=0.97) indicating a com-
mon atmospheric moisture source for this region.
Furthermore, the extent of evaporative enrich-
ment for a given lake was found to vary system-
atically in relation to the local hydrological set-
ting. Progressively increasing offset from the
GMWL was found for lakes directly receiving
glacial meltwater, overflowing lakes in glaciated
watersheds, overflowing lakes in non-glaciated
watersheds, and seasonally closed lakes. End-
members of the hydrological spectrum in this re-
gion are well represented by the depleted isotopic
composition of LTCK  (8'%0=—14.8%o,
dD=—112%o0), typical for lakes in glaciated
watersheds, and the comparatively enriched iso-
topic composition of LP (8"%0=—5.6%0,
dD =—59%0), representing the group of lakes
that develop hydrological closure during the dry
season (Fig. 2).

3. Materials and methods
Cores were taken from the center of LP at a

water depth of 11 m using a square-rod piston
corer (Wright et al., 1984) and a piston corer de-
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Fig. 2. Isotopic composition of lake waters from the Bolivian
Andes sampled in June 1997 (from Abbott et al., 2000). Also
shown are the GMWL (D=8 §'0+10) and the REL
(8D =5.1 8'%0—35.5).

signed to collect the sediment-water interface
(Fisher et al., 1992). Sample preparation and
analysis for bulk organic elemental (C, N) and
cellulose oxygen isotope composition followed
methods in Wolfe et al. (2001). Briefly, samples
were treated with 1 N HCI to remove carbonate
material, rinsed repeatedly with distilled water,
freeze-dried, and then passed through a 500-mm
sieve to remove coarse debris. Carbon and nitro-
gen content were determined on the fine-grained
acid-washed residue by an elemental analyzer in-
terfaced to a continuous flow isotope ratio mass
spectrometer. Additional sample treatment to
concentrate cellulose involved solvent extraction,
bleaching and alkaline hydrolysis to remove non-
cellulose organic constituents plus leaching to re-
move iron and manganese oxyhydroxides. Cellu-
lose oxygen isotope composition was determined
using off-line nickel-tube pyrolysis to generate
CO; for dual inlet isotope ratio mass spectrome-
try (Edwards et al., 1994). All elemental and iso-
topic analyses were conducted at the University of
Waterloo Environmental Isotope Laboratory,
Canada. Oxygen isotope results are expressed as
‘0’ values, representing deviations in per mil (%o )
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from the VSMOW standard for oxygen normal-
ized to 8% 0gpap=—55.5%0 (Coplen, 1996), such
that 8sample = [(Rsampte/ Rstandard) — 1] X 10° where R
is the '80/!'°0O ratio in the sample and standard.
The LP 880 values have uncertainties of
10.5%0 (similar to the LTCK &8Oy results;
Abbott et al., 2000) based on repeated analyses
of samples.

Terrestrial macrofossil material was not present
in sufficient quantities for accelerator mass spec-
trometry (AMS) '“C measurements from most
stratigraphic levels. Therefore, we used Isoetes
macrofossils at LTCK as well as bulk sediment
at LP for AMS '*C measurements. The contem-
porary radiocarbon reservoir was assessed in two
ways. In LTCK, the 'C activity of live sub-
merged macrophytes was measured and found
to be 114% Modern for the year A.D. 1992, in-
dicating that the lake reservoir effect is minimal in
the LTCK system today, although it could have
been a factor in the past. In LP, the contemporary
radiocarbon reservoir was assessed by comparing
the '*C activity of paired bulk sediment and mac-
rofossil samples from the same stratigraphic level.
Results indicate there is no significant difference
between the ages.

4. Results and discussion

4.1. Lake sediment cellulose origin and
surface-sediment—lake water relations

Constraints on the reconstruction of lake water
8'80 from cellulose 8'%0 may be derived by con-
sidering the source of the organic matter, oxygen
isotope fractionation between aquatic cellulose
and water, and comparison between measured
surface-sediment cellulose 88O and single-visit
sampling and measurement of lake water 8'30.
Previous work at LTCK showed that low C/N
ratios measured on submerged aquatic vegetation
in the lake (11.4%3.6) and throughout the sedi-
ment core (ranging from 6.3 to 12.9) provided
support for assuming a primarily aquatic origin
in stratigraphic interpretation of the varying sedi-
ment cellulose isotopic composition (Abbott et
al., 2000; see Table 1). Furthermore, 8'%0 analy-

ses of lake water, cellulose derived from aquatic
plants, and surface-sediment cellulose were consis-
tent with a cellulose-water oxygen isotope frac-
tionation factor of 1.028 £0.001 (Abbott et al.,
2000), which has been applied in most other set-
tings and is based on both laboratory and field
data (Sternberg, 1989; Yakir, 1992; Wolfe et al.,
2001).

