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Holocene-Late Pleistocene Climatic Ice Core
Records from Qinghai-Tibetan Plateau

L. G. THOMPSON, E. MOSLEY-THOMPSON, M. E. DAVIS, J. F. BOLZAN,
J. DAI, T. YAO, N. GUNDESTRUP, X. Wu, L. KLEIN, Z. XIE

Three ice cores to bedrock from the Dunde ice cap on the north-central Qinghai-
Tibetan Plateau ofChina provide a detailed record of Holocene and Wisconsin-Wurm
late glacial stage (LGS) climate changes in the subtropics. The records reveal that LGS
conditions were apparently colder, wetter, and dustier than Holocene conditions. The
LGS part of the cores is characterized by more negative 8180 ratios, increased dust
content, decreased soluble aerosol concentrations, and reduced ice crystal sizes than the
Holocene part. These changes occurred rapidly -10,000 years ago. In addition, the
last 60 years were apparently one ofthe warmest periods in the entire record, equalling
levels of the Holocene maximum between 6000 and 8000 years ago.

T HE DUNDE ICE CAP (38°06'N,
96°24'E) is located in a desert envi-
ronment between the highest Chi-

nese desert, the Qaidam Basin, to the south,
and the Gobi Desert to the north (Fig. IA).
This relatively large ice cap has a summit
elevation of 5325 m and total area of 60
km2. The mean annual temperature is
-7.3°C. The glacier is 140 m thick and the
underlying bedrock topography is flat.
About 0.4 m of water equivalent per year
accumulates on the ice cap, and the firn-ice
transition occurs at a depth of-25 m (1, 2).

Detailed meteorological and climatologi-
cal data for major parts of the Qinghai-
Tibetan Plateau, including the surrounding
mountains, are lacking (3). Ice core records
from selected ice caps on the plateau that can
be highly resolved in time and that contain
Holocene to Late Pleistocene ice would
allow development of a spatially coherent
climate history. Such records would greatly
enhance our understanding of the global
climate system because of the significance of
this region for affecting large-scale climate.

In 1987, three ice cores were recovered to
bedrock from the Dunde ice cap summit
(Fig. 1): cores D-1 (139.8 m), D-2 (136.6
m), and D-3 (138.4 m). The visible stratig-
raphy of each core was photographically
recorded immediately after drilling. Core D-
1 was then cut into 3585 samples that were
melted in closed containers by passive solar
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heating in a laboratory tent. Samples were
divided so that microparticle concentrations
(MPC) and 0 isotopic ratios (8180) could
be measured on the same sample. The upper
56 m of core D-3 were melted and bottled
on site while the lower 83 m were kept
frozen. The concentrations of NO, S02-,
Cl-, and pH were measured for the entire
length of D-3, and crystal sizes and cations
were measured for selected sections (4-6).

Surface and basal borehole temperatures
were -7.3°C and -4.7°C, respectively. At
the summit ofthe ice cap, ice layers can form
during the summer as a result of the intense
radiation. Summer melt, as shown by ice
layers in the firn, generally makes up less
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Fig. 1. (A) Location of Gobi
the Dunde ice cap, Qai- __s
dam Basin, and Loess Qaidum
Plateau and (B) topogra-
phv of the ice cap, posi- Q i E* 2 , 1 I ~~~~~~~Qinghai-Tibetanetion of the survey net- Plateau
work, firn and equilibri-
um lines, and sites where
ice thickness was deter-
mined.

