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structural characterization of CO-inhibited 
forms of CpI, as well as that of CpII and other 
Fe-only and NiFe hydrogenases: may contsib- 
ute additional insights to the mechanistic details 
of reversible hydsogen oxidation catalyzed by 
the hydrogellase erlzymes. 
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A 25,000-Year Tropical Climate 
History from Bolivian Ice Cores 
1. C. Thompson, M. E. Davis, E. Mosley-Thompson, T. A. Sowers, 
K. A. Henderson, V. S. Zagorodnov, P.-N. Lin, V. N. Mikhalenko, 

R. K. Campen, J. F. Bolzan, J. Cole-Dai, B. Francou 

Ice cores that were recovered from the summit of Sajama mountain in Bolivia 
provide carbon-14-dated tropical records and extend to the Late Glacial Stage 
(LGS). Oxygen isotopic ratios of the ice decreased 5.4 per mil between the early 
Holocene and the Last Glacial Maximum, which is consistent with values from 
other ice cores. The abrupt onset and termination of a Younger Dryas-type 
event suggest atmospheric processes as the probable drivers. Regional accu- 
mulation increased during the LGS, during deglaciation, and over the past 3000 
years, which is concurrent with higher water levels in regional paleolakes. Unlike 
polar cores, Sajama glacial ice contains eight times less dust than the Holocene 
ice, which reflects wetter conditions and extensive snow cover. 

A knowledge of tropical sensitivity to global are anticipated from enhanced greenhouse 
paleoclimate changes and the abruptness of gas concentrations (1).  Recent research sug- 
past changes is essential for modeling how gests that tropical proxy records may be more 
the Earth's climate system responds during representative of global mean annual temper- 
glacial stages and for simulating future cli- atures than proxy records from higher lati- 
matic scenarios under warmer conditions that tudes (2). 
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Several paleoclimatic records have been 
obtained from tropical glaciers, including a 
1500-year history from the Quelccaya ice cap 
[13"56'S, 70°50'W, at 5670 m above sea 
level (asl)] in southern Peru (3) and a 20,000- 
year history from the col of Huascaran moun- 
tain (9"07'S, 77"37'W, at 6048 m asl) in the 
north central Peruvian Andes (4 ) .  We vresent 

\ ,  

an ice core record from Bolivia that provides 
a high-resolution tropical paleoclimate histo- 
ry of the Last Glacial Maximum (LGM), 
deglaciation, and the Holocene. The Sajama 
ice cap (18"06'S, 68"53'W, at 6542 m asl) 
covers the summit of an extinct volcano that 
sits on the northern boundary of what is 
currently a desert in the Altiplano (Fig. 1). 
The Altiplano has an average elevation of 
3700 m and is the world's second largest 
plateau, covering about 205,000 km2 (5). It is 
subdivided into a northern basin that is occu- 
pied by Lake Titicaca and a southern basin 
that consists of shallow saline lakes and salt 
flats, including the world's largest salt flat, 
the Salar de Uyuni (- 12,500 km2). On the 
southern Altiplano, the scant precipitation 
quickly evaporates, leaving salt crusts, except 
in part of the Poop6 Basin, which is filled 
with a shallow hypersaline lake (Fig. 1) that 
is fed by the Rio Desaguadero with spillover 
drainage from Lake Titicaca (6). 

Ice thicknsses on Sajama, determined 
with a short-pulse radar system, range fiom 
121 to 177 m on the southeast flank of the 
volcano. A satellite-linked weather station 
installed at 6500 m as1 in October 1996 
records meteorological data (7). In 1997, four 
ice cores, two to bedrock [cores 1 (C-1) and 
2 (C-2), at depths of 132.4 and 132.8 m, 
respectively] and two shallow cores (at 
depths of 40 and 4 m), were recovered with 
solar-powered electromechanical drills. The 
deep boreholes were separated by 3 m. Bore- 
hole temperatures ranged fiom -10.3"C at 
10 m to -1 1.3OC between 30 and 70 m then 
warmed to -9S°C at the ice-bedrock contact. 
The low temperatures throughout the ice cap 
ensured the preservation of a climatic and 
environmental record, and the basal temper- 
ature indicated that the ice was frozen to the 
bedrock. To accommodate gas analyses, we 
maintained the temperatures of the cores be- 
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Zagorodnov, 1. F. Bolzan, Byrd Polar Research Center, 
Department of Geological Sciences, The Ohio State 
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low -5°C without using dry ice from the time pic ratios of ice (6180ic,) and insoluble par- 
of drilling until analysis. C-I, the older ticulate (dust) and major anion (Cl-, NO,-, 
record, was cut into 5063 continuous sam- and Sod2-) concentrations. Selected intervals 
ples, which were analyzed for oxygen isoto- were examined for I4C-datable material, and 