New C/N ratio data from LP, which are char-
acterized by low values (< 13.8 and mainly be-
tween 9 and 12), also suggest a dominantly
aquatic origin for the fine-grained bulk organic
matter for this site (Table 1). Additional hy-
drological information for LP may be extracted
from the relationship between the surface-sedi-
ment cellulose-inferred 880y, (—11.1£1.0%o0),
based on a cellulose—water fractionation factor
of 1.028%£0.001, and the measured &80y,
(—5.6%0) (Table 1). This isotopic difference can
most likely be attributed to the often unavoidable
mismatch between single-episode lake water sam-
pling of isotopic composition, which may be a
reflection of conditions that took weeks to
months to develop and the surface-sediment that
integrates years to potentially decades or longer.
Similar observations have been made at other
lakes susceptible to strong seasonal isotopic var-
iation. For example, single-episode water and sur-
face-sediment sampling of small lakes in northern
Russia during the early ice-free season showed
that hydrological conditions inferred from the
surface-sediments at most sites were systemati-
cally offset from those prevailing at the time of
sampling due to the remnant influence of snow-
melt on lake water isotopic composition (see
Wolfe and Edwards, 1997). Additionally, lakes
in northern Canada have been observed to vary
seasonally by more than 5%o in 8'30 under more
moist conditions (Gibson et al., 1993, 1996).

At LP, lake water sampling was conducted dur-
ing the dry season and thus, the sampled lake
water at LP can be expected to be biased towards
more enriched isotopic values that develop due to
seasonal lake water evaporation and non-steady-
state enrichment resulting from lake volume
draw-down below the overflow level (Fig. 3). We
speculate that substantial seasonal variability in
lake water isotopic composition characterizes
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Table 1

Bulk organic carbon/nitrogen weight ratios and cellulose-inferred §'%0y, values (including replicates) for LTCK and LP calculated
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using a cellulose-water fractionation factor of 1.028

Lago Taypi Chaka Kkota (measured §'%0y, in June 1997:

Lago Potosi (measured 8'80y, in June 1997: —5.6 %o )

—14.8%o0)

Core depth C/N wt. ratios cell-inf. 880y core depth C/N wt. ratios cell-inf. 8'%0y,

(cm) (% VSMOW) (cm) (% VSMOW)

