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Wisconsin/Wiirm Glacial Stage Ice
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ABSTRACT: The insoluble microparticle concentrations and size distributions and oxygen
isotope abundances (818 0) in two 1-meter ice cores from the margin of the Dunde ice cap
(38° 06 °'N; 96° 24 "E; 5325 masl) drilled in 1986 and three ice cores drilled to bedrock at the
summit of the ice cap in 1987 suggest the presence of Wisconsin/Wiirm Glacial Stage (LWGS)
ice in the subtropics. A Sino-American research group recovered three ice cores 136, 138 and
139 m in length from the summit of the Dunde ice cap in the Qilian Shan which are providing
long, high temporal resolution climatic and environmental records for the NE section of the
Tibetan Highlands. Particulate concentrations, conductivity and 318 O are the ice core
constituents best established as indicators of the glacial/interglacial transition. The analyses of
two shallow cores from the margin reveal a 14-fold increase in particulate concentration
which is correlative with a 1%. to 5%0 decrease (more negative) in §18 0. The lower 10to 13 m
of three ice cores drilled to bedrock at the summit contain a ten-fold increase in dust (both
soluble and insoluble) and a 1.2% decrease in oxygen isotopes. Additionally, the
morphological properties of the particles in the LWGS ice are identical to those of the thick,
extensive loess deposits of central China which accumulated during the cold, dry glacial
stages of the Pleistocene. When the climatic and environmental records are fully extracted
from the three deep cores they will provide a very detailed record of variations in particulates
(soluble and insoluble), stable isotopes, net balance, pollen and perhaps atmospheric gases of
CO, and méthane through the Holocene into the last glacial in the subtropics on the climati-
cally important Tibetan Plateau.

plateau. Thus, it is important to study not only the
impact of the Qinghai-Tibetan plateau on the atmo-

The inter-annual fluctuations in the summer mon-
soon over SE Asia have a profound socio-economic
impact. The importance of the Qinghai-Tibetan plateau
as a heat source for the atmosphere is well documented
(Flohn 1957, 1965 and 1968; Koteswaram 1958; Mura-
kami 1981; Virgi 1979; Yah 1981; Luo and Yanai 1983;
Reiter 1983; Lau and Li 1984). The climatic regime of
E Asia, the tropical Pacific and North America are
strongly affected by the thermal and dynamical forcing
by this extensive, elevated land mass. Numerical simu-
lations with a global atmospheric circulation model lead
Barnett et al. (1988) to suggest that large variations in
the amount of snowfall over Eurasia in the spring time
are linked to the strength of the Asian summer mon-
soon. Kuhle (1987) presents the principle of the relief-
related origin and termination of ice ages which is direct-
ly dependent on changes in albedo due to changes in the
amount of snow and ice cover on the Qinghai-Tibetan

sphere through large-scale thermal forcing, but it is
essential to establish a high temporal resolution record
of long-term climate on the plateau.

High temporal resolution terrestrial records of
climate, some extending into the Late Wisconsin/Wiirm
Glacial Stage (LWGS), are relatively abundant in polar
latitudes. These have been extracted from pollen
sequences (Woillard and Mook 1982; Birks 1981; Birks
and Mathews 1978), lake sediments (Eicher et al. 1981;
Eicher 1980; Eicher and Siegenthaler 1982) and from ice
cores (Dansgaard et al. 1982; Lorius et al. 1979; Ham-
mer et al. 1985; Herron and Langway 1985; Paterson
et al. 1977; Thompson 1977; Thompson and Mosley-
Thompson 1981). On the other hand, there is a dearth of
such records in the tropics and subtropics. The first
evidence of remnant, glacial-stage ice in the subtropics
was found in the Dunde ice cap (38° 06 °N; 96° 24 'E;
5325 masl) in the Qilian Shan (Fig 1) in 1986 and has
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Fig 1 The Dunde Ice Cap is located in the Qilian Shan of the

north-central Tibetan Highlands.

