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The linkage between tectonic forces and climate evolution remains a matter of much debate and specu-
lation. Here we present high-resolution oxygen and carbon isotope data from an ancient lake basin in the
central Himalaya. These data, together with sedimentologic evidence, reveal major changes in drainage
systems and depositional settings at ~7.2, ~5.5 and ~3.2 Ma. These environmental changes appear to
be driven by regional-scale tectonics. The oxygen isotope record also reveals alternating wet and dry cli-
mates with periodicities of 24 and 100 kyr that were likely controlled by orbital forcing. Paleo-tempera-
tures, estimated using a fossil-based oxygen isotope “paleo-thermometer”, are 21 + 6 °C at ~7 Ma, which
is ~19 % 6 °C higher than the present-day mean annual temperature in the same area. The much warmer
environment inferred here is consistent with fossil mammalian and pollen assemblages and sediment
clay mineralogy as well as carbon isotope data from fossil tooth enamels and paleosol carbonates. The
estimated temperature difference would require the study area to have been raised by ~2-2.5 km since
~7 Ma to its current elevation of 4100-4500 m above sea level. This result can be interpreted as either
indicating the presence of a low-altitude intermountain basin in the hanging wall of the already formed
Main Central Thrust or a protracted development of a north-trending rift basin that has experienced
changes in drainage system and depositional environment through time.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cenozoic paleoclimatic records within the Himalaya and Tibe-
tan Plateau are sparse, but are needed to compare with the marine
record of global climate changes for elucidating the role of Tibetan
uplift in controlling regional and global climate (e.g., Kutzbach
et al.,, 1989, 1993; Quade et al, 1989; Manabe and Broccoli,
1990; Harrison et al., 1992; Molnar et al., 1993; An et al., 2001;
Molnar, 2005; Wang and Deng, 2005; Dupont-Nivet et al., 2007,
Wang et al., 2008a). Intermontane basins in the Himalayan-Tibe-
tan orogen often contain thick sequences of lacustrine and fluvial
deposits with diverse fossils (Ji et al., 1980; CAS, 1989; Wang
et al., 1996, 2006, 2008a; Yue et al., 2004; Horton et al., 2004).
These sediments and fossils preserve a record of environmental
changes in the region.
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In this study, we determined the §'3C and §'80 values of lacus-
trine marls, carbonate cement and mammalian fossil material from
late Miocene-Pliocene lacustrine and fluvial sediments in the Gyir-
ong Basin on the north slope of the central Himalaya in southern
Tibet (Fig. 1). We also performed X-ray diffraction analysis on se-
lected sediment samples to determine their mineralogical compo-
nents. The 5'80 values of lacustrine carbonates record past changes
in the 5'%0 of lake water and water temperature (e.g., Talbot, 1990;
Dettman et al., 2003), which are controlled by regional climate and
hydrology. Fluvial carbonates are generally believed to have
formed by cementation of sediments due to percolation of shallow
groundwater, and their oxygen isotopic compositions reflect the
oxygen isotopic composition of shallow groundwater derived from
local meteoric water (e.g., Dettman et al.,, 2003). Sediment clay
mineralogy, on the other hand, helps to understand weathering
conditions in the paleo-lake catchment that contributed sediment
and water to the lake. Wang et al. (1996) reported limited carbon-
ate 5'80 data from about 40 lacustrine sediment samples from the
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Fig. 1. LANDSAT image of the Tibetan Plateau and the Himalayan Range. (1)-(3), and (5)-(7) in (A) are sites with published paleo-elevation data (Garzione et al., 2000;
Rowley and Currie, 2006; DeCelles et al., 2007; Spicer et al., 2003; Wang et al., 2008a; Saylor et al., 2009; Murphy et al., 2009). (4) is the site of this study - the Gyirong Basin
which is shown in (B). ITS, Indus-Tsangpo suture zone; MFT, Main Frontal Thrust; N-Q, Neogene-Quaternary strata, and Jr, Jurassic strata. Ages in (A) indicate the times at
which the region was thought to have reached its current elevation. It is important to note that the age of the Thakkhola graben was constrained using the Hipparion fauna
found in the Gyirong Basin by assuming that the Thakkhola and Gyirong grabens were formed at about the same time and that the maximum age of the Hipparion fauna in the

Gyirong Basin was ~10.7 Ma (Garzione et al., 2000).

late Cenozoic sedimentary sequence in the Gyirong Basin and
interpreted the large variations in their carbonate §'80 data (from
—21.5%0 to —10.9%o0) as reflecting climatic fluctuations in tempera-
ture. However, their interpretation is not viable because tempera-
tures would have to vary by 46 °C in order to produce this degree
of carbonate-5'20 variability for a given water source. Here, we re-
port the isotope data from over 360 samples collected at 0.4-0.5 m
sampling interval from the same sedimentary sequence in the
Gyirong Basin. The high temporal resolution of our record permits
a temporally detailed comparison of environmental changes in the
area and possible forcing factors, such as tectonic events or global
climate change. In addition, we applied a novel approach (Zanazzi
et al., 2007) that combines in vivo oxygen isotope signatures of fos-
sil enamel with diagenetic oxygen isotope compositions of fossil
bones to reconstruct the paleo-temperatures and paleo-elevation
of the basin in the latest Miocene. Our data provide new insight
into the growth history of the Himalayan Range and Tibetan pla-
teau and the role of global climate change in controlling local envi-
ronmental conditions.

2. Geologic setting and modern climate of study site

The Gyirong Basin (28°46.13'N, 85°17.84E) is a late Cenozoic
intermontane basin in the central Himalayas with an area of about
200 km? (Fig. 1). The basin is bounded by an active fault on the east
and lies at elevations of 4100-4500 m above sea level (a.s.l.). It was
suggested that the Gyirong Basin was originally an east-west
trending grabben formed by the north-south extension related to
the south Tibetan detachment system and was later deformed by
the north-south trending normal fault to form the present north-
trending valley (Yang et al., 2009). Sediment began to accumulate
in the basin at ~7.2-10.2 Ma, as evidenced by the initial deposition
of conglomeratic sediment on top of the Jurassic marine strata and
beneath the Woma Formation - a thick sequence of lacustrine and
fluvial sediments (Yue et al., 2004; Xu et al., this issue). Although
there is no clear displacement between the sediments and the
basement, the beddings were tilted to the north along the southern

boundary and to the east along the eastern boundary of the basin
(Yang et al., 2009).