0.0 7.6 —14.3 0.0 10.8 —11.1

5.5 7.6 —13.8 12.5 10.8 —9.6

11.5 8.5 —14.8 —15.2 22.5 11.6 11.5 -9.0

15.5 8.0 —16.5 36.5 10.5 —-7.6

21.5 8.2 —13.2 48.5 10.0 —12.8

30.5 8.2 —12.6 60.5 9.4 —13.6

33.5 8.4 —9.6 —9.8 73.5 9.6 —14.5

39.5 8.0 —13.1 87.0 9.19.1 —7.6 =74

45.5 8.3 —13.8 100.0 10.3 10.3 —13.9 —12.5

48.5 8.3 —10.1 113.0 9.2 -7.0

50.5 7.2 —-7.3 119.0 10.8 —3.5 =37

53.5 7.1 —9.1 130.0 9.2 9.4

57.5 6.7 6.8 -9.5 139.0 10.1 —12.0 —10.7

60.5 6.7 —14.2 —13.0 150.0 10.1 —5.6

65.5 6.4 —6.9 164.0 10.3 10.2 —-9.3 —10.5

70.5 7.6 —4.9 —5.6 173.5 10.3 -5.0

75.5 7.8 7.6 —6.9 183.5 10.1 10.2 —12.1 —12.2

80.5 10.1 —-9.2 193.5 9.9 —8.3

85.5 10.1 —8.4 203.5 10.0 —6.0

90.5 11.7 —8.4 213.5 10.1 —-7.6

94.5 10.7 —-7.3 223.5 10.4 10.5 —10.6 —10.5

97.5 11.9 —7.1 233.5 10.4 10.4 —10.8 —10.2

99.5 11.8 —12.9 243.5 10.4 —10.8

112.0 11.2 11.0 —14.9 —14.2 253.5 10.0 —11.2 —11.8

120.5 12.1 —17.5 —16.1 271.0 9.8 9.8 —2.1 —2.8

128.5 10.5 10.1 —13.2 281.0 10.1 —3.7

138.0 12.9 —14.9 290.0 10.7 —7.2

142.0 11.6 —15.2 300.0 10.3 =53

147.5 12.0 —11.0 310.0 10.2 10.3 —3.7

153.5 10.7 —13.3 321.0 10.3 —6.4

165.0 12.3 —11.0 343.5 9.1 89 —13.2

175.0 11.4 —13.6 353.5 11.3 —12.5

176.0 11.7 —14.0 363.5 10.3 —11.0

184.0 11.0 —14.5 373.5 10.2 —6.9 —9.3

185.0 11.3 —13.2 383.5 11.7 —7.1 =74

193.0 10.2 —12.5 393.5 9.6 —13.3

199.0 9.99.2 —12.0 403.5 9.2 —11.7

205.0 11.0 —124 412.5 10.6 —16.6 —15.9

215.0 10.2 —11.3 423.5 11.5 —10.6

228.0 10.4 —13.9 435.5 11.4 —12.2

238.0 9.3 —8.8 445.5 11.2 —10.7

247.0 9.5 —8.2 —9.9 455.5 12.1 —13.5

262.0 9.2 —12.2 465.5 11.5 —12.9

276.0 8.5 —11.1 475.5 11.9 —14.6

288.0 6.3 —14.7 485.5 13.0 12.9 —10.2
495.5 10.4 10.0 —16.2 —14.8
538.0 13.8 —2.7 —4.0
554.0 12.7 —13.2 —12.3
604.5 13.8 —6.5 —7.8
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Table 1 (continued)

Lago Taypi Chaka Kkota (measured §'%0y, in June 1997:
—14.8%o0)

Lago Potosi (measured 880y, in June 1997: —5.6 %o )

Core depth C/N wt. ratios cell-inf. 8'%0yy core depth C/N wt. ratios cell-inf. 8'%0y,
(cm) (%0 VSMOW) (cm) (% VSMOW)
616.5 12.0 —11.0
628.5 7.1 —12.7
646.5 8282 —10.0
706.5 2.9 —11.2

LP, given its small volume, shifting water balance,
combined with the low relative humidity in this
region during the dry season (=25%), although
multiple water samples are obviously necessary to
verify this hypothesis. Combined with the obser-
vation of episodic ice cover during the austral
winter, which would inhibit aquatic plant growth
during this season, suggests that the oxygen iso-
tope composition of sediment cellulose at LP may
mainly reflect average wet (summer) season oXxy-
gen isotope composition. In contrast, the larger
volume of LTCK and perennially through-flow
hydrological status likely leads to subdued season-
al isotopic variation at this site. These are condi-
tions that would necessarily foster a good oxygen
isotope match between the one-time water sam-
pling event and that inferred from living aquatic
plants and surface-sediment (Fig. 3).

4.2. Isotope-inferred lake paleohydrology

Overall, the cellulose-inferred §'0y, record for
LP ranges from —16.2 to —2.5%0 (Fig. 4), en-
compassing the complete range of isotopic values
sampled in our regional survey of lake basins
(Fig. 2). Longer-term trends, as inferred from
three-point running means drawn through the
raw data (representing roughly 500 years), indi-
cate that 8'%0y, values similar to present occur
at the base of the record and are followed by a
trend to higher values between 14000 and 11 500
cal yr BP, although large fluctuations are evident
in the raw data. Generally low 8'%0y, values dom-
inate between 11500 and 9000 cal yr BP. This is
followed by a step-wise interval of generally in-
creasing 8'%0y, values, culminating in maximum
lake water '®O-enrichment at about 6000 cal yr
BP. Lake waters remain moderately enriched in

30 until 2000 cal yr BP, although the raw data
indicate substantially greater variability during
this interval compared to most of the profile. At
about 2000 cal yr BP, §'%0y,, values decrease and
then increase once again after 1000 cal yr BP.

