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ABSTRACT. We seek to better understand growth of the Tibetan plateau and
associated climate change by presenting the first regionally extensive set of oxygen
isotope data obtained from ca. 40 m.y. of Cenozoic strata from a 700,000 km? area
ranging from the northern edge of the Tibetan plateau northward across the entire
Tarim basin. Our results reveal a previously unrecognized large positive isotope shift
from Eocene to Oligocene which we suggest results from initial topographic growth of
the Himalayan-Tibetan system and attendant reorganization of climate by this growing
mountain belt. A negative isotopic shift recorded in Miocene strata may reflect retreat
of the Neotethyan Sea from the Tarim basin, as well as enhanced elevation of the
Himalaya/Tibetan plateau region and the rise of the Tian Shan, which diverted
moisture-bearing Westerlies and deepened aridity in the Tarim basin and the northern
Tibetan plateau.

INTRODUCTION

The relationship between mountain building, plateau growth and climate change
has been a dynamic and controversial topic over the past 15 years (Quade and others,
1989; Ruddiman and Kutzbach, 1990; Molnar and others, 1993; Stern and others,
1997; Chamberlain and Poage, 2000; Garizone and others, 2000; Rowley and others,
2001; Dettman and others, 2001, 2003). Especially important insights have been
gleaned from the Himalaya/Tibet system, where oxygen isotopic shifts recorded in
fossils, paleosol carbonate and smectite of the Indo-Gangaetic foreland basin south of
the mountains were initially interpreted to reflect uplift of the Himalaya and initiation
of monsoonal climate 8.5 to 6.5 Ma (Quade and others, 1989) and later reinterpreted
to indicate that the monsoonal system was active by at least 10.7 Ma (Dettman and
others, 2001). However, the current extreme contrast between the monsoon-
dominated climate south of the Himalaya/Tibetan plateau (ca. 6 km elevation)
(Molnar and others, 1993) and the extremely arid climate (<100 mm/yr precipita-
tion) (Domros and Peng, 1984) of the vast, relatively low standing (ca. 1 — 1.5 km)
Tarim basin north of the plateau (fig. 1) suggest that Cenozoic strata of the Tarim
basin might contain an important record of uplift of the Tibetan plateau and attendant
long-term climate change (aridification). Such a record, if it exists, might provide
important constraints on controversial models of growth of the Tibetan plateau
(Molnar and others, 1993; Tapponnier and others, 2001), which in turn more

* Department of Geological and Environmental Sciences, Stanford University, California 94305-
2115, USA
** Department of Geological Sciences, Indiana University, Bloomington, Indiana 47405, USA
##% Department of Geological Sciences, University of Nevada, Las Vegas, Nevada 89154-4010, USA
#iik Department of Earth Sciences, Dartmouth College, Hanover, New Hampshire 03755, USA
T Corresponding author: email: graham@pangea.stanford.edu; phone: (650) 723-0507; fax: (650)
725-0979

101



102 Stephan A. Graham and others—Stable isotope records of Cenozoic climate

75°E 80°E 85°E 90°E 95°E 100°E

45°N

40°N 40°N

35°N 35°N
30°N 300N
25°N 250N

75°E 80°E 85°E 90°E 95°E 100°E

Fig. 1. Topography and principal active faults of Tibet and adjacent regions. Barbed lines are thrust
faults. Bold lines with opposite arrows are strike-slip faults. The large filled arrow in India indicates motion of
the sub-continent. Open circles are selected cities. Oxygen isotope sampling localities: Northern Tarim
basin = solid circle; southern Tarim basin = solid squares; southeastern Tarim basin = open square;
northern Tibet plateau = open triangles.

generally bears on considerations of how and at what rate deformation associated with
collisional orogenesis propagates into continental interiors.

Surprisingly, few oxygen isotopic data have been published for Cenozoic strata
from the Tibetan plateau. The extant pioneering Tibet studies are extremely impor-
tant, but they derive from limited local areas of Nepal (Garizone and others, 2000; data
reported in Rowley and others, 2001), the Linxia basin of eastern Tibetan plateau
(Dettman and others, 2003), an unspecified locality in Qaidam basin (Rieser and
others, 2003), and the Janggalsay area of southeastern Tarim basin (Chen and others,
2002), so cannot in of themselves provide a regional perspective on plateau uplift and
climate change.

In this paper, we present a regionally extensive set of oxygen isotope data obtained
from ca. 40 m.y. of Cenozoic strata from a 700,000 km® area ranging from the northern
edge of the Tibetan plateau northward across the entire Tarim basin. The results reveal
a previously unrecognized large positive isotope shift from Eocene to Oligocene, which
we suggest results from initial topographic growth of the Himalayan-Tibetan system
and attendant reorganization of climate by this growing mountain belt. A negative
isotopic shift recorded in Miocene strata may reflect retreat of the Neotethyan Sea
from the Tarim basin, as well as enhanced elevation of the Himalaya/Tibetan plateau
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Fig. 2. Stratigraphy of Qaidam and Tarim basins. Gray areas indicate sections sampled in this study;
black and white stripes indicate paleomagnetic polarity coverage. Sources of information: Sun and others
(2004), XBGMR (1993), Yang and others (1994), Gilder and others (2001), Yin and others (2002), Zheng
and others (2000), Zhou and Chen (1990), Wang and others (2003), Yue and others (2004a, 2004b).

region and the rise of the Tian Shan, which diverted moisture-bearing Westerlies and
deepened aridity in the Tarim basin and the northern Tibetan plateau.