The present-day mean annual temperature in the Gyirong Basin
is 0-3°C and annual rainfall is about 230-370 mm (Sun et al.,
2007). The climate in the area is influenced by the Indian monsoon,
with the rainy season extending from June to September and the
dry season from October to May (Tibet Bureau of Surveying and
Mapping, 2000). The area is essentially a desert and has little veg-
etation except along the south-flowing Gyirong River (Fig. 1B).

The late Miocene-Pliocene Woma Formation is well exposed in
the badlands in the modern Gyirong Basin (Figs. 2 and 3). A Hippa-
rion fauna - a mammalian fossil assemblage containing the three-
toed late Miocene-Pliocene horse Hipparion was found in the lower
Woma Formation (Ji et al., 1980). The fauna is preserved in a red
sandstone bed at an elevation of 4384 m a.s.l., ~300 m above the
current valley floor, and includes the horse Hipparion forstenae, rhi-
no Chilotherium xizangensis, artiodactyls Metacervulus capreolinus,
Palaeotragus microdon, Gazella gaudryi, lagomorph Ochotona guiz-
hongensis, rodent Heterosminthus sp., and carnivore Hyaena sp. (Ji
et al.,, 1980; CAS, 1989). We interpret the fossil-bearing sandstone
bed as overbank deposits by floodwaters in a fluvial setting of the
paleo-lake basin. Diverse shell and plant fossils in the Woma For-
mation were reported by Ji et al. (1980), CAS (1989), and Sun
et al. (2007). Although the Woma Formation is currently preserved
in the Gyirong Basin, it is not clear if the sediments were deposited
during the early developmental stage of the currently active Gyir-
ong rift, or if the sediments have been preserved in the younger rift
basin because the topographic depression has protected them from
erosion. Because of this uncertainty in tectonic setting for the
Woma Formation, we distinguish the paleo-Woma lake basin from
the Gyirong Basin, with the former representing the latest Miocene
to Pliocene lake basin of an unknown size, while the latter repre-
sents a Quaternary basin occupying the Gyirong valley (Fig. 1).

The Woma Formation is ~160-m thick (Fig. 3). It is composed of
finely laminated lacustrine siltstone, sandstone, mudstone and
marls, with a few interbedded sandstone layers of fluvial origin
(Fig. 3; Yue et al., 2004). The sequence is capped by a conglomerate



64 Y. Wang et al./Journal of Asian Earth Sciences 44 (2012) 62-76

85°10°17. 7.7y
B

+ o+ o+

For00 () 18305

28955]:|Quatemary -

sediments

] Miocene-Pliocene

fluvial-lacustine
sediments

Twn-mica granite
or leucogranite

.2_8350,

Tethyan Himalayan sequence

I:l Jurassic
- Permian and Triassic

bgeass - Carboniferous
B Lower Paleozoic

Basalt and andesite
I% Mudstone and shale

28“40’ Sandstone and siltstone

Limestone

South Tibetan detachment
system

h8°35° Mylonitic leucogranite

Mylonitic augen
gneiss

Greater Himalayan
Crystalline complex

28°30° Meta-sandstone

- Gneiss

Norma] fault
Main fault of
= Thrust
Town and village
|I|Fossil site

85°107

85215

85°15°]

85°20°]

Fig. 2. Sketch geologic map the Gyirong Basin and surrounding area (adapted from Yang et al., 2009).

layer of ~2 m thick that signals the demise of the lake environ-
ment. Yue et al. (2004) collected two sets of parallel samples at
~0.45 m intervals throughout the 160 m section for paleomagnetic
study. The paleomagnetic samples were subjected to natural rem-
nant magnetization determinations and then thermally demagne-
tized at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C,
450 °C, 500 °C, 550 °C, 600 °C, and 650 °C. Eighteen magnetic polar-
ity zones were recognized in the Woma section, and the correlation
with the standard geomagnetic polarity time scale was constrained
by the Hipparion fauna (Yue et al., 2004). The resulting magnetos-
tratigraphy (Fig. 3) suggests that the Woma Formation was depos-
ited continuously from 7.2 Ma to 3.2 Ma, and the age of the
Hipparion fauna is ~7 Ma (Yue et al., 2004).

In this study, we obtained a sub-sample of each of the original
368 paleomagnetic samples collected by Yue et al. (2004) as well

as fossil mammalian teeth from the Gyirong Basin for stable isoto-
pic analyses. Our sediment samples were not subjected to thermal
demagnetization treatment. Using the paleomagnetic data of Yue
et al. (2004), the ages of our samples were linearly interpolated
within this magnetostratigraphic framework (Fig. 3), yielding a re-
cord with a time resolution of ~11 thousand years (kyr).

3. Methods

Mineralogical components of selected sediments were deter-
mined by X-ray diffraction (XRD) analysis (Supplementary Table 1).
Samples were suspended in high purity water and dried on zero-
background holders for measurements on a Siemens D500 theta-
2theta powder diffractometer. The mineral ratio is defined as the
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Fig. 3. The lithostratigraphy and magnetic stratigraphy of the Woma Formation in the basin (adapted from Yue et al., 2004). The Woma Formation is capped by a
conglomerate layer of ~2 m thick (not shown). The age of the fossil mammalian fauna is determined on the basis of magnetostratigraphy and stratigraphic position.

ratio of intensities of XRD peaks characteristic of the minerals,
which reflects the relative amounts of the two minerals in a sam-
ple. The data span 5-35° at 0.01° steps and a 1°/min scan rate. All
368 sediment samples were ground into fine powder for stable car-
bon and oxygen isotope analyses of carbonates (if present). The
5180 and 8'3C values of carbonates were measured using a Gas
Bench Il Auto-carbonate device connected to a Finnigan MAT Delta
Plus XP stable isotope ratio mass spectrometer (IRMS) at Florida
State University. Powdered samples were reacted with 100% phos-
phoric acid at 25 °C overnight and the resulting CO, was then
introduced into the IRMS for carbon and oxygen isotopic
measurements.