than 5% of the annual precipitation (2).
The MPC and 0 isotope stratigraphy

show an annual variation (2) that is discern-
ible down to about 70 m depth. Below this
level, the sampling interval (3 cm) was too
large to enable resolution of the annual
signal. However, enhanced dust deposition
during the dry season produced stratigraph-
ic markers that are visible deeper in the ice.
These were used to identify annual layers to
about 117 m depth (Fig. 2). Counting the
annual 580 and MPC peaks to 70 m and
the visible dust layers below 70 m indicates
that the ice at 117 m depth was deposited
about 4550 years ago.
The age of the deeper ice can be roughly

estimated by extrapolation of the annual
layer thickness data. The D-1 borehole was
located close to the flow divide or center of
flow. A variety of data (7-9) suggest that ice
deformation as a function of depth is differ-
ent near a flow divide than at distances many
ice thicknesses away. Although derived from
a deep temperature profile from the Dome
C ice divide in East Antarctica (8), the
following analytical expression provides a
good representation of the annual layer
thickness data in the D-1 core

L(z) = b(I - zlH)P ' (1)
where z and H are the ice-equivalent depth
and thickness, respectively, and b is the
average annual accumulation rate (meters
per year) over the depth interval of interest;
p is a constant to be determined.

Measurements of gross beta radioactivity
from the 1987 D-1 and D-3 cores allowed
identification of the 1963 atmospheric nu-
clear testing horizon; the calculated average
accumulation rate between 1963 and 1987
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Fig. 2. Average annual layer thicknesses (U)
based upon the visible dust layers as a function of
depth in core D-1. The inset shows the thick-
nesses in detail from 90 m to the bottom of the
core. The curve represents the calculated variation
of layer thickness with depth from Eq. 1 with the
parameters p = 1.612 and b = 0.428 m per year.

was about 0.42 m/year (ice equivalent). The
average measured value from 31 stakes in
the summit strain network for the 1986-
1987 accumulation year was 0.37 m (ice
equivalent). If the 24-year average value is
assumed to be characteristic of the Holo-
cene, the exponent p is fixed by the require-
ment that the ice at 117 m depth was
deposited 4550 years ago. The age at the
prominent stratigraphic transition (Fig. 3)
at 129.2 m depth in the D-1 core (125.8-m
ice equivalent) is then calculated to be about
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11,950 years ago. In consideration of the
uncertainty in the accumulation rate as-
sumption, this age is close to the annually
dated age of 10,750 years ago for the LGS-
Holocene transition in the Camp Century
core from northern Greenland (10).
We estimated the age near the bottom of

the D-1 core (Figs. 3 and 4) by fixing the
age at the LGS-Holocene transition at
10,750 years ago and using the dated hori-
zon at 117 m depth. Although these results
are rough because pronounced variations in
accumulation rate and shape ofthe ice sheet
no doubt have occurred over long periods of
time, these estimates suggest that the record
is potentially more than 100,000 years old.

All major dust events in the glacial stage
ice ofcore D-1 also occur in core D-3. These
data indicate that the records are continuous
through the lowest sections of both cores.
As is the case for the relatively shallow ice
caps in the Canadian arctic islands (11, 12),
the high-altitude, subtropical ice caps of the
Qinghai-Tibetan Plateau can provide climat-
ic records comparable in length with those
obtained in Greenland and Antarctica, al-
though the oldest sections of the record are
much more compressed.

Late in the 1986 field season, an abrupt
contact was observed between clean ice and
underlying dirty ice emerging along the
margin of the Dunde ice cap. The MPC and
180 analyses of two shallow cores drilled

through this transition indicated that the
underlying ice was probably of Wisconsin-
Wurm LGS age (1). In core D-1 at the
summit there is also a large increase in dust
and 8180 depletion (Fig. 3) at 129.2 m; the
MPCs increase substantially over the Holo-
cene average. The increase in dust and de-
crease in the '80/160 ratio are also observed
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in LGS ice from polar cores. In cores from
Camp Century (5) and Dye 3 (13) in Green-
land, the transition from high dust concen-
trations in LGS ice to low concentrations in
Holocene ice is also abrupt. In the Dunde
ice cores, the transition in the dust concen-
tration is completed within a 30-cm section
of ice representing approximately 40 years.
The more negative 8180 ratios in the