*been confirmed by three ice cores drilled to bedrock in

the summer of 1987. The Dunde ice cap stretches
11.1 km from NNE to SSW and the width varies from
2.5 to 7.5 km covering a total area of 60 kmZ.

The Dunde ice cap has been the focus of a multi-
year (1984; 1986; 1987) field and laboratory investigation
under the auspices of a Sino-American glaciological
program. The central objective of has been to recover a
high quality record of the climatic and environmental
changes preserved in the Dunde ice cap (Thompson
et al. 1988). From June 1 through September 3, 1987, an
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expedition consisting of five Americans and 30 Chinese
spent 50 days studying the Dunde ice cap. The program
represented the cultimation of nine years of effort direc-
ted toward the extraction of ice cores from the Qinghai-
Tibetan Plateau, China. It is anticipated that these
cores will provide long histories of general environ-
mental conditions including droughts, volcanic activity,
changing moisture sources, glacier net balance and
possibly temperature. The first cooperative three month
field research program was conducted in the Tien Shan
and Qilian Shan in 1984 by the Lanzhou Institute of
Glaciology and Geocryology (LIGG) and the Byrd Polar
Research Center (BPRC) at The Ohio State University.
This program resulted in the selection of the Dunde ice
cap as the best initial site for recovery of ice core climate
and environmental records. A two-month cooperative
study from mid-July to mid-September in 1986 resulted
in the recovery of shallow ice cores up to 34.5 m in
length, a survey of snow accumulation through detailed
snow pit studies, monopulse radar sounding to deter-
mine ice thickness, and the establishment of a detailed
strain network for ice flow and snow accumulation mea-
surements.

During the 1987 field season three ice cores, 136, 138
and 139 m in length, were retrieved (Fig 2). The drilling
of multiple cores is essential in order to distinguish
between the local glaciological noise and the climatolo-
gical record preserved in the ice cores. The work on the
Devon Island cores (Paterson et al. 1977) and two
Quelccaya ice cores (Thompson et al. 1985; 1986) illu-
strates problems which arise when climatic interpreta-
tions are made from a single ice core record. Fourteen
boxes containing 83 m of frozen ice core were success-
fully returned to BPRC in 1987.

Fig 2

This schematic illustrates the theo-
retical flow of an ice which is frozen
to its bed. Note the thinning and
spreading of annual layers. The rela-
tive positions of the 1980 shallow
cores X and XX are shown along
with the location of the three cores
drilled to bedrock in 1987.
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The first core, 139 m, was cut and prepared in the
field and 3600 water samples were divided and returned
to both LIGG and to BPRC. The second core, 136 m in
length, was shipped frozen to the LIGG for laboratory
analysis. The third core, 138 m, was processed so that
the top 55 m was cut and prepared in the field and the
resulting 1600 water samples were returned to BPRC.
The lower 83 m (where the stratigraphic layers are
compressed) were returned in excellent condition to
BPRC. A combination of man-hauling, horses, trucks,
refrigerated truck and airplanes was required to
transport these ice cores 12,500 miles from the Dunde
ice cap to their final destination.

A light-weight, portable, field laboratory was estab-
lished on the summit of the Dunde ice cap. Two saws, a
band-saw and a chop-saw, equipped with stainless steel
blades were used to section the ice core samples. A light
table was modified to accomodate a camera which was
used to photographically record the ice core
stratigraphy.

The three cores to bedrock were recovered by a light-
weight drilling system powered by a two cycle ultralight
aircraft engine attached to a 220 volt generator. The
system was designed by the Polar Ice Coring Office
(PICO). In each borehole a detailed temperature profile
was established at five meter intervals (Fig 3). Bottom
temperatures in all three boreholes ranged between —4.6
to —4.7° C, indicating that the ice cap is polar.