Teeth were sampled by drilling along the entire length of a
tooth using a rotary drill to ensure that the sample would yield
an integrated isotopic signal for the growth period of the tooth.
For tooth fragments, the enamel was manually separated from
the dentine and other matrix using a rotary tool and ground into
a fine powder using a mortar and pestle. Fossil bones were ground
to fine powder using a mortar and pestle. Any matrix that was ini-
tially present was manually removed from each sample prior to
grinding. Fossil enamel and bone powders were soaked in 5% so-
dium hypochlorite (NaOCl) overnight to remove any possible or-
ganic contaminants, cleaned with distilled water and freeze-
dried. The powder was then treated with 1 M acetic acid under
weak vacuum overnight to remove carbonate, cleaned with dis-

tilled water and freeze-dried (Wang and Deng, 2005). With the
exception of samples TB-4 to TB-12 (Supplementary Table 2)
which were acidified at 25 °C over three nights and analyzed on
a dual-inlet IRMS previously, the treated enamel samples were re-
acted with 100% phosphoric acid at 72 °C overnight and the carbon
and oxygen isotopic ratios of the CO, produced were analyzed
using a Gas Bench Il Auto-carbonate device connected to the IRMS.
The isotopic data were calibrated based on measurements of at
least two sets of three different carbonate (calcite) standards
(including NBS-19 and two other lab standards) processed with
each batch of sediment carbonates or enamel carbonate samples.
Isotope data are reported in the standard notation as §'>C and
5180 in reference to the international carbonate standard VPDB
(Pee Dee Belemnite) except water whose 5!20 is in reference to
the international standard VSMOW (standard mean ocean water).
The analytical precision (based on replicate analyses of lab stan-
dards processed with each batch of samples) is +0.1%. (1) or bet-
ter for both 3'C and §'20.

As mentioned above, most of our fossil enamel samples in this
study were acidified at 72 °C. In acid decomposition of carbonate,
the liberated CO, only contains two-thirds of the oxygen in the car-
bonate. As a consequence, the 5'80 value of the evolved CO, is al-
ways higher than in the original carbonate. A so-called “acid
fractionation factor” must be applied to the measured 5'%0 value
of the CO, to obtain the 3'%0 value of the carbonate (Swart et al.,
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1991). It is generally assumed that acid fractionation factor for cal-
cite can be applied to structural carbonate in enamel bioapatite.
However, Passey et al. (2007) recently showed that different acid
reaction temperatures may result in isotopic discrepancies of up
to 1.5%. in reported enamel-5'%0 values because the carbonate
component of enamel bioapatite is not the same as that of calcite
as generally assumed. Because all our enamel-5'20 data were cal-
ibrated using calcite standards, we have added 0.7%o (i.e., the aver-
age per mil difference in 5'%0 between enamel samples reacted at
25°C and 72 °C, see Fig. 4 in Passey et al., 2007) to normalize the
data to acid reaction temperature of 25 °C to account for the differ-
ence in acid fractionation factor between calcite and structural car-
bonate in enamel bioapatite. Although this is a minor factor in the
following interpretation, the normalization allows comparison of
these data with other enamel data produced in our lab (as we
now uniformly acidify samples at 25 °C) and with data from many
other labs.

4. Results and Interpretation
4.1. Sediment mineralogy and stable isotope data

XRD analysis results show that the common minerals in the col-
lected samples are quartz, calcite, illite, kaolinite, and orthoclase
(or feldspar) (Supplementary Table 1 and Fig. 4). Some of the sam-
ples also contain vermiculite or chlorite as indicated by one low
angle peak that is consistent with either phase.

The '3C values of carbonates (5'3C.) are between —5%. and 5%
throughout the sequence without any significant long-term trend
(Fig. 4, Supplementary Table 2), possibly reflecting variations in
biological productivity in the lake or equilibrium with atmospheric
CO, (e.g., Talbot, 1990). In contrast, the §'80 values of carbonates
(8'80,) range from —10.7%o to —22.8%o, with an abrupt change in
the long-term trend at ~5.64-5.50 Ma (Fig. 4). Although the lim-

ited data reported by Wang et al. (1996) fall within the 80, range
of our data, it is impossible to directly compare their record with
ours due to inconsistency in the perceived magnetozones. Late dia-
genesis did not modify the isotopic composition of the carbonates,
because this would have shifted the §'0. to more negative values
with increasing burial depth (due to elevated temperature), which
is not seen in our data (Fig. 4). The high amplitude variations pre-
served in the 3'80. record (Fig. 4) also argue against significant dia-
genetic alteration of the isotopic compositions of the carbonates, as
alteration would have greatly reduced the amplitude of 580, var-
iability. The preservation of 8'80 variance at Milankovitch frequen-
cies as discussed below provides additional evidence for limited (if
any) diagenetic alteration of the isotopic compositions of the
carbonates.

The §'80. of authigenic carbonate in lacustrine or fluvial sedi-
ments is determined by two variables: (1) the 530 of water
(5'%0,) (i.e., lake water or shallow groundwater) from which the
carbonate is formed and (2) the temperature of carbonate forma-
tion (e.g., Talbot, 1990; Dettman et al., 2003). The 5'%0,, value of
lake water often deviates significantly from that of precipitation
feeding the lake system due to evaporative enrichment in the hea-
vy oxygen isotope '80 (Talbot, 1990; Fontes et al., 1996). Thus, the
interpretation of terrestrial carbonate §'%0, data is not straightfor-
ward as it is difficult to tease apart how much of the §'80, variation
is due to changes in temperature, source (meteoric) water §'20,,
and degree of evaporative %0 enrichment. Lack of strong covari-
ance between §'C. and 5'®0. (r=0.1907 for 7.2-5.5Ma;
r=0.3751 for 5.5-3.2 Ma) suggests that the paleo-lake was not a
closed system (i.e., internally drained lake) (Talbot, 1990).