Moisture Source 

- 
Sajama surface and base 

-70% 60% u 
I 1 

100 rn 

Fig. 1. Location of the Sajama ice cap in Bolivia (Left) in relation to modern lakes (black) and salt 
flats (white). The dark gray areas were covered by paleolakes during the LGS. A schematic (right) 
depicts ice thicknesses on the summit and the locations of C-I  and C-2. 

1995 1990 1985 1980 1975 1970 1965 

Year 

Fig. 2. Seasonal variations in 6180,, ( .Oh,  per mil), insoluble dust, and NO,- concentrations (ppm, 
parts per million) allow Layer countlng In the upper part of C-1. Dating is calibrated by the 
identification of the 1964 3H peak (gray bars). The sample values in each plot are smoothed with 
a three-point (1, 2, 1) filter. Data are plotted so that annual tick marks correspond to the austral 
winter. 
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analyzed for gas coinposition and tritium 
(3H). To delnoustrate the reproducibility and 
continuity of the C-1 record. C-2 was also 
continuously analyzed for S180,,,, but at a 
loa~er resolutioil with fewer (803) samples. 

Tlie record. 6'" ,,,; dust, and NO3- 
records in the upper part of C- 1 shoa. annual 
resolution. writ11 the 1964 3H peak at 25.2 in 
(Fig. 2). The net accumulation was the equiv- 
alent of -440 inln of H 2 0  over the upper- 
most 33 years, which is higher than the an- 
nual average of 3 16 mill in Sajanla village 
(4220 m asl) at the base of the volcano (8) .  

The dust, SISOlce values, and chemical 
species (Fig. 3) exhibit the greatest variations 
in the lowest 27 in of the cores. The S1"lce 
\-alues range from 2 0 . 7  per mil at the bottom 
of the core to -22.1 per mil between 125 and 
115 m, where average dust concentrations are 
the lowest in the entire record. Low anion 
collcentrations are interrupted between 124.5 
and 120 111, where C 1  increases sharply (cen- 
tered on 123.8 111); SO,2 rises modestly, and 
N O 3  declines. Small spikes in SO,' and 
dust amounts occur uear the pealc of this 
chloride event. 

From 114.5 to 110.5 in; 8180,,, values, 
dust, and anious increase abruptly. At 110.5 
111, all ice core parameters abmptly decrease 
and relnain low ~intil 105.5 111, where 8180,,e 
values rapidly increase and remain high 
throughout the rest of the core. The d~lst 
coutent of the upper 103 m is mucll greater 
than in the lower 30 m; numerous dust layers 
are conlposed of large dark particles. 

Time scale. The Sajanla ice cores contain 
intact insects, insect fragments, and polylepis 
bark fragments with a sufficient mass for '"C 
dating (Table 1). An abundance of plant ma- 
terial at 130.8 m in C-1 was split into two 
salnples aud independently dated by two ac- 
celerator inass spectrometry (-4MS) facilities. 
The corrected I4C dates (9) are 24,950 + 430 
years before the present (yr B.P.) (Lawrence 
Livelmore National Laboratory) and 
24.020 1 140 glr B.P. (Woods Hole Oceano- 
graphic Institution). which confirm that Sa- 
jama contains LGM ice. 