GEOLOGIC SETTING

The modern Qaidam and Tarim basins are internally drained, intermontane
basins in western China (fig. 1). These basins evolved as collisional successor basins
during the Mesozoic-Cenozoic history of tectonic amalgamation of southern Asia
(Graham and others, 1993). Both were at or near sea level in the Mesozoic and likely
were contiguous (Ritts, ms, 1998; Ritts and Biffi, 2000), but at some still undetermined
time in the Cenozoic, the two basins became topographically distinct (Hanson, ms,
1999). The two basins currently are surrounded by high mountain belts, are separated
from one another by the Altyn Tagh strike-slip fault, and on average differ in elevation
by 2000 m. With the exception of the easternmost arm of the Neotethyan ocean that
intruded episodically into the western half of Tarim basin during the Paleogene, both
basins have been characterized by nonmarine alluvial, fluvial and lacustrine environ-
ments during the Cenozoic (Wang, 1985; Sobel, ms, 1995; Hanson, ms, 1999).

The chronostratigraphy of Cenozoic basin fill in the region is variably determined,
but in general is much less well known than desirable due to lack of radiometrically
datable stratigraphic units. This is an important issue for a chemostratigraphic study
such we describe in this paper. Magnetostratigraphic records have been recovered
from many Cenozoic basins of western China (fig. 2), but these in general suffer from
uncertain correlations to the geologic time scale, giving rise to debate about their
general utility in correlation and event timing.
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Relatively arid environments characterized the Tarim-Qaidam region for much of
the Cenozoic, so fossil biota are limited in some areas and for some time slices. For
areas included in this study, age resolution of stratigraphic units and samples is at the
epoch level.

Qaidam Basin

The Qaidam basin lies on the northern Tibet plateau at an average elevation of
~3000 m. Itis bounded by the Altyn Tagh fault to the northwest and by thrust faults to
the northeast and south (fig. 1). Mountainous topography surrounds the basin.
Cenozoic sedimentation in the basin began in the Eocene, with deposition of a fluvial
sequence composed of conglomerate, sandstone and lesser mudstone (Qinghai Bu-
reau of Geology and Mineral Resources, 1991). Oligocene-Pliocene sedimentation
occurred in fluvial and lacustrine environments, resulting in the deposition of a >5000
m thick assemblage of conglomerate, sandstone, paleosol carbonate, limestone and
mudstone (Hanson, ms, 1999).

In this study, we sampled Eocene and Oligocene-Pliocene sections at Tura
(86.9°E, 37.7°N) and Ganchaigou (92.8°E, 38.7°N), respectively (figs. 1, 2). The
Eocene strata at Tura contain small, tridactyl vertebrate tracks; such mammal trackways
occur in lower Tertiary rocks in Colorado, Utah and Peru (Ritts, ms, 1998; Lockley and
others, 1999). The Oligocene to Pliocene strata at Ganchaigou contain abundant
ostracods, pollen and algae and comprise the type section of the Qaidam basin (Gu
and others, 1990; Qinghai Bureau of Geology and Mineral Resources, 1991; Yang and
others, 1994; Hanson, ms, 1999).

Tarim Basin

The Tarim basin, bounded by the Altyn Tagh fault to the southeast and by thrust
fault systems to the north and south, lies immediately north of the Tibet plateau and is
the largest Cenozoic sedimentary basin in China (fig. 1). Tertiary strata at our Kuqa
sampling locality (83°E, 42°N) in northern Tarim have a maximum thickness of 7000
meters (Yang and others, 1994). Paleocene-Eocene strata are redbeds deposited in
fluvial-lacustrine environments with intercalated limestone, shale and gypsum beds
deposited in shallow marine and lagoon environments, suggesting that the region was
at sea level during that period of time (Sobel, ms, 1995). Oligocene to Pliocene strata
consist of redbeds deposited in alluvial-fluvial-lacustrine environments (Zhou and
Chen, 1990; Xinjiang Bureau of Geology and Mineral Resources, 1993; Yang and
others, 1994).

Tertiary strata in southern Tarim are ~4000 meters thick. Paleogene and Miocene
strata include nonmarine sandstone and mudstone, with lesser intercalated marine to
lagoonal limestone and gypsum-bearing mudstone (Sobel, ms, 1995). However, at our
sampling localities, Eocene strata at Kashitashi (80°E, 36.4°N) and Oligocene-Miocene
strata at Pianaman (79.2°E, 37.1°N) consist of reddish to brownish mudstone with
sandstone interbeds deposited in fluvial environments (Xinjiang Bureau of Geology
and Mineral Resources, 1993; Hanson, ms, 1999). Pliocene strata are mainly conglom-
eratic rocks deposited in fluvial-alluvial environments. Tertiary strata in southeastern
Tarim are 3000 to 4000 meters thick at Janggalsay (86.5°E, 38.1°N) (Hanson, ms, 1999;
Yue and others, 2004a). Oligocene strata consist of interbedded mudstone, sandstone
and conglomerate deposited in fluvial environments. The mudstone is highly calcare-
ous and contains many horizons of nodular carbonate that we interpret as calcisols
(compare Retallack, 1990; Mack and James, 1992). Miocene and Pliocene strata, also
deposited in fluvial depositional environments, are conglomerate rich with a number
of mudstone and fine-grained sandstone interbeds (Zhou and Chen, 1990; Hanson,
ms, 1999; Yin and others, 2002; Yue and others, 2004a).
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In this study, we sampled Oligocene-Pliocene sections from northern and south-
eastern Tarim, and an Eocene-Pliocene section in southern Tarim (fig. 1). The age
assignment for the Oligocene-Pliocene strata in northern Tarim is mainly based on the
ubiquitous occurrence of ostracods and algae throughout the section, and paleomag-
netic polarity studies of the upper part of the section (fig. 2; Sun and others, 2004).