4.2. Spectral analysis and interpretation of the 5'0, record

The most prominent feature of the §'80. record from the Woma
Formation in the Gyirong Basin is an abrupt and statistically signif-
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Fig. 5. Spectral analyses of '80 values from older (a) and younger (b) portions of
Gyirong sedimentary sequence and of cold-aridiphilous (CA) mollusk percentages
(c) from the Dongwan loess sequence (from Li et al., 2008). Maximum entropy
spectral analyses were performed using routine “spec.ar” in R version 2.10.1 (R-
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represents the 95% confidence interval calculated using method of PPPHALOS
software (Guiot and Goeury, 1996, as used in Li et al., 2008); and the upper dashed
line is the 95% confidence interval calculated using analysis of 1000 random
permutations of the original data.

icant shift to more negative values at ~5.64-5.50 Ma (t-test,
t=13.675, d.f.=267, M.D.=2.4, P<0.0001; Wilcoxon rank sum
test, w = 24,842, P< 0.0001) (Fig. 4). This 5'80, shift seems to re-
flect a major change in the mean environmental conditions of
the basin and divides the 5'%0. record into two distinct periods
(Fig. 4):

4.2.1. ~7.2. to ~5.5 Ma

During this first stage of basin development, the environment of
the paleo-Woma lake was relatively stable with no significant
change in the long-term 5'%0, trend (regression slope insignifi-

cantly different from zero), despite large fluctuations in the 520,
values (Fig. 4). The §'80, fluctuated around a mean value of
—14.7 £1.8%0 (n=153, all means reported +1c), ranging from
—10.7%0 to —19.4%.. The average sedimentation rate for this time
interval is about 60 + 28 mm/kyr. The fluctuations in the 5'20, val-
ues likely reflect variations in regional water balance (i.e., evapora-
tion vs. precipitation) or alternation between wetter and drier
climate induced by orbital forcing, with relatively enriched §'80,
values indicating drier periods or increased evaporation/precipita-
tion (E/P) ratio (e.g., Hodell et al., 1991; Yu and Eicher, 1998; Wei
and Gasse, 1999). Orbital forcing may be related to eccentricity and
precession cycles based on a time series analysis (maximum entro-
py and lomb spectral analysis routines in R-project, R Development
Core Team, 2009; and wavelet analysis, Torrence and Compo,
1998) of the 8'80c values of our analyzed samples using sample
ages linearly interpolated from paleo-magnetic dates of Yue et al.
(2004). These analyses reveal strong 24 and 100 kyr cycles (with
95% confidence level) (Fig. 5a) which are consistent with the Mil-
ankovitch frequency bands of precession (23 ky) and eccentricity
(100 ky) and also compare well with the 25 kyr and the 100 kyr cy-
cles reported by Li et al. (2008) from the western Chinese Loess
Plateau (Fig. 5a and c), implying that the large 5!20 fluctuations
during this time period are likely controlled by orbitally induced
variations in climate.

4.2.2. ~5.5. to ~3.2 Ma

After an abrupt shift at ~5.64-5.50 Ma, the paleo-lake basin at-
tained another relatively stable state (with no substantial change
in the long-term 5'%0, average; regression slope 0.000037 580,/
kyr, p = 0.008) until ~3.2 Ma, despite alternation between wetter
and drier periods as indicated by large fluctuations in 5'80, values
(Fig. 4). During this second stage of basin development from ~5.5
to 3.2 Ma, the 8'80, values varied between —14.4%o and —22.8%,
with a mean of —17.1 £ 1.3%. (n=188) that is 2.4%. lower than
the mean 5'20, for the previous period. The average sedimentation
rate is 45 +22 mm/kyr, lower than the preceding time interval.
Time series analysis, applied in a fashion similar to that discussed
for the 7.2-5.5 Ma samples, revealed much less pronounced 24 and
100 kyr cycles (Fig. 5b), possibly due to reduced cycle amplitude or
insufficient length of record.

The abrupt shift to more negative §'0. at ~5.64-5.50 Ma could
imply a significant change in temperature. Temperature change af-
fects the 5'80, of freshwater carbonate in two ways: (1) by affect-
ing the oxygen isotope fractionation between carbonate and water
and (2) by affecting the 5'80,, of source water (i.e., meteoric water).
The oxygen isotope fractionation between calcite and water varies
by about —0.23%o. per 1 °C increase in temperature (Kim and O’Neil,
1997). At mid to high latitudes, there is a strong positive correla-
tion (0.58%0/°C) between precipitation §'20,, and surface air tem-
perature (Dansgaard, 1964; Rozanski et al., 1993), but this
correlation is much weaker or non-existent in low latitudes and
in the Asian monsoon region where our study site is located
(Dansgaard, 1964; Rozanski et al., 1993; Johnson and Ingram,
2004; Vuille et al., 2005). If the temperature effect on precipita-
tion-5'80,, was also insignificant in the study area in the late Mio-
cene, the negative shift of 2.4%. in the mean §'%0. values would
require an overall 11 °C warming (relative to the previous period)
that persisted for over 2 million years following the 5.5-Ma event,
inconsistent with the global climate trend that shows only a subtle
warming during the early Pliocene relative to the latest Miocene
(e.g., Lear et al., 2000; Zachos et al., 2001). If we assume that the
precipitation-temperature relationship (0.58%c/°C) observed in
mid to high latitudes today existed in the late Miocene in the Tibe-
tan region, which would imply a net temperature effect of 0.35%o/
°C on 8'80,, the negative shift of 2.4%o in the mean 5'20, values in
the Woma Formation would require an overall 7 °C cooling that
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persisted for over 2 million years following the 5.5-Ma event,
which is also inconsistent with the global and regional climate
trend (e.g., Lear et al., 2000; Zachos et al., 2001 and discussion be-
low). Thus, a change in temperature cannot explain this negative
880, shift. Alternatively, if meteoric water §'%0,, remained the
same, the more negative 8'%0. values for the period of ~5.5-
3.2 Ma could reflect a reduced E/P ratio, implying either (1) a wet-
ter climate or a stronger summer monsoon in the region during
this time period compared to the previous interval of 7.2-5.5 Ma
or (2) a decrease in water residence time in the lake due to faster
passage of stream water through the lake. However, the inference
of a wetter climate is inconsistent with other evidence for a drying
climate in Asia since ~8-9 Ma (e.g., Barry and Flynn, 1990; Barry
et al,, 2002; Quade et al., 1989, 1995; An et al., 2001; Saylor
et al., 2010). A change in residence time is also unlikely cause be-
cause this 8'80. shift occurred over a much longer time scale
(Fig. 4) than the isotopic response time of a lake (i.e., a few years
to a few decades) to a change in residence time (Wei and Gasse,
1999). Furthermore, if the lake had become more open and yet
the paleo-meteoric water had maintained the same 5180, value
as that of today, the most negative 5'80. value of —22.8%. after
5.5 Ma (Fig. 4) would require that the carbonate was formed at
an unreasonably high temperature of about 40 °C. Thus, a reduced
E/P value without any significant change in the 5!%0,, of meteoric
water throughout the past 7 million years also cannot explain
the 5.5-Ma §'20, shift.