Between 11.5 and 20 lciloannum (lea) (105 
and 130 111). an insufficient amount of I4C- 
datable material was available for reliable 
AMS dating. Additional stratigraphic infor- 
mation for this section of the core was ob- 
tained by lneasurillg the 1sO:160 ratio of 
paleoatmospheric 0, (S1~O, t ,T l )  trapped in the 
bubbles. We nleasured S180;i,,,, ( I  0, 11) in 3 1 
discrete samples behveen 56 and 130 m and 
compared our results with those from the 
Greenland Ice Sheet Project (GISP) 2 core 
(Fig. 4) (12). Although the Sajama S1"O,t,,, 
record agrees with the GISP 2 record in some 
places (between 9 and 13 lea and between 16 
and 24 lea), some Sajarna data points do not 
fall within i 0 . 0 5  per mil of the correspond- 
ing GISP 2 data. The majority of these anom- 

alous samples contain elevated SArW, values that were isolated for radiocarbon dating 
(13) that are higher than any ice core sanlple (Fig. 3). The '"C dates were converted into 
ineasured to date (14). caleudar ages (Table 1) with the latest cali- 

To develop an age model for C-1; we used bration c u r e s  (9, 15). One ash horizon (Hua- 
the 3H-calibrated a~lnual layer counts of the ynaputina, A.D. 1600) was identified (16), 
most recent 100 years (Fig. 2) and 10 samples and two depths were assigued ages by cone- 

Core 1 Core 2 Core 1 Core 1 Core I Core 1 
6"0 (%o) 6180 (%o) Dust (10') Cl-(ppm) NO,-(ppm)  SO:"(^^^) 

Fig. 3. Depth profiles of  6 l8OI0 for C- I ;  S180,,, for C-2; and concentrations of  dust, Cl-, NO,-, and 
S o d 2  for C-I .  Dust concentrations are the number of  insoluble-particles wi th diameters of '-0.63 
and 5 1 6 . 0  p m  per milli l iter of  sample, and anion concentrations are in ppm. Locations of 14C 
samples in the core are denoted by diamonds. 

Table 1. Time-stratigraphic markers used in the development of the Sajama time scale are listed. The 14C 
dates were converted to  calendar years (yr B.P.) with a revised calibration procedure [method A (15)] 
using the bidecadal tree ring data set and a 24-year subtraction for the Southern Hemisphere. AMS ages 
for the two samples at a depth of 130.8 m were calibrated with the polynomial formula (9) based on 14C- 
and UITh-dated corals. S180,,, dates were obtained in a manner similar to  that described in (12). The 
age of the ice from these depths was determined by initially dating the gases through the correlation with 
the ClSP 2 6180. We used a densification model (52) to  calculate the differences (ice age - gas age) for 
these two samples assuming that the accumulation rate was 0.4 mlyear and temperature was -12°C. The 
resulting difference was 65 years. 

Depth Carbon Dating 14C dates 14C,,, ages with [Iu range] or 
( 4  (mg) technique (yr B.P.) (calendar age, yr B.P.) 

25.2 NA H NA - 14 (A.D. 1964) 
41.5 NA Layer counts NA 53 (A.D. 1897) 
59.3 0.31 14C AMS plant* 210 -t 70 150 [O-29617 
64.8 NA Huaynaputina NA 350 i 0 
67.0 0.37 14C AMS plant* 380 -t 50 354 131 1-4851 
72.1 0.08 14C AMS plant: 1,460 ? 290 1,310 [1058-16811 
78.1 0.11 14C AMS plant: 2,350 i 230 2,340 [2047-27321 
78.3 0.09 14C AMS plant* 920 i 130 780 [671-93618 
78.3 0.10 14C AMS plant* 1,250 ? 120 1,160 [980-12821s 
92.1 0.42 14C AMS plant* 3,220 i 70 3,390 [3353-34691 

100.6 0.15 14C AMS insect: 4,910 i 180 5,610 [5334-58821 
101.2 NA GlSP 2 8180,,, NA 9,100 ? 500 
103.8 NA ClSP 2 6180,,, N A 10,300 i 600 
130.8 0.43 14C AMS wood;; 20,400 i 120 24,020 [23,880-24,1601 
130.8 0.13 14C AMS wood* 21,200 i 370 24,950 [24,520-25,3801 

"Lawrence Livermore (nondiluted samples). ?Indistinguishable from modern period, within a 1u range. :Woods 
Hole (diluted samples), excluded from time scale construction because a potential problem wi th the dilution technique 
was unresolved at the t ime of paper submission. $The average of these two dates was used. IWoods Hole 
National Ocean Sciences AMS facility (nondiluted sample). 
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lating the S1'O,,, data from Sajama with the 
GISP 2 61'0,t, record dated by layer count- 
ing (17). For the Holocene, an empirically 
derived depth-age function (Fig. 5) was gen- 
erated (18) from seven definitive horizons or 
matching points (Table 1); this function was 
used to produce the time series profile of 
Sajama 6180,t, (Fig. 4). A clear change in 
the depth-age relationship occurs at 103.8 m 
(Fig. 5) and signifies an apparent increase in 
the average accumulation rate. Between 
103.8 and 130.8 m, there are no stratigraphic 
markers to constrain the dating. The 61X0,t, 
results below 1 15 m confirm the existence of 
LGM ice, but they cannot be used for dating 
because the S'80,t, values between 14 and 
24 ka are uniform (1.0 per mil) (Fig. 4). 