Tertiary strata in southern Tarim are relatively well dated because Paleocene to
Miocene strata at most localities contain interbedded fossiliferous marine strata and
because several paleomagnetic polarity studies have been conducted (Zheng and
others, 2000; Yin and others, 2002). The Eocene age assignment of the strata at
Kashitashi is mainly based on correlation with fossiliferous strata in the adjacent area
(for example, Pianaman). The subdivision of Oligocene-Pliocene strata that overlie
fossiliferous Eocene beds in Pianaman (Hanson, ms, 1999) is based on correlation with
Oligocene-Pliocene strata to the west.

The age assignment for the Oligocene-Pliocene strata in southeastern Tarim is
traditionally based on regional stratigraphic correlation. However, a recent paleomag-
netic polarity study indicates that the lower part of the designated Miocene strata was
either deposited near the Oligocene/Miocene boundary or the earliest Miocene (Yin
and others, 2002). In addition, apatite fission-track analyses of sandstone samples
collected from the designated Pliocene strata confirm that they were deposited after 10
Ma (Hanson, ms, 1999; Yue and others, 2004a). Both lines of new evidence support the
previous age assignment based on a regional correlation.

METHODS

Stable Isotope Analyses

The analyses (tables 1, 2) were conducted in the Stable Isotope Biogeochemistry
Laboratory at Stanford University. In this study we examined the oxygen and carbon
isotopic composition of calcite from paleosol carbonate, lacustrine limestone and
mudstone, and carbonate cement from fluvial sandstones. Although the interpretation
of the isotopic values from these different rock types can be complicated by such
factors as soil water evaporation (paleosols), and evaporation in lakes and streams
(lacustrine limestones and cements) each of these systems has been shown to preserve
long-term climate information (Cerling, 1984; Smith and Dorobeck, 1993; McKenzie
and Hollander, 1993). Moreover, when these different climate proxies are used in
concert in the same stratigraphic section they provide a redundancy that enhances the
ability to extract long-term climate records (Horton and others, 2004).

A few milligrams of rock powder were obtained from samples using a dentist’s
drill. The powder was put into a sealed reaction vessel, which was later flushed with
helium gas before adding pure phosphoric acid. Reaction between the acid and the
rock powder at 70°C released carbon dioxide, whose isotopic ratios were measured
using an automated gas bench coupled to a gas-ratio mass spectrometer (Finnigan
MAT Delta Plus). The precision of these isotope measurements is = 0.2 permil. Our
data are reported relative to SMOW.

Petrographic Analyses

Petrographic analyses were performed on sandstone samples to calculate their
intergranular volumes and the abundance of extrabasinal carbonate grains. All calcula-
tions are based on about 500 total points counted for each thin section (table 3). These
points were classified as framework grains and interstitial material, the latter including
cement, pore space and matrix. The intergranular volume of a sandstone sample is
defined as the interstitial material volume divided by the total rock volume (House-
knecht, 1987; Paxton and others, 2002). The extrabasinal framework grain content of a
sample is expressed in two ways: (1) the ratio of extrabasinal carbonate grains to the
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TABLE 1
Oxygen Isotope Results (continued)
Region Age Sample Lithology 80™ * Region Age Sample Lithology 80"
95TR327' sandstone 21.3 . JA1 sandstone  19.3
Eocene 95TR329 sandstone 19.3 Oligocene JA2  sandstone  20.5
95TR331 sandstone 18.4 JA3 sandstone  18.4
95TR333 sandstone  20.0 M*andU. JA4  sandstone 18.8
95GC105 sandstone  22.8 Miocene ~ JAS  sandstone  19.2
95GC106 sandstone  23.1 JA6  sandstone 19.2
95GC109 mudstone  25.0 JA7  sandstone 15
Oligocene 95GC110 calcrete 26.1 South- 1 jyer JA8  sandstone 15.8
95GC113 calcrete 253 té;_ist;m Pliocene JA9  sandstone 16.4
95GC114 sandstone 24.9 anm JA10 sandstone 16.7
95GC115 calcrete 26.8 JA11 sandstone 17.0
95GC116 calcrete 25.1 JA12 sandstone 17.0
95GC117 calcrete 24.8 JA13  sandstone 17.2
95GC119 mudstone  24.6 Upper JA14 sandstone 17.4
Qaidam 95GC122 sandstone  23.6 Pliocene  JA15 sandstone 17.8
Miocene 95GC123 calcrete 26.6 JA16 sandstone 17.7
95GC124 mudstone 24.5 JA17 sandstone 18.6
95GC125 mudstone  28.2 JA18 sandstone 20.0
95GC127 mudstone  23.1 KQ1 sandstone 21.4
95GC128 mudstone 22.9 Oligocene KQ2 sandstone 21.5
95GC129 sandstone 23.1 KQ3 sandstone 21.8
95GC130 limestone 23.4 KQ4 sandstone 22.2
Pliocene 95GC131 limestone  22.8 KQ5 sandstone 20.6
95GC133 mudstone  23.1 KQ6  sandstone  20.6
95GC134 mudstone 22.4 KQ7 sandstone 21.2
95GC135 sandstone  23.2 L.andM.  KQ8 sandstone 21.8
95GC136 sandstone 213  Northem Miocene  KQ9  sandstone 21.9
95GC137 sandstone  23.1 Tarim KQ10 sandstone 22.0
95GC138 sandstone 24.0 KQI1 sandstone 22.7
95GC139 sandstone 22.3 KQI2 sandstone 22.8
96RE100 sandstone 16.9 KQ13 sandstone 23.5
96RE102 sandstone 15.4 KQIl4 sandstone 19.5
96RE103 sandstone 16.4 KQI5 sandstone 19.6
96RE104 sandstone 17.7 Ml.jppe’_ KQI6 sandstone 19.8
Eocene 96RE105 sandstone 16.4 Pl KQI7 sandstone 202
96RE106 sandstone 15.4 KQ18 sandstone 20.8
96RE107 sandstone 16.7 KQ19 sandstone 21.5
Sout}}em 96RE108 sandstone  16.0 KQ20 sandstone 21.7
Tarim 96RE109 sandstone  14.0 * Relative to SMOW
96SH113 sandstone  18.2 + Abbreviations: TR: Tura, GC: Ganchaigou, SH:
Oligocene 96SH114 sandstone  19.3 Pianaman, RE: Kashitashi, JA: Jangglasay, and KQ:
96SH115 sandstone  20.0 Kuqa.