It appears that the only plausible explanation for this 5.5-Ma
5180, shift is a change in the 5'%0,, of meteoric water in the catch-
ment feeding the paleo-lake basin. The §'80. data from the Gyirong
Basin, just like the 5'80, data from other basins in the Himalayan-
Tibetan region (e.g., Garzione et al., 2000; Rowley and Currie, 2006;
Saylor et al., 2009), show a large range (>10%0) of variation. The
most negative 5'80, values of lacustrine and other terrestrial car-
bonates have been widely used to infer the §'80,, of paleo-mete-
oric water and paleo-elevation (e.g., Garzione et al., 2000;
Dettman et al., 2003; Rowley and Currie, 2006; Rowley and Garzi-
one, 2007; DeCelles et al., 2007; Murphy et al., 2009; Saylor et al.,
2009) as evaporation increases the §'%0 of lake/soil water and like-
wise the carbonates. The most negative 8'80. value after 5.5 Ma is
—22.8%0, which is 3.4%. more negative than the lowest value of
—19.4%. for the previous period. That is, not only is the mean
3180, value significantly lower, but also the most negative 20, va-
lue, after the 5.5-Ma event, is considerably lower. Therefore, we
interpret this 5.5-Ma §'80. shift as indicating a decrease in the
5'80,, of meteoric water in the catchment area of the paleo-Woma
lake due to a significant change in the mean environmental state of
the paleo-lake basin.

4.3. '80 of mammalian teeth and bones, and paleotemperature and
paleoelevation interpretations

The 5'80 values of fossil teeth and bones from the Hipparion
fauna found in the lower Woma Formation are reported in Supple-
mentary Table 3. The §'80 values of enamel samples from fossil
horses and rhinos range from —11.1%0 to —18.0%c, with a mean
of —16.4+1.4%0 (1o, n=41). The 5'%0(C03") values of fossil
mammalian bones collected from the same fossil locality
(~7Ma) are —17.8%c to —19.5%0, with a mean of —18.8 + 0.5%0
(+10, n=10). Modern enamel samples from horses and yaks from
the Gyirong Basin yielded 8'80 values of —12.4%. to —20.0%0
(Wang et al., 2008b), averaging —15.3 £ 2.1%0 (n = 76 enamel sam-
ples from 31 teeth).

Early studies suggested that the Hipparion fauna in the Gyring
Basin, which was dated magnetostratigraphically at ~7 Ma
(Fig. 3), resembled assemblages in northern China, representing a
mixed habitat of woodlands and grasslands, and that the local ele-

vation at that time would have been significantly less, at ~500-
1000 m a.s. L. (e.g., Ji et al., 1980; CAS, 1989). A recent stable carbon
isotopic study of this fauna (Wang et al., 2006) reveals that these
ancient mammals, unlike modern herbivores in the area, ate signif-
icant amounts of C4 grasses (i.e., warm climate grasses). In the
modern world, C4 grasses are mostly confined to low altitudes
and latitudes (Hofstra et al., 1972; Tieszen et al., 1979; Boutton
et al., 1980; Li et al.,, 2009; Edwards et al., 2010). Although C4
grasses have been found in the warmest months in southern Tibet,
they account for negligible amounts of the biomass (e.g., Lu et al.,
2004; Wang et al., 2008b; Li et al., 2009). The presence of signifi-
cant C4 grasses in the diets of these ancient herbivores (~30-70%
C4) was interpreted by Wang et al. (2006) as indicating significant
C4 biomass in the paleo-Woma lake basin in the latest Miocene.
This is consistent with paleosol carbonate 8'3C data from the near-
by Thakkhola graben (Garzione et al., 2000) that indicate the exis-
tence of C4~-dominated grasslands with C4 grasses accounting for as
high as 100% of the biomass in the area in the latest Miocene. Thus,
the carbon isotope data suggest a much warmer and wetter cli-
mate in the Gyirong-Thakkhola area at about 7 Ma than today
(Wang et al., 2006), in agreement with the habitat inferred from
the fossil assemblage contained in the same layer (Ji et al., 1980;
CSA, 1989). Furthermore, the carbon isotope data provide a con-
straint on the paleo-elevation of the area in the latest Miocene,
suggesting that the basin was no more than 2900-3400 m a.s.l.
at ~7 Ma (Wang et al., 2006). Analyses of pollen assemblages in
the Woma Formation revealed a rich and diverse flora (ranging
from trees, grasses to furs) including tropical and subtropical
plants such as Osmunda, Pteris, and Polypodiaceae in the paleo-
Woma lake basin, which also indicates a much warmer and wetter
climate, and thus lower elevation of the basin, in the late Miocene
than today (Sun et al., 2007; Xu et al., this issue).