Comparison of the LP §'80y, profile with the
smoothed three-point running mean §'Oy, record
from LTCK show some differences due to the
contrasting hydrological settings of these two
lakes. The LTCK record shows increasing
5'%0y,, values between 14000 and 10500 cal yr,
followed by a shift to lower values. This shift
persists to 6000 cal yr BP in contrast to the LP
880y, record. Rapid '8O-enrichment occurs at
6000 cal yr BP and is largely maintained until
2000 cal yr BP BP, although a weak trend to low-
er values is evident during this interval. After
2000 cal yr BP, 880y, values are generally low
(Fig. 4). Notably, the overall higher variability in
the raw 8'30y,, data from LP is most likely attrib-
uted to the greater hydrological variability of this
small, headwater lake (see Fig. 3; cf. Wolfe et al.,
2000).

Interpretation of 8'%0y, records requires identi-
fying signals related to changes in the isotopic
composition of source water, reflecting the inte-
grated signature of surface and subsurface inflow
and precipitation, from changing hydrological
factors (often primarily evaporative enrichment)
that may subsequently modify the isotopic con-
tent of the lake water. Deconvolution of these
isotopic signals in lake sediments from this region
benefit from an independent 25 000-year record of
precipitation 8'%0 (§'%0,) from the Sajama ice
core (Thompson et al., 1998; Fig. 1). The ice-
core oxygen isotope stratigraphy, which is also
shown in Fig. 4 as 100-year averages, illustrates
that values at the base of this interval increased to
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Lago Taypi Chaka Kkota
(16°13'S, 68°21'W; 4300 m asl)

__ aquatic plant o 2
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®
o extensive through-flow maintained by upstream glacier melt and lake overflow
B — lake water
snowmelt
Lago Potosi
(19°38'S, 65°41'W; 4640 m asl)
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through-flow
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(wet season: Dec-Mar)

austral winter
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Fig. 3. Conceptual model of annual variation in lake water §'%0 (8'°0y,) for LTCK and LP characterized by influx of '3O-de-
pleted runoff during snowmelt followed by enrichment due to evaporation. Perennially through-flow conditions at the former re-
sults in subdued seasonal variability in 8'%0y, composition. Thus, the one-time water sampling event in June 1997 (represented
by the solid square) provides a reasonable measure of average 8'0y, composition and which closely corresponds to values in-
ferred from cellulose derived from aquatic plants sampled from the lake and the surface-sediment. In contrast, our one-time
water sample from LP does not represent average §'80y, composition due to marked seasonal variability. This stems from over-
flowing conditions during the austral summer, which is best represented by the surface-sediment cellulose, and hydrological clo-

sure with episodic ice-cover during the austral winter.

a maximum at about 14 300 cal yr BP, interpreted
to reflect climate warming (Thompson et al.,
1998). Subsequent '#0-depletion with low values
persisting until 11500 cal yr BP has been inter-
preted as a climatic reversal (Thompson et al.,
1998) or may be due to dilution of atmospheric
precipitation with '30-depleted vapor derived
from pluvial lakes on the Altiplano (Abbott et
al., 2000). Values increase after 11500 cal yr BP
in response to climate warming (Thompson et al.,

1998) and/or draw-down of pluvial lakes and re-
duction in derived vapor (Abbott et al., 2000) and
remain at about —17% 1% throughout the Ho-
locene. Notably, shifting LP and LTCK §'30y,
offsets from the Sajama ice core 8'%0,, record pro-
vides a measure of changing lake water evapora-
tive enrichment (e.g. Seltzer et al., 2000), which
appears to be mainly a function of similarly
changing moisture regimes at these two locations,
as described below.
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Fig. 4. Cellulose-inferred §'*0y, records for LP and LTCK versus cal yr BP (see Table 2). Solid lines represent three-point run-
ning means. Also shown is 16000 cal yr of the 88O record in the Sajama ice core plotted as 100-year averages (Thompson et
al., 1998), and stratigraphic zonation of major hydroclimatic intervals based partly on Sylvestre et al. (1999).