96SH116 sandstone 19.7
96SH117 sandstone  18.7
Miocene 96SH118 sandstone  18.9
96SH119 sandstone  19.7
96SH120 mudstone  19.8
Pliocene 96SH121 sandstone 19.3

cement count, (2) ratio of extrabasinal carbonate grains to total framework grains
(table 3).

Ton Microprobe Analyses

The Sr/Ca and Mg/ Ca ratios of carbonate samples (table 4) were measured using
the SHRIMP-RG at the Stanford-U.S. Geological Survey Microisotope Analytical Cen-
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T-Test Results for the Oxygen Isotope Data from Northern Tibet

TABLE 2

107

Location Age groups W W, n ny vy A2 t. t -t
Southern Eocene/Oligocene 16.1 19.1 9 3 .11 0.79 44 278 1.62
Tarim Oligocene/Miocene  19.1 19.3 10 5 079 026 046 218 -1.72
Qaidam Eocene/Oligocene 19.7 248 4 10 154 144 7.12 257 455
(Nqﬁhern Oligocene/Miocene 24.8 257 10 4 144 422 1.04 3.18 -2.14
Tibet) Miocene/Pliocene 257 229 4 12 422 046 431 318 1.13
Oligocene/Miocene  19.9 189 2 4 066 0.13 225 1271 -10.5

SE Tarim . .
(Qiemo) Miocene/L. Pliocene 189 162 4 5 013 064 62 257 3.63
L. Pliocene/U. Pliocene 16.2 18 5 7 064 107 324 226 098
Nortf}em Oligocene/Miocene  21.7 219 4 9 0.13 099 038 223 -1.85

Tarim Miocene/U. Miocene-

(Kuga) Pliocene 219 204 9 7 099 0.794 3.13 216 097

W, and po: means of the first and second groups.
ny and ny: numbers of samples in the first and second groups.

v, and v,: variances of the first and second groups.

t.: calculated t values, ¢: values from the standard t table.

ter. We first cut a flat surface, obtained a small piece (~0.1 mm?®) and mounted it with
epoxy. Then, we polished the mount to expose carbonate sample, and analyzed the
sample under Scanning Electronic Microscope to locate carbonate material. Finally,

TaBLE 3

Sandstone Point Counting Results

Straigraphic

Sample Position Total ExFra- Cement Matrix Pore IGV Extrabasinal/ Extrabasinal/

(m) Counts basinal Cement Total
95GC103 * 10 498 0 52 83 5 0.281 0.00 0.00
95GC129 2160 500 6 77 54 7 0.276 0.08 0.01
95GC132 2215 500 2 11 88 7 0212 0.18 0.00
95GC134 2245 500 0 17 65 0 0.164 0.00 0.00
95GC135 2260 498 9 99 116 3 0438 0.09 0.02
95GC136 3160 500 1 16 138 5 0.318 0.06 0.00
95GC137 3165 499 17 48 64 22 0.269 0.35 0.03
95GC138 4520 500 1 105 21 3 0.258 0.01 0.00
95GC139 5030 500 3 134 32 16 0.364 0.02 0.01
96RE100 20 500 4 136 59 42 0474 0.03 0.01
96RE102 105 500 5 88 125 19 0.464 0.06 0.01
96RE103 125 500 0 40 130 1 0.342 0.00 0.00
96RE104 135 503 7 38 130 16 0.366 0.18 0.01
96RE105 310 505 6 43 86 14 0.283 0.14 0.01
96RE106 390 500 5 47 93 25 0.330 0.11 0.01
96RE107 525 500 2 27 130 36 0.386 0.07 0.00
96RE108 660 500 3 46 85 0 0.262 0.07 0.01
96RE109 740 530 0 57 70 0 0.240 0.00 0.00