Late in the 1986 ablation season an abrupt contact
line between the clean and dirty ice was noted along the
E margin of the ice cap. To further investigate this (see
T in Fig 4), two 1-meter ice cores were drilled through
this boundary. These cores contain a very sharp transi-
tion between the overlying relatively clean ice and the
underlying dirty ice (Fig 4). Both cores were analyzed
for microparticle concentrations and size distributions,
liquid conductivities and 8!8 0. The very high concentra-
tions of particules in the dirty sections of the ice cores,
nccessitated an eight-fold dilution prior to analysis by
the Coulter Counter technique (Thompson 1977).
Microparticle concentrations in the lower sections of
core X and core XX increase 12 to 14 times above the
levels in the overlying clean ice (Fig 5). In both cores
818 0 shows a 1%e decrease (more negative) correlative
with the increase in particulate concentrations. The most
negative 8'8 0 value (—15%0), in the deepest sample, is
5% more negative than the least negative value in the
overlying clean ice.

LWGS ice in deep ice cores from the polar regions is
characterized by both a marked decrease in 8!8 0
(Dansgaard et al. 1982; Lorius et al. 1979; Paterson
et al. 1977; Lorius et al. 1985; Barkov et al. 1977;
Johnsen et al. 1972) and a correlative and sharp increase
in the concentrations of insoluble particulates (Thomp-
son and Mosley-Thompson 1981; Thompson et al. 1981;
Koerner 1977; De Angelis et al. 1987). A schematic of
the first order ice flow envisioned for Dunde, a typical
dome-shaped, non-temperate ice cap, illustrates the
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Fig 3 Temperature profile measured at 5 m depth intervals from
the Core 1 borehole on the summit of Dunde ice cap in
1987. The temperature profile indicates the ice cap is

“polar” throughout with a bottom temperature of ~4.7° C.

thinning and spreading of the annual accumulation layers
by plastic deformation (Fig 2). By this mechanism the
old basal ice under the summit can be exposed at the
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surface on the flank where cores X and XX were re-
trieved.

Scanning electron microscope examination of the size
distribution and morphology of individual particles
revealed that the particles from the overlying clean ice
(Fig 6A) are similar to those in samples collected from
pits at the ice cap summit. The large increase in particles
associated with the dirty ice is evident in Fig 6B. The
size distributions and morphologies are identical to those
of loess particles (Fig 6C) collected from a Pleistocene
loess sequence near Xining which is 800 km SE of the ice
cap along the W margin of the China Loess Plateau
(Fig 1). During the Pleistocene, loess formations
measuring up to 335 m in thickness were deposited near
Lanzhou. The Pleistocene loess is composed principally
of subangular to rounded silt grains (diameters from .005
to .05 mm). The major periods of loess deposition were
the cold, dry and windy periods of the Pleistocene (Liu
et al.1987; Derbyshire 1983), and therefore, the pre-
sence of identical particles in the dirty ice of the Dunde
ice cap support the hypothesis that LWGS ice is present.
Wang et al. (1978) note that the prevailing NW wind
direction at Lanzhou from October to May carries parti-
culates similar in grain size and mineralogy to the Plei-
stocene loess. Thus, the tremendous increase in concen-
tration of windblown dust above current levels is a very
compelling argument for the proposed Pleistocene age.
Moreover, the presence of loess in the glacial stage ice of
Dunde ice cap at 5400 m in the Tibetan Highlands is
irrevocable evidence for the aecolian origin of the
Chinese loess deposits.
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Fig 4
The left photograph illustrates the
marked difference between the clea-
ner interglacial ice and the under-
lying dirty glacial ice. The latter is
about 6 m thick. This abrupt transi-

< tion (T) is also evident in the ice

Ty core (right) drilled through the
boundary.