For dating the glacial portion of the 

larity of the major and minor S1'Oi,, events 
in Sajama and GISP 2 (assuming temporal 
synchroneity) allows the identification of 
14 matching points between 104 and 123 m 
(Fig. 5). The S"O,,, record is also similar 
to the Huascaran 6180i,, record, which was 
dated by comparison with a I4C-dated 
deep-sea foraminifera record of S1'O,,,,, 
(4, 19). The differences in the resolution of 
the glacial portions of the Sajama and Hua- 
scaran records result from the different 
thicknesses of the LGS sequences-3 m in 
the Huascaran core versus 28 m in the 
Sajama core. 

Establishing dated horizons in C-1 en- 
ables us to estimate an accumulation histo- 
ry. The observed depth-age profile suggests 
that annual layers thin much more rapidly 

Sajama record, matching respective records in the upper part of the ice cap than pre- 
of 6180,,, and S180,,, from Sajama and dicted by simple laminar flow or by numer- 
GISP 2 (18) produced similar results (Fig. ical modeling of ice divide deformation 
4). The bottom age of the core (-25.0 ka) (20). The observed thinning is similar to 
is fixed by the reproducible I4C dates at that seen in ice caps at Dunde, China (21), 
130.8 m (1.5 m above the bed). The simi- and Guliya, China (22). In the absence of 

Table 2. Comparison of the averages of 6180i,, for the modern period (0 to  1 ka), the early Holocene (EH) 
(6.8 to  10 ka), and the LGM (18 to 21.2 ka) and the differences between them for the cores shown in Fig. 
7. The averages of two time intervals for the LCM are given for the Vostok core to  account for the 
-3000-year lead time (12). The S180 equivalents (SD = 8S180 + 10) are shown in parentheses. 

Core sites Modern LCM LCM-modern LCM-EH 
(per mil) (per mil) 

Sajama (Bolivia) 
Huascaran (Peru) 
ClSP 2 (Greenland) 
Guliya (Western China) 
Byrd (Antarctica) 
Vostok* (Antarctica) 
Vostokt (Antarctica) 

'Interval, 18 to  21.2 ka. 

- 16.8 - 16.7 
-18.5 - 16.6 
-35.0 -34.6 
-14.4 -13.1 
-32.8 -33.9 
-441 (-56.4) -436 (-55.7) 
-441 (-56.4) -436 (-55.7) 

tlnterval, 21 to  24.2 ka. 

Gas Age ky BP (1950) 

the appropriate data (23), we assume that 
the vertical velocity profile is similar to 
that inferred from the Dunde and Guliya ice 
cores. If changes in ice thickness are ig- 
nored, the average accumulation rate aV 
between the dated depth horizons zi and z, 
(where i, and j, are any two dated horizons) 
is given by 

where H is the ice thickness, z is the ice- 
equivalent depth, p is a constant, and Atq is 
the number of years between zi and zf 

On the basis of results from the Dunde 
and Guliya ice caps, we reconstructed accu- 
mulation rate histories for p = 1.5 and 2. 
Although the reconstructed accumulation 
rates vary greatly as a function of p, both 
reconstructions produce similar trends (the 
average is shown in Fig. 6). The regional 
accumulation rate was relatively high be- 
tween -25 and 16 ka and reached a mini- 
mum at - 14 ka. Between 14 and - 1 1.5 ka, 
the accumulation rate increased and then de- 
creased between 11.5 and 3 ka. It has in- 
creased from 3 ka to the present. 