* Samples 95GC103-139 were collected from Ganchaigou, and samples 96RE100-109 from Kashitashi.
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TABLE 4

Mg/Ca and Sr/Ca Ratios of Samples from Ganchaigou

Stratigraphic

Sample Position (m) Mg/Ca Sr/Ca
95GC105-3 10 0.3956 0.0014
95GC110-1 415 0.0004 0.0012
95GC113-1 560 0.0060 0.0022
95GC114-1 610 0.0263 0.0016
95GCl116-1 705 0.0091 0.0012
95GC117-1 730 0.0064 0.0008
95GC119-1 980 0.0088 0.0005
95GC122-1 1570 0.0007 0.0019
95GC123-1 1810 0.0022 0.0006
95GC125-1 1880 0.0039 0.0005
95GC127-1 2140 0.0085 0.0032
95GC128-1 2145 0.0080 0.0037
95GC130-1 2170 0.0042 0.0016

we analyzed the sample using SHRIMP-RG to obtain its **Sr/**Ca and **Mg/**Ca
ratios, from which Sr/Ca and Mg/ Ca ratios were respectively calculated.

STABLE ISOTOPE RESULTS

We present oxygen isotope results of eighty-six samples of carbonate from fluvial
and lacustrine sediments, and paleosol carbonate from four localities in a 700,000 km?
area of the Tarim and Qaidam basins (table 1). To facilitate interpretation of our
analytical results, we plot our isotopic data against sample age in figure 3. Because of
the lack of radiometric age control and uncertainty about the reliability of the
paleontologic and paleomagnetic age assignments, we conservatively summed all
samples at epoch level for each of the four localities and glotted epoch average ages.
These group-average ages are plotted against the group-3'°0 values in figure 3. To test
the legitimacy of this age-averaging procedure, we conducted a t-test (table 2), which
indicates that for each section, our Eocene group-averages are statistically different
from Oligocene group-averages (table 1). Similarly, in the three sections where sample
numbers are sufficient, t-test results indicate that Miocene group-averages differ
significantly from Pliocene group-averages. In contrast, Oligocene and Miocene
group-averages are statistically indistinguishable, as visually suggested by figure 3.
These results bolster our confidence in the age significance of our sample groupings
and in turn suggest that paleontologic age assignments are meaningful at epoch level.

Our analyses reveal strikingly similar temporal patterns of syndepositional oxygen
isotopic compositions in nonmarine strata over a region of 700,000 km?® for the past
40 m.y (fig. 3). In addition, the recurrent temporal pattern of 8'%0 values is consis-
tently shifted by about +3 permil to +6 permil from southern Tarim basin to northern
Tarim basin and finally up in altitude to the Qaidam basin on the leading edge of the
Tibetan plateau. These results include both anticipated and unanticipated features,
whose interpretation first requires consideration of present-day elevation, atmospheric
circulation, temperature, and moisture sources and amounts. The region of our
sampling, lying from 36° to 42°N, is dominated by upper level westerlies (Domros and
Peng, 1984; Oort, 1984), with moisture provided principally by the Central Asia air
mass (Araguas-Araguas and others, 1998) (fig. 4). Little moisture borne by these winds
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Fig. 3. Oxygen isotope composition (relative to SMOW) of Tertiary nonmarine carbonate of northern
Tibet and Tarim Basin and correlation with major geological events in Asia. ATF-Altyn Tagh fault, RRF-Red
River fault, SCS-South China Sea (Quade and others, 1989; Molnar and others, 1993; Hendrix and others,
1994; Dettman and others, 2001; Bullen and others, 2003; Yue and others, 2004a). Uncertainty bars for data:
horizontal = total range of analytical values, vertical = uncertainty in biostratigraphic ages; Geologic events:
filled circles = most probable ages, vertical bars = possible age ranges.

reaches the internally drained Tarim basin, which is surrounded by mountainous and
plateau regions, reaching especially great altitudes around its western (windward)
margin in the Karakorum (up to 7.8 km) and Tian Shan (up to 7.4 km) ranges. Mean
annual temperature varies between 8°C to 12°C and mean annual precipitation in the
region of northern Tibet and Tarim basin is <100 mm/yr, with greater than 50
percent occurring from June to August (Domros and Peng, 1984).

Few isotopic data exist for modern precipitation in the region, but extrapolation
from IAEA data sites show that stable isotopic values have a north to south variation of
-12 permil to =16 permil 8'*0 from northern China to northern Tibet in the winter
and —4 permil to —8 permil in the summer (Lawrence and White, 1991; Araguas-
Araguas and others, 1998; Tian and others, 2003). No significant east to west gradients
are documented for the region.

The seasonal pattern of the Central Asia air mass providing isotopically heavier
precipitation in the summer relative to the winter exists over most of the area
examined in this study. However, the far eastern section (Ganchaigou) examined
here could also have been influenced by the South Pacific air mass, as the
maximum extent of this air mass lies along the eastern edge of the Qaidam basin
(Araguas-Araguas and others, 1998). In contrast to the Central Asia air mass, the
South Pacific air mass provides moisture associated with summer monsoonal
circulation. Monsoonal activity results in a contrasting seasonal isotopic pattern,
with summer precipitation being isotopically lighter than winter precipitation. At
the eastern margin of the Qaidam basin, precipitation from the summer monsoon
is depleted in '®O and D relative to winter precipitation by as much as ~4 permil
(Araguas-Araguas and others, 1998).
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Fig. 4. Topography and transport vector field of water vapor of Tibet and adjacent regions during July,
the summer monsoon season (Oort, 1984). Bold lines indicate direction of water vapor transportation.
Arrows with barbs show the local strength of local water flux. Fach barb represents an average transport of
water vapor of 2 ms’-gkg’. Oxygen isotope sampling locality symbols are the same as in figure 1.
Abbreviations: G = Ganchaigou, ] = Janggalsay, K = Kashitashi, P = Pianaman.