Although late Pleistocene §'%0y, data at both
LP and LTCK are sparse, results are broadly
consistent with regional evidence for moisture
fluctuations derived from the recently revised
chronology of pluvial lake level history on the
southern Bolivian Altiplano (Sylvestre et al.,

Table 2

1999). Roughly 10%0 offset of LP §'%0y, from
Sajama ice core 880, between 14000 and
11500 cal yr BP may reflect the importance of
lake water evaporative enrichment, corresponding
to the Ticana arid phase (Sylvestre et al., 1999),
or may be partly in response to reduced glacial

Radiocarbon ages from LP measured at the Center for AMS (CAMS), Lawrence Livermore National Laboratory, and calibrated
ages according to the methods outlined for INTCAL98 by Stuiver et al. (1998)

Depth Material Measured “C age s3C Median calibrated '“C age
(cm) (C yr BP) (%o PDB) (cal yr BP)
31.5 aquatic macrofossil 560+ 25 —13.0 545
59-61 aquatic macrofossil 1060 =40 —17.6 950
72-73 aquatic macrofossil 1270 £ 50 —17.5 1220
131.5 bulk (humic acid) 2460 45 —19.8 2695
212.5 bulk (humic acid) 4220+ 50 —19.5 4740
344.5 bulk (humic acid) 7050+ 190 —19.0 7860
445.5 bulk (humic acid) 9350 £ 100 —21.1 10310
527.5 aquatic macrofossil 10400+ 95 —23.7 12300
632.5 > 125 um 12280 £ 60 —18.0 14 340

Radiocarbon data for LTCK have been reported previously (Abbott et al., 1997b, 2000).
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meltwater supply. Reduced LP-Sajama isotopic
offset after 11500 until 9000 cal yr BP correlates
with the final, albeit less significant, pluvial lake
high stand (the Coipasa high lake phase), which
occurred between about 10500 and 9500 cal yr
BP (Sylvestre et al., 1999). Similarly, large
LTCK-Sajama isotopic offset beginning prior to
12700 to about 10500 cal yr BP may be related
to the Ticafia arid phase with subsequent reduced
isotopic offset until about 9500 cal yr BP due to
wetter conditions during the Coipasa event. The
lake water shift to more '*O-depleted values,
which we presume to indicate the end of the Ti-
cafia arid phase, appears to take place about 1000
years later at LTCK compared to LP perhaps
reflecting poor chronological control in these stra-
ta, a greater hydrological threshold at LTCK, or
reduced significance of this climate change in the
northern Bolivian Altiplano. The latter appears
to be consistent with the greater prominence of
this event in stratigraphic records from the south-
ern Bolivian Altiplano and Chilean Atacama,
whereas evidence for this event in Lake Titicaca
sediment records is inconclusive (see Sylvestre et
al., 1999).

Increasing aridity during the early Holocene at
LP is indicated by lake water '8O-enrichment be-
ginning after 9000 cal yr BP, broadly consistent
with the paleohydrological record of Lake Titica-
ca, although a brief return to moist conditions is
suggested by '80-depleted values at about 8000
cal yr BP. Based on the LP record, maximum
mid-Holocene aridity developed between 7500
and 6000 cal yr BP. The corresponding 9000 to
6000 cal yr BP interval at LTCK, which is dom-
inated by '80-depleted values, is most likely a
result of a local catchment effect, such as input
of 80O-depleted water from snowmelt or ground-
water and rapid hydrological flushing (Abbott et
al., 2000). Furthermore, abrupt '8O-enrichment at
6000 cal yr BP observed in the LTCK record
would appear to be consistent with a rapid change
in water balance resulting from cessation of sig-
nificant snowmelt and/or groundwater supply
from the large catchment (Abbott et al., 2000)
and very dry conditions.

Analysis of closely spaced samples has revealed
substantial hydrological variability in the 6000 to

2000 cal yr BP 880y, record from LP. Highly
variable oxygen isotope values have also been ob-
tained on ostracode profiles in lake sediment cores
from the Chilean Altiplano during this time inter-
val suggesting predominantly arid conditions were
punctuated by short-term climatic shifts (Schwalb
et al., 1999). The transition to a more moist cli-
mate during the mid- to late Holocene was evi-
dently a step-wise shift characterized by fluctuat-
ing moisture conditions on both the Bolivian and
Chilean Altiplano (Valero-Garcés et al., 1996;
Grosjean et al., 1997; Schwalb et al., 1999). Less
variability observed in the LTCK 'Oy, during
this interval is consistent with this lake’s larger
size and catchment, and the weak trend to lower
8180, values also suggests a gradual shift to more
moist conditions overall.

The end of the mid-Holocene arid phase at LP
is marked by a decline in §'80y, values around
2000 cal yr BP, similar to the §'8Oy, record
from LTCK where glacial meltwater influx re-
turned as a source for the lake (Abbott et al.,
2000). This correlation lends support for a region-
al 1000-1500 year difference in the predominant
shift to more moist conditions in the late Holo-
cene compared to the Lake Titicaca record. A
recent increase in aridity is suggested by '80O-en-
richment at both LTCK and LP after 1000 cal yr
BP.