lower 10 m of D-1 are consistent and
strongly support the interpretation that
LGS ice is present, even though the mean
change in 5 0 of 2 per mil is substantially
less than the change of 11 per mil at Camp
Century, 8 per mil at Devon Island, and 5 to
7 per mil in Antarctica (13-15). This small
change in the D-1 core implies that the
temperature decrease during the glacial
stage on the subtropical Qinghai-Tibetan
Plateau was less than in the polar regions.
Because more than 85% ofthe annual snow-
fall on the Dunde ice cap arrives during the
monsoon season (June through August),
the isotope record is mainly a proxy of
summer temperature. A moderate tempera-
ture decrease during the LGS at lower lati-
tudes is consistent with the 1981 CLIMAP
(16) sea-surface temperature reconstructions
for approximately 18,000 years ago. A varie-
ty of data suggests that large areas of the
tropics and subtropics had sea-surface tem-
peratures as warm as or slightly warmer than
those today. Moreover, the 0 isotope re-
cord in the Dunde ice cores was not affected
by variations in sea ice cover during glacial
stages. In the polar regions, such changes
can increase the distance to moisture
sources, which will tend to reduce 180/160
ratios in ice core records during colder
climates. Unlike the rapid transition in MPC
and anion concentrations at the LGS-Holo-
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Fig. 3. Averages over 1-m depth intervals (0 to 120 m) and 0.5-m depth
intervals (120 to 139.8 m) for total particles (diameters .2.0 ,m) per chemistry profiles are derived from analysis of 1200 individual samples, and
milliliter ofsample and 5180 in core D-1 and NO , S02-, and Cl- in core D- the ice crystal sizes are measurements on 33 selected sections of core below
3. The particle and 5180 profiles are based on analysis of 3585 samples, the 50 m; avg, average; age is in years ago.
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Fig. 4. Discrete 1,000-year averages of dust concentrations (diameters .2.0 ,m) and 518(
and NO, SO'-, and Cl- in core D-3 for the last 40,000 years. The average values are for
the 40,000-vear record and not for the individual 1,000-ycar averages. There are 5 m of i

the 40,000-year model cutoff shown here; ka, thousand years ago.

cene boundary in the Dunde ice cores, the
increase in 8180 in precipitation appears to be
more gradual, occurring over several centuries.

Concentrations of Cl-, Sol-, Na+, Ca2+
and Mg2+ var similarlv throughout the
cores. Alkaline cations (Na+, Ca2+, and
Mg2+) and So2-, Cl-, and HCO- (estimat-
ed with pH) constitute the majority of the
dissolved species in D-3. The concentrations
of anion species decrease sharply in the
lower 12 m of D-3 (Fig. 3), where average

concentrations of NO, So2-, and Cl- are

30, 50, and 32% of their respective averages

for the entire core. The concentrations of
major cations are also lower in this part of
the core. This decrease of the ionic concen-

trations in core D-3 is temporally correlative
with the increase in microparticle concentra-

tions below 129 m of core D-1, where there
is a similarly abrupt transition. In contrast,

LGS concentrations of soluble species

(SO4, Cl) in polar ice cores are generally
higher than those in the Holocene (17, 18).
The decrease from LGS to Holocene con-

centration in the polar cores is attributed to

increased precipitation and reduced long-
distance transport of terrestrial dust and sea-

salt aerosol during the Holocene.
Ice crystal sizes were measured for select-

ed sections of D-3 in ice below 56 m (Fig.
3) to explore the possibility that tempera-
ture (19) and dust (20) affect size, as report-
ed in polar ice cores. Crystal growth rate

increases with temperature (21). Betw%een 56
and 89 m, a growth rate of 0.2 mm2 per yrear
was calculated, which, if applied to the
entire core, would imply, that at 128.5 m,

the crystal size would be 300 mm2. Howvev-
er, crystal size decreased substantially in
LGS ice where a minimum of 11.4 nu2 was