The LGS and deglaciation. The synchro- 
nous changes in anion concentrations are un- 
likely to have resulted from changes in re- 
gional source strength or from changes in 
transport efficiency. The anions have differ- 
ent sources, as NO,- is predominantly terres- 
trial in origin and SO,2- and C1- are most 
often ascribed to marine sources. In the 
LGM, C1- concentrations increased, whereas 
NO,- concentrations decreased; at 14 ka, all 
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Fig. 4 (Left). 6180,,, values from ClSP 2 (72) are compared t o  the Sajama 6180,,, 
record. The shaded areas denote Sajama data points that lie outside 50.05 per m ~ l  
of the corresponding ClSP 2 data and contain elevated SAr/N, values. Fig. 5 0.01 

Tritium 

. . . . , . , , , . , , . , . . . . . . 
(right). All data used t o  constrain the Sajama time scale are illustrated t o  show the o 20 40 60 80 loo 120 
depth-age relationship. Diamonds denote 14C data, triangles denote S180i,, match- Depth (m) 
ing points, and squares signify absolute dates. Solid symbols represent the data 
points used t o  construct the Holocene time scale (78). The dates from the 14C data points at  78.3 m were averaged (denoted by the line between 
them) because of their low individual carbon weights (Table 1). 



anion species increased simultaneously. 
h,foisture on Huascarin and Sajarna origi- 
nates from the east. over the Amazon River 
basin 14, 5). However, the 14-ka anion con- 
centration event on Sajama (located on the 
Altiplano) is absent in the Huascarin ice core 
to the north of the Altiplano. A comparison of 
the LGM anion event is not possible because 
the Huascaran record is <20 lea. Therefore. 
changes in anion concentrations on Sajama 
appear to have been heavily influenced by 
local changes in source strength. It is lilcely 
that increases in ailion concentrations, partic- 
ularly in SO,2- and in C1-, are tied to the 
desiccation of the -4ltiplano lalces; when the 
lalces are dry, salts contailling SO,2- and C1- 
are entrained by winds over the salt flats and 
then deposited in snow on the ice cap. 

One-hundred-year averages of the 25,000- 
year (25-ley) Sajama record (Fig. 6) provide a 
high-resolution vien- of the LGS (1 1.5 to 25 
lea). Layers of large dark particles, derived 
from the flanlcs of Sajama and neighboring 
volcanoes, are absent in this core section 

because the regional snowline was 800 to 
900 m lower during the LGM (24). Remote 
sensing studies (25) in the central Andes (5" 
to 23's) show that the present s11ol~~ line rises 
from east to west because precipitation de- 
creases w t h  increasing distance from the 
moisture sources, which are the tropical At- 
lantic and the -4mazon River basill. The s11ol~~ 
line during the LGhsf lilcely varied in a similar 
manner. 

At times during the LGS, much of the 
Altiplano was covered by large paleolalces 
(26-25): these have been nlostly diy through- 
out the Holocene. when large salt flats such 
as the Salar de Lqwni were exposed. Cold. 
wet conditions on the Altiplano from 25 to 22 
lea are indicated in the Sajama record by 
depleted 61S0,,, values, low allion concentra- 
tions, and a high regional precipitation of 
dust (Fig. 6). This period is believed to coin- 
cide with the latter phase of Minchin Lalee; 
which covered an area between -40.000 and 
60,000 ltm2 or more (26). The large increase 
in C1- (and, to a lesser extent, SO,2-) and a 

Depth (m) 

0 80 90 100 110 120 130 -15 - 

large decrease in net accumulation at -22 lea 
indicate that these lalces began to diy and 
reached a maxinlum desiccation at -2 1 lea, 
after which the lalces slowly refilled (-2000 
years). 

Aerosol concentrations suggest that the 
lalce basins retained water until 15.5 lea. when 
warm, dl? conditions abiuptly ensued. Con- 
tained in 4 111 of core, this progressive and 
oscillating walming (culminating at -14.3 
lea) is the isotopically wai-mest (-14 per mil) 
interval in the 25-ley record. The aridity of 
this warm period is evident from increases in 
dust and all three major anions. suggesting 
that the diying of the lalces on the Altiplano 
was more regional and was different from the 
drying that occuned during the latter part of 
the LGS, when only SO,2- aud C1- increased. 