DISCUSSION

Evaluating the Isotopic Signal

We suggest that the observed shifts in oxygen isotope records are mainly due to
the uplift of the Himalaya/Tibet system and its effects on paleoclimate. However, we
recognize that several other factors could potentially affect the oxygen isotope values
of the analyzed samples. These include: contamination by extrabasinal detrital carbon-
ate, paleosalinity effects and burial diagenetic effects. We evaluate the potential
influences of these effects on our isotopic signals in the following sections.

Contamination by extrabasinal carbonate grains.—Table 3 shows the extrabasinal
detrital carbonate and carbonate cement contents of sandstone samples collected
from the Ganchaigou and Kashitashi sections. For the Ganchaigou section, the average
extrabasinal carbonate content is 0.8 percent (table 3), with a range from 0 to 3.4
percent. In contrast, the average carbonate cement content is 12.4 percent, 15 times
more than the extrabasinal carbonate content. Similarly, the content of extrabasinal
grains of Kashitashi section is 0.7 percent, with a range from 0 to 1.4 percent, whereas
the average carbonate cement content is 11.5 percent (fig. 5A). This indicates that
contamination from extrabasinal carbonate grains is unlikely, especially given the care
we took in drilling our samples.

Luvaporative effects.—Paleosalinity, fostered by extreme evaporative conditions, can
have a large effect on oxygen isotope values of carbonate (Chivas and others, 1993).
However, as shown in table 4 and figure 6, the Sr/Ca ratios of all the samples analyzed
are low, suggesting low paleosalinity (Chivas and others, 1993). The increases in Sr/Ca
ratio and inferred paleosalinity from Miocene to Pliocene do not mdlcate any effect on
the oxygen isotope results because such an increase tends to increase 8'®O, whereas all
the sections show a decrease (fig. 3).
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Fig. 5. (A). Relative abundance of calcite cement and extrabasinal carbonate grains in sandstone from

Ganchaigou section, Qaidam basin and Kashtashi section. Southern Tarim, (B). Intergranular volume (IGV)
of sandstone samples. Data are tabulated in table 3.

samples to compare with Oligocene samples to test this hypothesis, however.

We do not dismiss the role that evaporation might play in the isotopic record
presented here, particularly with regard to the large positive isotopic shift observed
between Eocene and Oligocene rocks. As discussed later, we suggest that some of this
increase could be due to increased aridity and evaporation as a result of the rise of the
Himalaya-Tibet region. We do not have Sr/Ca and Mg/Ca ratios for the Eocene
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Fig. 6. Sr/Ca and Mg/Ca ratios plotted against stratigraphic position in the Ganchaigou section.
Stratigraphic position is measured from the bottom of the section (Hanson, ms, 1999).

Burial Diagenetic Effects.—Burial diagenetic processes can alter the oxygen isotope
composition of carbonate minerals. Diagenetic effects are considered to be minor in
this study for two reasons. First, low Mg/Ca and Sr/Ca ratios in calcite reveal little
dolomitization (table 4). For the six Oligocene samples, the Mg/Ca ratio is generally
below 0.01, except for one sample whose ratio is around 0.03. For the Miocene
samples, all the Mg/Ca ratios are lower than 0.004, while for the Pliocene samples the
same ratios are lower than 0.008 (fig. 6). This is a strong indication that burial
diagenetic effects were minimal.

Second, throughout the entire 5000 m section, the intergranular volume (House-
knecht, 1987; Paxton and others, 2002) of the Tertiary sandstone at Ganchaigou is
uniformly around 30 percent (table 3, fig. 5B). The intergranular volume of the four
samples lower in the section at Kashtashi is around 40 percent, whereas the other five
samples from the upper section is around 30 percent. These high intergranular volume
values indicate that cementation of sandstone was early and occurred at shallow burial
depth, preventing the sandstone from further compaction (compare Houseknecht, 1987;
Paxton and others, 2002). Petrographic examination of one-third of our sandstone
samples reveals a spectrum of cementation, ranging from sparse, simple calcite cement, to
more complicated cement stratigraphies involving calcite and clay with some framework
grain replacement by calcite. The latter does indicate that a more detailed investigation of
cement composition is warranted in future studies.

In addition, thermochronometric measures indicate that burial heating of the
stratigraphic sections we sampled has in general been modest. In SE Tarim, vitrinite
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reflectance = 0.5 to 0.6 for underlying Jurassic strata, with no apatite fission track
resetting in Cenozoic samples (Hanson, ms, 1999); in southern Tarim basin, vitrinite
reflectance = 0.48 for Eocene strata (Sobel, ms, 1995); and in Qaidam basin, vitrinite
reflectance = 1.06 (Hanson, ms, 1999).