The continuous analysis of particles, chemistry,
stable isotopes, pollen and net balance records for three
deep ice cores (136, 138 and 139 m) are currently under-
way. Fig 7 presents the analysis of 70 randomly analyzed
samples from the 3600 collected samples on this core,
plotted with depth in the 139.6 m core from the summit
of the Dunde ice cap. This record clearly shows a period
of reduced 8!8 0 values and higher soluble dust concen-
tration from approximately 25 m to 60 m depth. Similar
features appear at depths of 70 to 80 m and at 100 to
110 m. These may correspond to three previous neogla-
cials in addition to the period of very high dust concen-
tration and more negative 818 0 for the lower 10 m of the
core.

Continuous analysis of the dust concentrations in the
lower 40 m of the core now indicate the glacial/inter-
glacial transition occurs between 129 and 130 m depth.
The very detailed analyses of these cores are continuing.
The monsoon climate in the Qilian Shan mountain
ranges produces an annual cycle in atmospheric dust
concentration which leads to the deposition of an annual
dust layer in the Dunde ice cap (Thompson et al. 1988).
These annual dust layers and annual 8!8 0 will aid in the
precise dating of at least the upper half of these ice
cores. These records will provide the first ice core
records of the variations in drought, volcanic activity,
and net accumulation associated with the monsoons. In
addition, vegetation fluctuations into the last glacial
stage may be extracted from the pollen records.

The Dunde ice cap is uniquely placed in a desert
environment between the highest Chinese desert, the
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Fig 5 Dunde Ice Cap, Margin Cores
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(Fig 1). The reconstructed environmental record should

contain a long history of dust production from these All oxygen isotope measurements were conducted by
deserts, in addition to the other essential climatic infor-  at Geochron Laboratories using an VG SIRA with
mation on the geographical distribution of such events as  normal reproducibility better than 0.2%. on random
the Younger Dryas and the “Little Ice Age.” duplicate samples. This research has been supported by

Fig 6 Scanning electron micrographs of particles from the upper clean sections of core X (A), the dirty section of core XX (B) and from a
Pleistocene loess deposited 800 km SE of the Dunde Ice Cap during the cold and dry phases of past glacial stages (C) are presented.
The similarity in morphology and size distribution of the loess and the particulates from the dirty ice supports the suggestion that the
dirty, basal ice layer is of Late Wisconsin age.

DUNDE ICE CAP, CHINA

TR 0 WL NN

Core X Upper clean ice Core XX Underlying dirty ice Pleistocene Loess
(0.36-0.42m) (0.19-0.27m) from Xining, China
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Fig 7

Preliminary analysis of 65 randomly selected samples from the 3600 samples collected from core 1. The measurements of total partic-
les, conductivity and 518 0 are plotted with depth in core. The vertical lines through the profiles indicate the relative means of each

parameter for the interglacial and glacial. The marked increase in dust and decrease in oxygen isotopes is readly apparent in the

lower 10 m of the core.

the National Science Foundation Office of Climate
Dynamics and the Division of Polar Programs, the
National Geographic Society and Academia Sinica of
China. We thank the many individuals who have contri-
buted to the success of this program, especially the fifty
Chinese and American scientists who have participated.
We thank Mary Davis for assistance in the microparticle
and conductivity measurements. This project is support-

ed by both the Division of Polar Programs and Climate
Dynamics Program under NSF grant ATM-8519794 and
by National Geographic Society grant 3323—86. The first
year’s support was provided by the National Academy of
Sciences’ Committee for Scholarly Communication with
the People’s Republic of China. This is contribution
number 614 of the Byrd Polar Research Center.