After the interstadial. a deglaciatioil cli- 
matic reversal (DCR) began at 14 lea as the 
climate shifted abruptly to colder conditions 
that were similar to those attributed to the 
North Atlantic Younger Diyas (YD) stadial. 
The Sajama DCR is characterized by a 

" C  dates (calibrated) 

GISP2, Greenland 

Vostok, Antarctica 

- -15 Oxygen Isotopes -42 . 
.I, 

0 
L " .21 

- -24 - 
S 2 -  

+I 4 

- ,  
yea;s. Dating based on I4C dates and on matching ~~~0,,,'and 6180,,, 

o 5 10 15 20 25 wi th  GISP 2. Two accumulation histories (p = 1.5 and 2.0) were 
Age ky BP (1950) calculated w i th  E q .  1. The t w o  accumulation records were combined 

(averaged), and the data presented are deviations f rom the mean o f  the 
combined record. Fig. 7 (r ight). The global extent o f  the LGS and a climatic reversal (cooling) during deglaciation is il lustrated by the stable isotope 
records f rom t w o  tropical sites [Sajama and Huascaran (4)], t w o  Northern Hemisphere sites [Guliya (22) and GISP 2 (29)], and t w o  Southern 
Hemisphere sites [Byrd station (47) and Vostok (48)]. Al l  records shown are 100-year averages, except records for Vostok (200-year averages) and 
Guliya (400-year averages). 6D, 86180 + 10. 
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61s0,,, decrease from the previous intersta- 
dial; comparable to that in the Greenland (29) 
ice cores (5.2 versus 5.3 per mil). As in the 
LGM, the cold climate during the DCR on 
Sajama was accompanied by higher net ac- 
cumulation (Fig. 6) and high lake stands as 
inferred from decreases in aerosol concentra- 
tions. Palynologic and glacial geological 
studies elsewhere in the Andes (27, 30) con- 
firm that the initial rise of Tauca Lake did not 
result from melting glaciers but from a pre- 
cipitation increase over the Altiplano. How- 
ever, lake desiccation at the termination of 
the DCR was more gradual and continued 
well into the Holocene. 

Dust concentrations in ice cores from both 
Sajama and Huascaran show a slight decrease 
in dust loading during the DCR, which is 
consistent with dust concentrations in Antarc- 
tic cores (31) but in contrast to the dustiness 
of the YD in the Greenland ice core records 
(32). These differences suggest that dust 
loading associated with the YD may have 
been restricted to the Northern Hemisphere as 
the possible product of the glacial flour gen- 
erated along the fluctuating margins of the 
large Northern Hemisphere ice sheets. 

The Holocene. The colder conditions of 
the DCR persisted until 11.5 ka, when a 
sudden warning occurred within a few cen- 
turies, marking the onset of the Holocene 
(Fig 6). At 105 m, S1801,c values increased 
from an average of -20.5 to -16.5 per mil 
(Fig. 3), after which they increased only 
slightly to the tops of the ice cores. Soluble 
and insoluble aerosol concentrations re- 
mained low until -9 ka, when abrupt increas- 
es in deposition signaled a drop in lake levels. 
The insoluble dust concentration in the Ho- 
locene is eight times that in the LGM, which 
is inconsistent with dust records from polar 
ice cores (31, 32). The enhanced dust con- 
centration is a result not only of increased 
local volcanic activity but also of the elevated 
Holocene snowlines and of decreased net ac- 
cumulation (Fig. 6) that occurred at the be- 
ginning of the Holocene and continued until 
-3.4 ka. The high concentrations of soluble 
species and dust indicate that the lake levels 
were low in the mid-Holocene from 9 ka 
(lagging the accumulation decrease by -2.5 
ky) to 3 ka on the Altiplano. Water levels in 
Lake Titicaca in the northern basin were also 
low from -7.7 to 3.5 ka (I4C dating) (33). 
The subsequent decrease in aerosols from -3 
ka to the present reflects an increasing accu- 
mulation in the region (Fig. 6); which is 
consistent with slightly higher levels in Lake 
Titicaca (34). 

Climatic implications. The paleoclimate 
record preserved in the Sajama ice cores 
strongly reflects the waxing and waning of 
the paleolakes, a dominant feature of the 
Altiplano (35). The presence or absence of 
these lakes reflects regional changes in the 

climate system. On the Altiplano, cold peri- 
ods were generally wet, unlike the conditions 
inferred from polar ice cores. Glaciers in the 
cordilleras of southern Peru and Bolivia ap- 
pear to have expanded before the last global 
glacial maximum (36), implying that cooler 
global temperatures were associated with 
greater precipitation and reduced evaporation 
in the subtropical Andes. Such changes 
would result from more frequent incursions 
of polar air masses from the southeast, as they 
bring cooler and cloudier conditions to the 
subtropical Andes thoughout much of the 
year (37). However, under current conditions, 
>SO% of the annual precipitation at the base 
of Sajama falls within the summer months 
(November through March) and is associated 
with increased solar radiation. This heating of 
the Altiplano enhances convection, which fa- 
cilitates moist air advection from the east (8). 