Recent studies suggest that the 8'80 of fossil bone carbonate is
reset completely during early diagenesis on time scales of 20-
50 kyr (Kohn and Law, 2006). Thus, the 880 of the fossil bone car-
bonate reflects the 5'80,, of local meteoric water and local mean
annual air temperature, and could serve as a paleo-thermometer
if the 5'80,, could be estimated from the §'20 of fossil mammalian
tooth enamel (Kohn and Law, 2006; Zanazzi et al., 2007). The
underlying assumptions associated with this paleo-thermometry
approach (Zanazzi et al., 2007) are: (1) bone carbonate records
early diagenetic (i.e., pedogenic) conditions and its 5'%0 composi-
tion reflects local mean annual temperature and the 5'%0,, of local
meteoric water, and (2) the §'80,, of local meteoric water can be
determined from the §'80 of fossil enamel (i.e., the water ingested
by the animals is isotopically the same as the water in which the
bones fossilized). Here, we apply this fossil-based paleo-thermom-
eter to the §'%0 of fossil teeth and bones from the Hipparion fauna
found in the Woma Formation (Fig. 3) in an attempt to reconstruct
the paleo-temperatures and paleo-elevation of the paleo-Woma
lake basin.

Studies have shown that the enamel-5'%0 values of obligate
drinkers are strongly correlated with the 5'80,, of meteoric water
(e.g., Kohn and Cerling, 2002; Levi et al., 2006). Applying the enam-
el-water 880 relationship for obligate drinkers given in Kohn and
Cerling (2002) (i.e., 5'®0cnamer-pos = 0.9 8'80uater + 23 0r 8'80enamel-
co3 = 0.9 8"80yater + 1.245) to modern enamel samples from horses
and yaks yielded an average meteoric water §'%0,, value of
—18.6+2.1%0 (vs. VSMOW), which is almost the same as the
8'%0,, value of the present-day local tap water (—18.4%o Vvs.
VSMOW) collected in 2004 (Supplementary Table 3). Similarly,
we estimated the average 5'%0,, of paleo-meteoric water from
the 5'80 values of enamel from fossil horses and rhinos found in
the Gyirong Basin using the enamel-water §'0 relationship of
Kohn and Cerling (2002). The estimated 3'%0,, values of paleo-
meteoric water in the late Miocene are —19.6 £1.5%0 (¢10,
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n=42), slightly lower than that of the present-day local water.
Using the approach of Zanazzi et al. (2007), we calculated the pa-
leo-temperatures for the latest Miocene (Fig. 6; Supplementary Ta-
ble 4) from the estimated local-water 5'80,, values, the apparent
enrichment factor (~2.2%0) between bone carbonate (i.e., franco-
lite) and soil carbonate (calcite) (Kohn and Law, 2006), and the
5180 values of fossil bone carbonates using the general oxygen iso-
tope fractionation factor and temperature equation (Kim and
O’Neil, 1997). The estimated mean annual temperature (MAT) at
~7 Ma in the Gyirong Basin is 21 + 6 °C (Fig. 6a), which is about
19 °C higher than the present-day MAT of 2°C in the basin
(Fig. 6b).

The average 5180, value of lacustrine carbonates at 6.9-7.1 Ma
is —15.2 £2.0%c. Using the paleo-temperature estimated above
from fossils, we calculated the average §'80,, value of lake water
in equilibrium with these lacustrine carbonates to be —14 * 2%,
which is higher than that of paleo-meteoric water estimated from
fossil enamel. This isotopic difference is consistent with what is ex-
pected of evaporated lake water as evaporation preferentially re-
moves isotopically lighter water molecules leaving remaining
water enriched in the heavy oxygen isotope '80 relative to source
(meteoric) water (e.g., Gonfiantini, 1986).

Marine Mg/Ca records suggest that the ocean temperatures
~7 Ma were about 2-3 °C higher than today (Lear et al., 2000).
However, temperature changes at high elevations are larger
(maybe two times) than at sea level (Bradley et al., 2004, 2006).
If we assume that late Cenozoic global cooling has resulted in a
temperature drop of 5 °C (about twice that at sea level) in the Gyir-
ong Basin since ~7 Ma, the estimated temperature change in the
basin would suggest an elevation change of 2414(+1034) m since
that time using the following equation and the present-day tem-
perature gradient of —5.8 °C/km in the region determined from
the modern elevation/temperature data of Gyirong County
(28.77°N, 85.30°E, ~4200 m a.s.l., MAT = 2 °C) and New Delhi (sim-
ilar latitude, 28.58°N, 77.20°E, 211 m a.s.l., MAT = 25.0 °C):

Elevation change = (T — Ty — AT)/5.8 °C/1000 m (1)

where Ty, is the estimated temperature at ~7 Ma, Ty, is the modern
temperature, and AT the local temperature change due to global
cooling since the late Miocene. The uncertainty in the paleo-eleva-
tion estimate corresponds to the uncertainty in paleo-temperature
(#6 °C), which accounts for the uncertainty in paleo-water 5'%0
and the 580 variability of fossil bone carbonates. If the paleo-tem-
perature derived from the fossil-based §'%0 “paleo-thermometer”
(Zanazzi et al., 2007) did not approximate the MAT but were biased
to the growing season temperature that could be 5-6 °C higher than
the MAT, the above calculation would lead to an overestimation of
the elevation change by up to 1 km.

Subtracting the estimated elevation change from the current
elevation of the fossil locality (4384 m a.s.l) yielded a paleo-eleva-
tion of ~1970 + 1034 m a.s.l. This implies that the elevation of the
paleo-Woma lake basin in the latest Miocene was significantly
lower than its present-day elevation (Fig. 6b). If we use the pres-
ent-day atmospheric lapse rate of —6.5 °C/km, the estimated tem-
perature change since the latest Miocene would correspond to an
elevation change of 2154 + 923 m, implying that the paleo-lake ba-
sin was about 2230 £ 923 m a.s.l. at ~7 Ma. Whatever lapse rates
used, these temperature-based paleo-elevation estimates (despite
large uncertainties) are consistent with fossil evidence (Hsu,
1976; Ji et al., 1980; CAS, 1989; Sun et al., 2007; Xu et al., this issue)
and the carbon isotope data (Wang et al., 2006), indicating that the
paleo-Woma lake basin in the Gyirong area and possibly a signifi-
cant portion of the central Himalaya were at a much lower eleva-
tion than today.
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Fig. 6. Estimates of paleo-temperatures based on the §'%0 values of diagenetic
fossil bone carbonates and paleo-water in the latest Miocene (a), and paleo-
elevation of the Gyirong Basin calculated from estimated temperature change in the
basin since ~7 Ma (b). The solid dot represents the mean paleo-temperature
estimated for the latest Miocene. The lines in (a) represent expected equilibrium
3'80 relationships between fossil bone carbonate and water, calculated using a new
fossil-based oxygen isotope “paleo-thermometer” (Kohn and Law, 2006; Zanazzi
et al., 2007; see text for explanation).