GeodJournal 17.4/1988

References

Barkov, N. I.; Korotkevich, E. S.; Gordienko, F. G.; Kotlyakov,
V. M.: The isotope analysis of ice cores from Vostok station
(Antarctica), to the depth of 950 m. IJAHS-AISH Pub. No. 118,
382—-397 (1977)

Barnett, T. P.; Dumenil, L.; Schlese, U.; Roeckner, E.: The effect
of Eurasian snow cover on global climate. Science 239, 504507
(1988)

Birks, H. J. B.: Late Wisconsin vegetational and climatic history at
Kylen Lake, Northeastern Minnesota. Quat. Res. 16, 322-355
(1981)

Birks, H. H.; Mathews, R.: Studies in the vegetational history of
Scotland. New Phytol. 80, 455—484 (1978)

Dansgaard, W.; Clausen, H. B.; Gundestrup, N.; Hammer, C. U.;
Johnsen, S. F.; Kristinsdotter, P. M.; Reeh, N.: A ncw Green-
land deep ice core. Science 218 (4579), 12731277 (1982)

De Angelis, M. D.; Barkov, N. I.; Petrov, V. N.: Aerosol concen-
trations over the last climatic cycle (160 Kyr) from an Antarc-
tic ice core. Nature 325, 318—321 (1987)

Derbyshire, E.: On the morphology, sediments, and origin of the
Loess Plateau of central China. pp. 172—194 In: Gardner, R.;
Scoging, 1. (eds.) Mega-Geomorphology. Clarendon Press,
Oxford 1983.

Eicher, U.: Pollen- und Sauerstofftisotopen-analysen an spitgla-
zialen Profilen vom Gerzonsee, Faulenseemoos und vom Regen-
moos ob Boltigen. Mitteilungen Naturforschende Gesellschaft,
Bern. Neue Folge 37, 65~80 (1980)

Eicher, U.; Siegenthaler, U.: Klimatische Informationen aus Sauer-
stoffisotopenverhiltnissen in Seesedimenten. Physische Geo-
graphie 1, 103110 (1982)

Eicher, U.; Siegenthaler, U.; Wegmiiller, S.: Pollen and oxygen
isotope analysis on late-glacial and post-glacial sediments of the
Tourbiere de Chirens (Dauphine, France). Quaternary Rese-
arch 15, 160—170 (1981)

Flohn, H.: Larger scale aspects of the summer monsoon in south and
east Asia. Journal of the Meteorological Society of Japan, 75th
_Anniversary Volume, 108—136 (1957)

Flohn, H.: Thermal effects of the Tibetan Plateau during the Asian
monsoon season: Australian Meteorological Magazine 49,
55—58 (1965)

Flohn, H.: Contribution to a metcorology of the Tibetan highlands.

Department of Atmospheric Science Report 30, University of
Colorado, Fort Collins, CO. (1968)

Hammer, C. U.; Clausen, H. B.; Dansgaard, W.; Neftel, A. P.;
Kristinsdotter, P.; Johnson, E. pp. 90-94 In: Greenland Ice
Core: Geophysics, Geochemistry and the Environment. Geo-
physical Monograph Vol. 33, 1985.

Herron. M. M.; Langway, Jr., C. C.: Chloride, nitrate and sulfate in
the Dye 3 and Camp Century, Greenland, ice cores. pp. 79—84
In: Greenland Ice Core: Geophysics, Geochemistry and the
Environment. Geophysical Monograph Vol. 33, 1985.

Johnsen. S. J.; Dansgaard, W.; Clausen, H. B.; Langway, C. C:
Oxygen isotope profiles throught the Antarctic and Greenland
ice sheets. Nature 235, 429434 and correction 236, 249 (1972)
Koerner, R. M.: Distribution of microparticles in a 299-m core

through the Devon Island ice cap, Northwest Territories,
Canada. TAHS-AISH Pub. No. 118, 371-376 (1977)

Koteswaran, P.: The easterly jet stream in the tropics. Tellus 10, 1,
43-87 (1958)

523

Kuhle, M.: Subtropical Mountain and Highland Glaciation as Ice
Age Triggers and the Waning of the Glacial Period in the
Pleistocene. Geolournal 14, 4, 393—421 (1987)