The similarity of the S1'Oice values from 
Huascaran (Peru) and Sajama (Table 2) sug- 
gests that the Amazon River basin has re- 
mained the dominant moisture source for the 
tropical Andes. The drier conditions on Hua- 
scaran at 9"s (4) and the wetter conditions on 
Sajama at 18's during the LGS are consistent 
with lake-level reconstructions for that time 
period (38), when only 25% of the tropical 
lakes that have been studied had levels that 
were as high as present levels. In the North- 
em Hemisphere, lake levels increased pole- 
ward, so that, between 25" and 35"N, most of 
the lake levels were higher than present levels 
(39). Model experiments (1) indicate that this 
difference is consistent with a reduction in 
both the tropical latitudinal temperature gra- 
dient and Hadley cell intensity. These results 
require that the tropical Atlantic was -5°C 
cooler at the LGM (40); which is a greater 
cooling than inferred from the CLIMAP (Cli- 
mate: Long-Range Investigation, Mapping, 
and Prediction) (41) simulation. A reduced 
temperature gradient at low to subtropical 
latitudes weakens the Hadley circulation re- 
gardless of the mean temperature, which 
plays a secondary role (42). These interpre- 
tations are consistent with other LGM precip- 
itation reconstructions (43). The enhanced 
moisture content of LGM and DCR air mass- 
es and prolonged cloud cover would contrib- 
ute to substantial increases in accumulation 
and to reduced evaporation. 

The question of whether the YD affected 
the Southern Hemisphere remains conuover- 
sial (4, 44, 45). Results from Taylor Dome; 
Antarctica (45), show a cold reversal that was 
contemporaneous with the YD in Greenland. 
The Sajama record confirms the existence of 
a DCR at 18"s on the Altiplano of Bolivia, 
which is consistent with the Huascarin record 
from 9"s. The interstadial at -14.7 ka is 
more pronounced on Sajama and on the Gu- 
liya ice cap (22) than it is in polar cores (Fig. 
7). Similarly, the magnitude of the subse- 

quent rapid cooling is greater on Sajama, 
suggesting that the DCR was an important 
climate event in the tropics. This pronounced 
event, which extends 4.5 m (or 2500 years) 
on Sajama, exhibits a rapid onset and termi- 
nation, which occur in less than a few centu- 
ries. Both the DCR and the YD in Greenland 
are characterized by a 5.2 per mil decrease in 
mean 61s0,,~, from Holocene values. The 
near synchr&eity of changes in methane 
source regions and the temperature response 
at the end of the YD in Greenland supports an 
atmospheric transmission of the climate sig- 
nal (46). The abrupt onset and ternination of 
the DCR suggest that atmospheric processes 
are also likely to have driven the climate 
changes associated with it. These data have 
implications for the role of the tropical hy- 
drological system as a key driver of abrupt 
global climate changes (46). 

The time scale for the Sajama cores allows 
a comparison of their S180,,, profiles (Fig. 7) 
with other tropical (4), subtropical (21, 22), and 
polar records (29, 47, 48). This global array of 
cores shows large-scale similarities and impor- 
tant regional differences. From the early Holo- 
cene (6.8 to 10.0 ka) to the LGM (18.0 to 21.2 
ka); 6180,,, values shift by 5.1 per mil in the 
GISP2 core (29); 6.3 per mil in the Huascaran 
core (4), and 6.6 per mil in the Byrd core (47, 
49). All of these cores show similar isotopic 
depletion (Table 2), as do the differences be- 
tween modem (0 to 1000 yr B.P.) and LGM 
values. This depletion reflects substantial global 
cooling in the LGM, which is consistent with 
records from other archives [such as snow line 
depression, noble gases fsorn groundwater in 
the Amazon River basin. and corals (50)l. al- 
though these data suggest a greater cooling than 
recent foraminifera1 and alkenone reconstruc- 
tions (51). 
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