Paleoclimatic Interpretations

Most fundamentally, our data reveal a regionally consistent, temporally varying
oxygen isotopic stratigraphic record across Tarim and Qaidam basins with a large
positive isotope increase from Eocene to Oligocene. The explanation for the temporal
isotopic shifts recorded in our data (fig. 3) must explain (1) an approximately 4 permil
to 6 permil positive shift in oxygen isotope values from the Eocene to the Oligocene,
(2) a relatively stable isotopic record during the Oligocene and Miocene, and (3) a 2
permil to 3 permil negative shift in oxygen isotope values in the late Miocene. In
addition, explanations must account for the consistent shift in values between south-
ern, southern/southeastern Tarim, northern Tarim and Qaidam basin localities. As
indicated above, the isotopic records presented here are most likely the result of the
combined effects of temperature, the isotopic composition of source waters, and
aridity rather than burial diagenesis, as both low Mg/ Ca ratios and high intergranular
porosity values indicate (figs. 5 A, B and 6).

The isotopic records show strikingly similar trends in all four sections, despite
great geographic separation, leading us to conclude that the isotopic signals primarily
reflect surface source waters and regional climate. We therefore offer the following
explanations, viewed in context of regional tectonic history, global climate modeling
of the impact of plateau growth (Kutzbach and others, 1989; Ruddiman and Kutzbach,
1990; Kutzbach and others, 1993) and retreat of the Neotethyan sea from western
Tarim basin in the middle Tertiary.

Eocene to Oligocene.—We suggest that the positive isotopic shift of 4 permil to 6
permil from the Eocene to the Oligocene ultimately results from initial uplift of the
Himalaya in the Eocene and attendant reorganization of climate patterns. However, it
is difficult to uniquely determine the cause of this isotopic shift because we know little
about how initial rise of the Himalaya and Tibet in the Eocene affected the air masses
and climate of this area.

Three reasonable possibilities could create an increase in isotope composition of
precipitation associated with the rise of the Himalaya-Tibet region: increased aridity,
increased temperature, and change in seasonality of precipitation. GCM models
involving growth of the Himalaya-Tibet region predict increased aridity and an 8°C rise
in temperature north of the Himalaya (Kutzbach and others, 1989; Ruddiman and
Kutzbach, 1990; Prell and Kutzbach, 1992; Kutzbach and others, 1993). Although these
predictions are useful in providing some constraints on the paleoclimate of this region,
they do not account for the substantial northward movement of the Himalaya and
related topographic evolution, and therefore should be used with caution. Taken at
face value, an increase of 8°C would result in an increase in the oxygen isotope values
of calcite by 2.8 permil. This estimate uses the fractionation of oxygen between calcite
and water in this temperature range (~—0.23%o/°C; O’Neil and others, 1969) and the
correlation between temperature and oxygen isotope values of precipitation (~0.58 %o/
°C; Rozanski and others, 1993), resulting in a combined oxygen isotope change of
0.35%o/°C.

Increased aridity would have enhanced evaporitic conditions and tended to
increase the 3'0 values in groundwaters of the region. It is difficult to quantify how
large this evaporitic effect might be with the current isotopic data set, as assessing
evaporation requires having both hydrogen and oxygen isotopic data. Nevertheless
evaporation can cause relatively large positive isotopic shifts. For example, by using
combined oxygen and hydrogen isotope values of freshwater chert from Eocene lakes
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in western North America, lakes similar to those studied here, increases of 10 permil
can be attributed to evaporation alone (Abruzzese and others, 2005).

A change in seasonality to increased precipitation in the summer months could
also cause a large positive shift in isotopic values. Presently, precipitation in the western
Tarim region differs in oxygen isotope values by 12.8 permil from summer to winter,
and nearly 80 percent of precipitation occurs during the summer months (Araguas-
Araguas and others, 1998). Thus, an increase in summer precipitation could signifi-
cantly increase the oxygen isotope values of groundwater.

Thus, we suggest that the combined effect of an increase in temperature, aridity,
and amount of summer precipitation could result in the observed 4 permil increase in
3'80 values in the basins north of Tibet. To fully understand what caused the positive
isotopic shift that we observe over a large area of northern Tibet will require more
sophisticated GCM models that account for northward drift of the Himalayan-Tibet
region. Nevertheless the isotopic inferences presented here are consistent with India-
Asia collision in late Paleocene, a significant decrease in northward velocity of India in
the late early Eocene (Patriat and Achache, 1984) and attendant uplift of the
Himalaya-Tibet region driven by crustal shortening in the later Eocene (fig. 3).

In appealing to effects associated with early structural and topographic evolution
of the Himalaya-Tibet, we think it unlikely that the positive shift of oxygen isotope
values observed from Eocene to Oligocene in our sample set is the result of global
climate change at the Eocene/Oligocene boundary. Other oxygen isotopic records for
terrestrial rocks do not show a positive isotopic shift as we observe here. In fact,
nonmarine rocks in the Basin and Range of North America show a decrease in oxygen
isotope values from the Eocene to the Oligocene (Horton and others, 2004), and rocks
along the Rocky Mountain Front Range show no change in oxygen isotope values from
the Eocene to the Oligocene (Sjostrom and others, 2005).