4.3. Quantitative reconstruction of paleohumidity

Largely coherent 8'%0y,, trends between LTCK
and LP that conform to the regional paleoclimatic
framework can be used to support a more quan-
titative description of changing paleohumidity by
using an isotope-mass balance approach (Fig. 5a).
At isotopic steady-state, the relationship between
the fraction of lake water lost by evaporation and
isotopic enrichment by evaporation for a lake
with both inflow and outflow can be described
by the following equations (Gat, 1981):

E/I = (1=h)/hX (81w —8p) /(8" —8mw) ()

where E=vapor flux, /=inflow, /& =relative hu-
midity at the air-water interface (which may be
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Fig. 5. (a) Sajama ice core 8'0 plotted as 100-year averages (Thompson et al., 1998) and cellulose-inferred three-point running
mean 880y, records for LTCK and LP from Fig. 4. (b) Summer relative humidity profiles generated by E/I scenarios of 0.20,
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relative humidity value of 50%. (d) Estimated average summer water balance conditions (expressed as E/I) derived from back-cal-
culation using mean summer relative humidity values in (c). (e¢) The Sajama ice core dust record from Thompson et al. (1998).

All records are plotted versus cal yr BP.

slightly higher than ambient), &*=limiting iso-
topic enrichment attainable where the water
body evaporates to near zero volume, J, =lake
water isotopic composition, 8, = precipitation iso-
topic composition and

8" = (hd, +¢)/(h—¢) (2)

where 8, = vapor isotopic composition, € =1iso-
topic separation between liquid and vapor includ-
ing both equilibrium (e*) and kinetic (ex) effects.

Isotope-mass balance methods can be used to
assess contemporary water balance of lakes (e.g.
Gat and Levy, 1978; Gibson et al., 1993), as well
as to reconstruct past hydrology and climate from
lacustrine records of 8'80 (e.g. Edwards et al.,

1996; Wei and Gasse, 1999). Here, we use this
model to estimate summer relative paleohumidity
(SRH) from the LP cellulose-inferred three-point
running mean §'%0y, record. The LP 880y, rec-
ord was chosen for SRH reconstruction because
the record at this site does not appear to be com-
plicated by additional hydrological effects, as is
the case at LTCK during the early Holocene (pos-
sible snowmelt and/or groundwater supply) and
late Holocene (glacial meltwater influx; see Ab-
bott et al., 2000). The reconstruction is limited
to the past 11500 cal yr where the LP 880y,
record is more highly resolved and temporally
constrained. Model input values include: (1)
8p=—17%0 estimated from the Sajama ice core
100-year average 8'0 record (Fig. 4), which also
closely approximates the intersection of the REL
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and GMWL in Fig. 24, (2) §,=8,—¢* (i.e. iso-
topic equilibrium between atmospheric vapor
and precipitation), (3) €*=10.66%0 from Ma-
joube (1971) and using an average air temperature
of 10°C (Boletin Meteorologico Del Departmento
De Potosi, 1996), and (4) ex =14.2(1—h) (Gon-
fiantini, 1986).

SRH is solved iteratively for three water bal-
ance scenarios that conservatively span the prob-
able maximum range in natural variability over
the past 11500 cal yr (Fig. 5b). (1) E/I=1.00 de-
fines conditions for a terminal basin where evap-
oration balances inflow so that no liquid outflow
occurs. This represents the maximum fraction of
lake water lost by evaporation as long-term hy-
drological status characterized by E/I>1 is con-
sidered unlikely because this would lead to lake
desiccation and absence of a stratigraphic record.
(2) E/II=0.20 was used to represent the minimum
fraction of lake water lost by evaporation. This
value is estimated from calculation of modern E/I
ratios for overflowing lakes in non-glaciated
watersheds and using the most isotopically en-
riched lake water sample in our modern data set
as a lower limit for 6* (Fig. 2). (3) E/I=0.36 rep-
resents an estimate of the average summer water
balance at present for LP based on a modern
SRH value of 50% (Boletin Meteorologico Del
Departmento De Potosi, 1996). Comparison to
modern conditions was used to derive a range in
SRH values, bracketing concomitant water bal-
ance response to changing effective moisture using
the three E/I scenarios. Results are plotted in
Fig. 5¢ in terms of minimum, maximum and
mean SRH values.