5. Discussion
5.1. Evolution of the paleo-lake system

The filling of the basin began at ~7-10 Ma (Yue et al., 2004; Xu
et al., this issue), and likely marks the initiation of north-trending
rifting in the area or formation of a major topographic barrier south
of the Gyirong basin induced by Himalayan thrusting (i.e., a piggy-
back basin in a thrust hanging wall). This local environmental
event is broadly synchronous with the onset of nearby normal
faulting in southern Tibet at about 5-9 Ma (Harrison et al., 1995;
Murphy et al., 2002; Maheo et al., 2007). However, we do note that
this event is younger than the 14-16 Ma onset ages of rifting re-
corded in northern and western Tibet (Jolivet et al., 2003; Blisniuk
et al., 2001; Lacassin et al., 2004; Thiede et al., 2006). Other “coe-
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val” (~8 £1Ma) environmental changes have also been docu-
mented in areas surrounding the plateau (Fig. 4), including the
strengthening or onset of the Indian monsoon as inferred from
changes in foraminiferal assemblages in the Arabian Sea (e.g.,
Kroon et al., 1991; Molnar et al., 1993), the expansion of C4 grasses
in the Indian subcontinent (Quade et al., 1989, 1992, 1995), the on-
set of widespread “Red Clay” deposition on the Chinese Loess Pla-
teau (An et al., 2001), and a shift to a drier climate as indicated by
positive 580 shifts in soil carbonates and tooth enamel in the In-
dian subcontinent and in the Linxia basin in northwest China
(Quade et al., 1989, 1992, 1995; Wang and Deng, 2005). These var-
ious lines of evidence suggest a possible link between tectonic
change and regional and global climate change (Quade et al.,
1995; An et al., 2001).

The paleo-lake disappeared at ~3.2 Ma as indicated by the depo-
sition of fluvial-alluvial conglomerate on top of the Woma Forma-
tion (Fig. 3). This event is broadly coeval with a major
reorganization of drainage network in eastern Himalayan river sys-
tems at ~3-4 Ma inferred from provenance analysis of detrital zir-
cons in the eastern Himalayan rivers and foreland basin sediments
(Cina etal., 2009), but slightly precedes a major change in the global
climate system (Fig. 4) as marked by the onset of large Northern
Hemisphere glacial/interglacial cycles (Shackleton et al., 1984; Mas-
lin et al., 1998; Sosdian and Rosenthal, 2009), strengthened mon-
soon circulation and increased loess deposition on the Chinese
Loess Plateau (An et al., 2001). Although widespread Plio-Pleisto-
cene deposition of conglomerate near the northern margin of the Ti-
betan Plateau has traditionally been interpreted as indicative of
recent uplift of the plateau (e.g., Liu et al., 1996; Zheng et al.,
2000), Zhang et al. (2001) argue that increases in sedimentation rate
and grain size of sediments since 2-4 Ma (also observed in other
mountainous regions) may be a global phenomenon related to a
changed global climatic condition (from a stable climate to one with
frequent, high-amplitude variations). In the paleo-Woma lake basin,
the deposition of conglomerate (typical of alluvial fan debris depos-
its) at ~3.2 Ma marks the end of the long depositional history of the
paleo-lake basin (Figs. 3 and 4), more likely caused by tectonics that
completely changed the depositional setting in the Gyirong area.

During the time period of the lake’s existence, local climate fluc-
tuated between wetter and drier conditions, possibly due to orbital
forcing (Figs. 4 and 5). A major change in the mean environmental
state of the paleo-Woma lake basin occurred at ~5.5 Ma (Fig. 4)
and was associated with an abrupt reduction in the §'20,, of mete-
oric water in the catchment (see Section 4.2). Below we discuss
possible causes for such an abrupt reduction in the §'80,, of mete-
oric water in the catchment feeding the paleo-lake.

5.2. Cause of the 5'%0 shift at ~5.5 Ma

A change in the 5'80 of seawater (the ultimate source of mete-
oric water) does not appear to be sufficient to cause the significant
reduction in the 8'80 of meteoric water in the paleo-Woma lake
basin at ~5.5 Ma, as the 5'80 record from marine benthic forami-
nifera shows little change during the latest Miocene-early Pliocene
until ~3 Ma when extensive Northern Hemisphere glaciation com-
menced and the 5!80 of the ocean increased (Lear et al., 2000; Za-
chos et al., 2001). Other likely end-member explanations include:
(1) intensified summer monsoon, (2) a significant reorganization
of drainage systems in the central Himalaya that increased the
mean elevation of the catchment or led to a catchment with a lar-
ger proportion of surface water sources at higher elevations than
prior to ~5.5 Ma.

The Himalayas are within the Indian monsoon regime. Modern
precipitation in the Asian summer monsoon region displays a large
range of 5'80 variations strongly correlated with precipitation
amount - the so-called “amount effect” (Dansgaard, 1964). The