measured. Similarly, LGS ice in cores from
Antarctica (19) and Greenland (18) is char-
acterized by substantially smaller crystals.
On the basis of these data, we conclude

that the lower 10 to 12 m of ice in the

Dunde ice cap represent ice deF
ing the last glacial stage. The
concentrations correlate closely
depletion (temperature prox),
lar cores extending below the
cene transition; the association c
content and more negative 8184
commonly considered the princ
teristic of LGS ice in polar ice cc
21-26).
The Dunde ice cores provide

the late glacial climatic and en'

conditions on the Qinghai-Tibe
(Fig. 4). The high alkalinity and
centrations suggest that the dus
on the ice cap originated from th
ing deserts and salt deposits. Th
ratios among major anion and

centrations throughout the co

that the provenance of the di
changed much over the last -4(
The reduced concentrations c

species in LGS ice may reflect hil
itation rates during LGS than it
cene. A large part of the Qaidar
apparently covered by freshwatc
ing the LGS (27). Dessication
began in the latter part of t

response to reduced precipita
duced precipitation to evapora
and extensive evaporite dep
formed. As the Holocene is appt
increasing ion concentrations F
flect both decreased precipitati
creased dry surface area in the I
sin.
Enhanced dust deposition in I

have resulted from increased wi

in response to increased baroclin
er isobaric and isothermic gra

29) around the expanded con

sheet in the higher latitudes.
LGS, high winds from the des
ern Asia deposited loess hund
thick across central and eastern

Cr(pPm) lar deposits extend to the Pacific Basin (30)
1.2 2.4 and most likely to North America. Large

dust events must have occurred over the
Dunde ice cap and most likely much of the
extensively snow-covered and glaciated pla-
teau. The rapid decrease in dust deposition
at the LGS-Holocene transition (-40 years)
could reflect substantial change in the pre-
vailing climatic conditions that limited the
capabilitv of the atmosphere to transport
dust.
The 5180 record (Fig. 4) reveals a short

interval of apparent warming about 35,000

in core D- 1 years ago that is also associated with less

all samples in dust deposition. Full glacial conditions were

ce core below soon reestablished. Between 30,000 and
10,000 years ago, concentrations ofCl- and
so4 increased gradually. One explanation
for this increase is that conditions became

)osited dur- drier and the areal extent of salt and loess
high dust deposits increased. About 10,750 years ago,
with 5180 a marked increase occurred, probably re-

as in all po- flecting the drying of the freshwater lakes.
LGS-Holo- Simultaneously, the insoluble dust de-
)f high dust creased sharply (Figs. 3 and 4). The 5180
O has been profile suggests that there was a gradual
ipal charac- warming at the boundary while the aerosol
Dres (11, 13, (soluble and insoluble) data suggest that

other environmental changes, including re-
a record of duced deposition, were rapid as might be
\ironmental produced bv a reduction in wind intensitv.
:tan Plateau A striking feature of the 8180 record (Fig.
I NaCl con- 3) is the extreme less negative values (which
st deposited suggest warmer temperatures) of the last 60
.e surround- years; decades with the highest values are
e consistent the 1940s, 1950s, and 1980s. The only
cation con- comparable values are for the Holocene
res suggest maximum, 6000 to 8000 years ago. Climate
ast has not model results of Hansen and others (31)
0,000 years. suggest that the central part of the Asian
)f dissolved continent might be strongly affected by the
gher precip- anticipated greenhouse warming. Although
n the Holo- the Dunde ice core (D-1) data suggest that
n Basin was the recent warming on the Tibetan Plateau
-r lakes dur- has been substantial, a connection with the
of the lakes greenhouse warming has not been estab-
he LGS in lished.
tion or re-