The consistent 4 permil difference between Tarim and Qaidam samples seemingly
indicates that significant topographic relief already existed between the southern
Tarim basin and the current northeastern leading edge of the Tibetan plateau by
sometime in the Eocene. Paleocene strata, scarce in the region, will need to be
sampled in order to determine the timing of initial uplift and development of
topographic relief between Qaidam basin and Tarim basin. This structural/
topographic boundary is currently defined by the Altyn Tagh fault (fig. 1), a major
strike-slip fault considered in many models to be associated with collisional extrusion
tectonics (Yue and Liou, 1999; Tapponnier and others, 2001). Our results permit the
inference that faulting along this trend produced significant relief by Eocene time,
even though piercing point relations suggest that significant strike-slip did not com-
mence until sometime in the Oligocene (Yue and others, 2004a) (fig. 3).

Late Miocene.—We propose three alternative explanations for the negative isotopic
shift consistently recorded in upper Miocene strata at all four localities: (1) The retreat
of the easternmost arm of the Neotethyan sea from Tarim basin by the early Miocene
likely shifted central Asian climate from relatively temperate to continental and
thereby played a role as important to climate as plateau uplift, as has been predicted by
modeling involving patterns of land-sea distribution (Ramstein and others, 1997). The
loss of a nearby moisture source for precipitation would cause 8'®O of precipitation to
decrease. Using the empirical longitudinal effect of 0.002 permil per kilometer (Criss,
1999), retreat of the sea by 1000 km to the west, consistent with facies relations
indicating marine regression from the middle of Tarim basin to beyond its western
limit (Zhou and Chen, 1990), would produce a 2 permil lowering of isotopic values.
(2) An intriguing alternative possibility is that the Tibetan plateau reached a critical
threshold of elevation at this time. Molnar and others (1993) noted that subtropical air
below the trade cumulus boundary at about 2 to 3 km is relatively moist. If Tibet were
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lower than 2 to 3 km during the Eocene, it is possible that moist air flowed over the
mountains from the south without moisture loss, increasing the 3180 values of
precipitation to the region north of Tibet. Assuming Tibet underwent rapid uplift circa
10 to 7 Ma (fig. 3) as has been suggested (Quade and others, 1989), then this rise in
elevation might have cut off the southern (Indian Ocean) heavy moisture source and
resulted in a lowering of isotopic values north of Tibet. Consistent with this interpreta-
tion, isotopic values become ‘heavier’ south of the Himalaya during this time frame
(Quade and others, 1989; Stern and others, 1997; Dettman and others, 2001) perhaps
indicating that all moisture came from the Indian Ocean to the south and the loss of
communication with isotopically ‘lighter’ northern air masses (Stern and others,
1997). Similarly, Dettman and others (2003) recently attributed a significant isotope
shift at 12 Ma in sediments of the Linxia basin, NE Tibetan plateau to uplift of the
plateau and resulting aridification after loss of southern moisture sources. (3) The
initial Cenozoic reactivation and rise of the Tian Shan during the late Oligocene and
Miocene (figs. 1, 3), indicated by thermochronologic studies (Hendrix and others,
1994; Dumitru and others, 2001; Bullen and others, 2003), would have deflected
westerly atmospheric flow even further to the north while creating a rain shadow in
Tarim basin to the south, as is currently evident in contrasting vegetation patterns from
the forested northern slopes to the barren southern slopes of the modern Tian Shan. A
2 permil shift such as observed in our data (fig. 3) could be created by a 0.7 km increase
in surface elevation in the Tian Shan (using the isotopic lapse rates of Poage and
Chamberlain, 2001). Increased salinity of surface waters does not account for the
observed negative Miocene-Pliocene shift, because an increase in salinity would yield a
positive shift.

Note that Chen and others (2002) also sampled our SE Tarim basin section, in
part during a joint field season in 1996, and obtained isotopic results consistent with
ours for Oligocene through Pliocene strata. However, they also sampled an interval
they assigned as Paleocene/Eocene, contrary to the Xinjiang provincial geologic map
and other published references (Zhou and Chen, 1990; Xinjiang Bureau of Geology
and Mineral Resources, 1993; Yin and others, 2002; Yue and others, 2004a) (and our
interpretation in this paper). If their Paleocene/Eocene strata are instead considered
Oligocene, then the average of their Oligocene isotopic measurements is comparable
to ours.

CONCLUDING REMARKS

In summary, a regionally consistent record of oxygen isotopic composition exists
in Eocene-Pliocene strata of the northern Tibetan Plateau and the vast Tarim basin
beyond to the north. This record includes a significant positive isotopic shift from
Eocene to Oligocene, perhaps reflecting early development of Himalaya-Tibet topog-
raphy associated with the collision of India and attendant aridification related to loss of
moisture reaching central Asia. A consistent separation of the northern Tibet (Qaidam
basin) and southern Tarim basin isotopic curves may indicate that topographic relief
comparable to that of the present day already existed by the Eocene, driven by early
phases of collisional crustal thickening. The relatively constant isotopic values from the
Oligocene to the late Miocene suggest that the climate of northern Tibet was relatively
stable during this time interval, a result consistent with other isotopic records in basins
on the far NE margin of Tibet (Dettman and others, 2003). A subsequent Miocene
isotopic shift in the opposite (negative) direction generally coincided with, and
presumably was related to, retreat of the Neotethyan Sea from the Tarim basin, as well
as enhanced elevation of the Himalaya/Tibetan plateau region and the rise of the Tian
Shan, which diverted moisture-bearing Westerlies and deepened aridity in the Tarim
basin and the northern Tibetan plateau.
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