4 Intersection of the REL with the GMWL provides a first-
order estimate of the regional mean annual precipitation §'0
(Gibson et al., 1993). As reported in Abbott et al. (2000), this
value is —16 %o . Note, however, that the lake water samples
were taken during the dry season and are likely biased to more
enriched values, which can influence the intersection of the
REL and GMWL. Glacier-fed lakes in Fig. 2 that plot on
the GMWL likely have suppressed seasonal variability and
have 8'80 values of —16.6 and —16.5%o, close to the estimate
from the Sajama ice core record. Uncertainty in SlgOp of
*+1%o is incorporated into a sensitivity analysis presented be-
low.

In general, results from Fig. 5c show that SRH
values averaged 10-20% higher relative to present
at 11500 cal yr BP with oscillating but generally
declining values developing during the early Ho-
locene. This trend culminates in maximum SRH
decrease between 7500 and 6000 cal yr BP when
reconstructed values average 20% lower than
present. SRH values are near present between
6000 and 5000 cal yr BP and then decline to val-
ues averaging 15% lower than present until about
2500 cal yr BP. Mean SRH values increase to
about 20% greater than present by about 1500
cal yr BP and then decline to around 5-10% less
than present over the last 1000 years.

Notably large ranges between minimum and
maximum SRH values are evident at low SRH
compared to the present value of 50%, which is
primarily a function of the large uncertainty in
EJI ratios (0.36 to close to 1.00) that bracket these
intervals. This extreme sensitivity is somewhat ar-
tificial, however, because the actual E/I ratios are
relatively high during phases of low SRH,
although not as high as 1.00 as values generated
by this scenario are nearly always higher than
50%. This indicates that LP may have rarely at-
tained wet-season terminal hydrological status for
an extended period even during more arid inter-
vals; a result that is not unexpected, however, as
overcoming this threshold would likely have led
to rapid volume draw-down, lake desiccation and
hiatuses in sedimentation due to the low relative
humidity. Indeed, the 880y, record is very sensi-
tive to SRH below about 50% and because ex-
treme '30-enrichment is not observed, SRH val-
ues substantially less than 40% are probably not
reasonable. Conversely, less uncertainty is evident
at high SRH mainly because of the narrower
range in E/I ratios (0.20-0.36) that were used to
delineate these phases (mainly 11 500 to 9000 and
2000 to 1000 cal yr BP). Based on back-calcula-
tion using the mean SRH reconstruction, we esti-
mate that the average summer E/I ratio spanned
mainly from about 0.25 to 0.60 over the past
11500 cal yr (Fig. 5d).

Although our SRH reconstruction is solely
based on the LP §'80y, record, supporting evi-
dence for widespread and similarly arid condi-
tions during the mid- to late Holocene is pro-
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vided by the LTCK 880y, profile and other
records of past climate change. Between 6000
and 2000 cal yr BP, the 880, values are
broadly similar (Fig. 5a) and in the range of
lakes that presently drop below their overflow
level under more moderate conditions (Fig. 2).
These overlapping trends may reflect similar £/
ratios and SRH during this time interval. Offset
in cellulose-inferred §'%0;, over the last 1000
years suggests that the current effective moisture
gradient between these two lakes may be a re-
cent development. SRH minima during the mid-
to late Holocene interval also shows close corre-
spondence between dust concentration maxima
in the Sajama ice core record, with both records
reflecting dominantly arid but highly variable
moisture conditions (Fig. 5e), in agreement
with other records on the Chilean Altiplano as
mentioned above (Valero-Garcés et al., 1996;
Grosjean et al., 1997; Schwalb et al., 1999).
Lake Titicaca lowstands at about 6100 and
2400 cal yr BP (Abbott et al., 1997a; Mour-
guiart et al., 1998) and lake-level-inferred max-
imum aridity between 8000 and 5500 cal yr BP
(Baker et al., 2001) also compare well with the
SRH reconstruction.