Lau, K. M.; Li, M. T.: The monsoon of East Asia and its global
associations — a survey. Bulletin of the American Meteorolo-
gical Society 65. 2, 114—125 (1984)

Liu, T.; Zhang, S.; Han, J.: Stratigraphy and paleoenvironmental
changes in the loess of central China. pp. 489—-495 In: Quater-
nary Glaciations in the Northern Hemisphere. Quaternary
Science Review 6 (1987)

Lorius, C.; Merlivat, L.; Jouzel, J.; Pourchet, M.: A 30,000-ycar
isotope climate record from Antarctic ice. Nature 280, 644648
(1979)

Lorius, C.; Jouzel, J.; Ritz, C.; Merlivat, L.; Barkov, N. 1
Korotkevich, Y. S.; Kotlyakov, V. M.: A 150,000-year climatic
record from Antarctic ice. Nature 316, 591596 (1985)

Luo, H.; Yanai, M.: The large scale circulation and heat sources
over the Tibetan Plateau and the surrounding arca during the
early summer of 1979, Part I. precipitation and kinematics.
Monthly Weather Review 111, 922944 (1983)

Murakami, T.: Geographic influence of the Tibetan Plateau on the
asiatic winter monsoon circulation, Part I, large-scale aspects.
Journal of the Meteorological Society of Japan 59, 66—84 (1981)

Paterson, W. S. B.; Kocrner, R. M.; Fisher, D.; Johnsen, S. J.;
Clausen, H. B.; Dansgaard, W.; Bucher, P.; Oeschger, H.: An
oxygen isotope climatic record from the Devon Island ice cap,
arctic Canada. Nature 266, 508—511 {1977)

Reiter, E. R.: Teleconnections with tropical precipitation surge.
Journal of the Atmospheric Sciences 40, 7. 16311647 (1983)

Thompson, L. G.: Variations in magnitude and concentrations, size
distribution and elemental composition found in Camp Century,
Greenland, and Byrd Station, Antarctica, deep icc cores. [AHS-
AISH Pub. No. 118, 351364 (1977)

Thompson, L. G.; Mosley-Thompson, E.: Microparticle concen-
tration variations linked with climatic change: evidence from
polar ice cores. Science 212, 812—815 (1981)

Thompson. L. G.; Mosley-Thompson, E.; Petit, J. R.: Glaciolo-
gical and climatological interpretation of microparticle concen-
trations from the French 905-meter Dome C, Antarctica, core.
[AHS-AISH Pub. No. 118, 227-237 (1981)

Thompson. L. G.; Mosley-Thompson, E.: Bolzan, J. F.; Koci,
B. R.: A 1500-year record of tropical precipitation recorded in
ice cores from the Quelccaya ice cap. Peru. Science 229 (4717).
971-973 (1985)

Thompson, L. G.; Mosley-Thompson, E.; Dansgaard, W.; Grootes.
P. M.: “The Little Tce Age™ as recorded in the stratigraphy of
the tropical Quelccaya ice cap. Science 234, 361364 (1986)

Thompson, L. G.; Wu, X.; Mosley-Thompson, E.; Xie, Z.: Climate
records from the Dunde Ice Cap, China. Ann. Glaciol. (1988)

Virgi, H.: Summer circulation over South America from satellite
data. Ph. D. thesis, University of Wisconsin, Madison, WJ 1979.

Wang, Y. Y.; Wu, Z. B.; Yue, L.: Constituent materials and struc-
tures of loess in Lanzhou and the dates of its formation. North-
west University Bulletin, Science Edition (in Chinese) 3, 1-27
(1978)

Woillard, G. M.; Mook, W. G.: Carbon-14 dates at Grande Pile:
correlation of land and sea chronologies. Science 215, 159 (1982)

Yeh, T. C.: Some characteristics of the summer circulation over the
Qinghai-Xizang (Tibet) Plateau and its neighborhood. Bullctin
of the American Meteorological Society 62, 14—-19 (1981)