Ltion ratios,
)osits were

roached, the
)robablvN re-

ion and in-
Qaidam Ba-

LGS ice may
ind strength
icity (steep-
dients) (28,
tinental ice

During the
-rts of west-
reds of feet
China; simi-
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Carbon Dioxide Transport by Ocean Currents at
25°N Latitude in the Atlantic Ocean

PETER G. BREWER, CATHERINE GOYET, DAVID DYRSSEN

Measured concentrations of CO2, 02, and related chemical species in a section across
the Florida Straits and in the open Atlantic Ocean at approximately 25°N, have been
combined with estimates of oceanic mass transport to estimate both the gross
transport ofCO2 by the ocean at this latitude and the net CO2 flux from exchange with
the atmosphere. The northward flux was 63.9 x 106 moles per second (mol/s); the
southward flux was 64.6 x 106 molls. These values yield a net CO2 flux of 0.7 x 106
mol/s (0.26 ± 0.03 gigaton ofC per year) southward. The North Atlantic Ocean has
been considered to be a strong sink for atmospheric CO2, yet these results show that
the net flux in 1988 across 25°N was small. For 02 the equivalent signal is 4.89 x 106
mol/s northward and 6.97 x 106 mol/s southward, and the net transport is 2.08 x 106
mol/s or three times the net CO2 flux. These data suggest that the North Atlantic
Ocean is today a relatively small sink for atmospheric CO2, in spite of its large heat
loss, but a larger sink for 02 because of the additive effects of chemical and thermal
pumping on the CO2 cycle but their near equal and opposite effects on the CO2 cycle.

Tt HE NORTH ATLANTIC OCEAN HAS um with the atmosphere occurs. Linkage of
been widely regarded as an impor- the heat and gas fluxes is a necessary compo-
tant CO2 sink and heat source for the nent of carbon cycle and climate modeling,

atmosphere. The large-scale circulation con- yet calculations of these fluxes have proceed-
sists of both the horizontal wind-driven gyre ed along independent paths. We have mea-
circulation and the vertically overturning sured oceanic CO2 concentrations and relat-
thermohaline-driven circulation. Both act in ed chemical properties (temperature, salini-
concert to transport heat and trace green- ty, 02 and NO3 concentrations, and alkalin-
house gases to latitudes where disequilibri- ity) in a section through the Florida Straits

at 26.5°N (Hollywood, Florida, to Great
Isaacs Rock, Bahamas) and in the open
Atlantic Ocean at 25°N (Bahamas to Africa)
in order to test an earlier and controversial
hypothesis ofBrewer and Dyrssen (1), based
on a few data, that treatment ofCO2 data in

a manner identical to that used for heat
transport would yield a very small net CO2
flux.
The section is the same as that used by

others for the estimate of heat flux (2), and
we made specific use of the oceanic trans-
ports of water derived from these studies to
compute the chemical fluxes. The work was
carried out on the Research Vessel Oceanus
Cruise 205 in November 1988 at five sta-
tions across the Florida Straits and four
stations in the open Atlantic (Fig. 1). Time
did not permit a full oceanic section, and
thus interpolation along density surfaces
sampled by others (2-4) was necessary.

For the North Atlantic, the earlier calcula-
tions (2-4) have shown that the northward
flow of 30 Sverdrups (Sv) (5), principally
through the Florida Straits, has a mean
temperature of 18.8°C, and that the com-
pensating return flow has a mean tempera-
ture of 9.7°C. This difference provides the
observed net heat flux of -1.1 x 10's W.
Although some uncertainty still surrounds
this estimate (6), on the basis ofatmospheric
observations, the oceanic data are compel-
ling.
The equivalent calculation for trace gases

is more difficult because of the technical
difficulty of obtaining measurements and
the enrichment of gases in the cold, deep
flows where mass transports are less easily
determined. Moreover heat is an internally
conserved property of sea water, whereas
the biogenic gases are transferred both at the
sea surface, because of thermal, partial pres-
sure, and biogenic processes, and internally,
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