4.3.1. Model uncertainties

A sensitivity analysis was conducted to esti-
mate potential sources of error associated with
input parameters to Eqs. 1 and 2 to derive past
SRH values, in addition to uncertainties due to
shifting FE/I. Fig. 6 illustrates the effect of
Ow=%1.5%, 0,=%10% , T==5°C, and
8, =0,— £ 10%(e*) on reconstructed SRH values
for two water balance scenarios: (1) E/1=0.30,
which is estimated to reflect average conditions
during wet intervals, and (2) E/I=0.50 corre-
sponding to estimated average conditions during
dry phases (see Fig. 5d). Overall, potential error
in SRH values is less in the E/I=0.50 scenario,
with &, and d, input variations resulting in
mostly <10% error, and 7 and §, input varia-
tions producing < 5% error. Potential SRH er-
rors are greater in the FE/I=0.30 scenario,
although only 8, —1.5%0 and &,+1 %o variations
over a narrow range of §'80y, values result in
errors in excess of (+)15%.

5. Conclusion

Comparison of cellulose-inferred lake water
oxygen isotope profiles from two lakes in the Bo-
livian Andes provides a record of late Pleistocene
and Holocene paleohydrological history that is
largely in agreement with the regional framework
based mainly on pluvial lake history, water level
changes in Lake Titicaca, and the Sajama ice core
record. Broad millennial-scale changes in Holo-
cene effective moisture in the tropics have been
linked to latitudinal migration of the Intertropical
Convergence Zone driven by changes in insolation
(Martin et al., 1997; Abbott et al., 1997b; Cross
et al., 2000; Seltzer et al., 2000), although it
should be noted that strikingly different effective
moisture reconstructions have recently been re-
ported in the Chilean Atacama by Betancourt et
al. (2000). Additional differences between Bolivian
Altiplano records continue to persist, such as the
predominant shift in effective moisture during the
late Holocene appears to lag by about 1000 to
2000 years in small, alpine lakes compared to
Lake Titicaca, and further work is needed to ex-
plain this temporal discrepancy as well as the cli-
mate-driver for the high-frequency fluctuations.

Overall, the isotopic records indicate dominantly
moist conditions during the late Pleistocene—early
Holocene transition (roughly 10500 to 9000 cal yr
BP) and between 2000 and 1000 cal yr BP, whereas
more arid conditions prevailed during the mid-late
Holocene (mainly 8000 to 2000 cal yr BP) and over
the past millennium. At LP, sustained maximum
mid-Holocene aridity occurred between 7500 and
6000 cal yr BP and quantitative reconstruction of
SRH, based on an isotope-mass balance model,
indicates a decline of perhaps as much as 20%
during this time. SRH values averaged 15% less
than present but was highly variable during the
later part of the mid-Holocene arid interval (ca.
5000-2000 cal yr BP), in agreement with other pa-
leoclimatic records from the region (Valero-Garceés
et al., 1996; Grosjean et al., 1997; Abbott et al.,
1997a,b; Schwalb et al., 1999) including the Saja-
ma ice core record where close correspondence oc-
curs between several elevated dust particle concen-
trations (Thompson et al., 1998) and SRH minima.
Sensitivity analyses suggests potential errors in re-
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Fig. 6. Sensitivity analysis illustrating potential errors in summer relative humidity (SRH) values for variations of &, = *1.5%o
(incorporating analytical and cellulose-water oxygen isotope fractionation uncertainty), 8, = £1.0%o (comprising most of the var-
iation in the 100-year averaged isotopic record from Sajama ice core over the past 11500 cal yr BP; Thompson et al., 1998),
T= £5°C (estimated to reflect changes during the late Pleistocene-early Holocene transition and possibly during the interval of
maximum aridity), and 8, =8,— = 10%(e*)(10% deviation from isotopic equilibrium between §, and J,). Results are shown for
the average summer E/[ ratio during wet (0.30) and dry intervals (0.50), as estimated from Fig. 5d. Note that solid lines define
SRH errors that result in absolute values ranging from 30 to 85%, representing an estimate of the natural range potential in

SRH.

constructed SRH values are mainly related to un-
certainty in the E// ratio during arid intervals and
cellulose-inferred 8'%0y, and ice-inferred 8'30,
values during wet intervals.

Notably, the SRH reconstruction sets the stage
for comparison with new proxy records currently
being obtained from similar lakes north of the
equator in the Venezuelan Andes (Abbott et al.,
1999; Polissar et al., 2000). In addition, these re-
sults reveal the potential for quantitative paleocli-
matic reconstructions based on cellulose-inferred
lake water oxygen isotope records. Key factors
that have contributed to the viability of this ap-
proach include an independent detailed record of
880, and analysis of lake sediment records in
contrasting settings, the latter having effectively
allowed differentiation of local hydrological var-
iations from regional climatic changes.
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