precipitation amount in the region is primarily controlled by mon-
soon intensity (Johnson and Ingram, 2004; Vuille et al., 2005), with
summer precipitation showing considerably lower §'30 values
(due to greater amounts of precipitation) than winter precipitation.
If similar effects controlled the 5'%0 of precipitation in the latest
Miocene and Pliocene, an intensified summer monsoon that per-
sisted for about 2 million years following the 5.5-Ma event would
be required to allow for source (meteoric) water §'20,, values to
have decreased to the post-5.5 Ma values. This would also imply
a wetter climate compared to the previous period. There is sub-
stantial evidence from both marine and terrestrial records for a
strong monsoon circulation since ~7-9 Ma, but the existing data
do not indicate further strengthening of the Indian monsoon at
~5.5-3.2 Ma (Burkle, 1989; Kroon et al., 1991; Prell et al., 1992;
Quade et al., 1989, 1995; An et al., 2001). Nonetheless, we cannot
completely rule out the possibility of a stronger summer monsoon
for this time interval because of lower time-resolution of published
records of monsoon-related indicators. It is worth noting that this
time interval more or less corresponds to a time of inferred
enhancement of the East Asian summer monsoon based on the rel-
ative abundance of cold-aridiphilous (CA) vs. thermo-humidiphil-
ous (TH) mollusk assemblages in a loess-paleosol sequence on
the western Chinese Loess Plateau (Li et al., 2008). The terrestrial
mollusk record shows that a shift from CA to TH dominance oc-
curred at ~5.5-5.1 Ma, corresponding to a climatic transition from
a cold and dry period (7.1-5.5 Ma) dominated by 100-kyr eccen-
tricity frequency to a warm and wet period (5.5-4 Ma) - presum-
ably stronger summer monsoon - dominated by 41-kyr obliquity
frequency (Li et al., 2008). Our 5'80, record from the Gyirong Basin
also reveals a strong eccentricity signal for the time period of 7.2-
5.5 Ma, but less clear orbital signals were preserved in the 5.5-3.2-
Ma interval of our record (Fig. 5), possibly due to insufficient data.
The possible linkage of intensification of both Indian monsoon and
East Asian summer monsoon would call for a regional (or global)
rather than local cause.

In tectonically active regions such as the Himalaya, a significant
change in the 5'%0,, of water entering a lake basin could also be
caused solely by reorganization of local or regional drainage sys-
tems feeding the lake. Such a change could be caused by a local
or regional tectonic uplift in response to continuing convergence
between India and Asia or a drainage capture event due to head-
ward erosion (e.g., Brookfield, 1998), resulting in an increased
mean elevation of the catchment that fed water into the lake. This
interpretation is consistent with a coeval change in clay mineral-
ogy in the Woma Formation (Fig. 4). The mineralogy of lacus-
trine/fluvial sediments is controlled by provenance as well as
weathering regimes in the catchment area. Kaolinite is produced
under high hydrolysis conditions in soils from chemical weather-
ing of aluminum silicate minerals like feldspar (Chamley, 1989).
Thus, occurrence of kaolinite in all samples examined is indicative
of a much warmer and moister environment in the latest Miocene
and Pliocene than today. This contrasts with Quaternary lake sed-
iments from the Tibetan Plateau that lack kaolinite (e.g., Gasse
et al., 1991; Fontes et al., 1993, 1996). An abrupt increase in the ra-
tio of orthoclase/kaolinite at ~5.5 Ma (Fig. 4) may suggest an in-
crease in the strength of physical erosion, consistent with an
increase in relief across the basin catchment area. This change in
mineralogy is accompanied by a change in lithofacies from silt-
stone to sandstone (Supplementary Table 1). Unlike the §'20, shift
that permanently changed the long-term trend of the 5'80, record,
reflecting a change in the mean environmental state of the paleo-
lake basin, the sudden change in mineralogy was followed by a re-
turn to the previous state in less than 60 kyr (Fig. 4). This may be
explained by a tectonic event that produced a transient increase
in non-vegetated surfaces associated with freshly exposed granitic
rocks in and around the Gyirong area.
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This latest Miocene '80,. shift observed in the paleo-Woma
lake basin precedes or roughly coincides (within dating uncer-
tainty) with a major reorganization of the western Himalayan river
systems (Fig. 4) documented by neodymium isotope data from
drilled cores from the Arabian Sea (Clift and Blusztajn, 2005). Could
the same processes that caused this major reorganization of the
western Himalayan drainage systems also be responsible for this
5.5-Ma 8'80, event seen in the paleo-Woma lake basin in the Gyir-
ong area in the central Himalaya? The latest Miocene to Pliocene
tectonic rejuvenation of the Main Central Thrust (Harrison et al.,
1997; Catlos et al., 2001; Maheo et al., 2007) could have signifi-
cantly altered the regional hydrological regime and drainage sys-
tems and consequently the discharge of eroded sediment to the
ocean (Clift and Blusztajn, 2005). Thus, these different lines of evi-
dence suggest that the environmental change in the paleo-Woma
lake basin at ~5.5Ma, as indicated by a prominent negative
5180, shift (Fig. 4), likely reflects a major change in drainage and
depositional setting possibly driven by tectonics. Additional evi-
dence for a change in drainage system is provided by Xu et al. (this
issue) showing a change in the sediment provenance and pollen
assemblage at ~5.5 Ma, which they interpret as indicating catch-
ment extension into high elevations.

5.3. Paleoelevation implications

The paleoelevation of the Gyirong Basin was quantitatively
determined to be 5850+ 1410 m/-730 m a.s.l. by Rowley et al.
(2001) based on the 8'80,, value of paleo-meteoric water estimated
from the most negative lacustrine carbonate §'80, value of —21.5%.
reported by Wang et al. (1996). The underlying assumptions of this
paleo-elevation estimate include: (1) the carbonate was formed in
the late Miocene at 2 °C, same as today’s mean annual tempera-
ture, (2) the most negative carbonate 5'80. value records the
5180,, of meteoric water, (3) the §'80,, of paleo-precipitation in
the late Miocene at Bakiya Khola (Nepal), which was considered
as a low elevation reference site near the moisture source, was
the same as the §'80,, of soil water calculated from the §'%0, values
of paleosol carbonates and an assumed paleo-temperature, and (4)
the variation in §'80,, of meteoric water with elevation is predict-
able using a one-dimensional Rayleigh-type fractionation model.

Our high-resolution 580, data from the Gyirong Basin (Fig. 4)
show that the most negative 5'80, values are —19.4%. for the per-
iod of 7.2-5.5 Ma and —22.8%o for ~5.5-3.2 Ma, which are similar
to the §'%0, value (—21.5%0) used by Rowley et al. (2001) to recon-
struct the paleo-elevation of the Gyirong Basin. However, the dif-
ference in the most negative 5'80, values before and after 5.5 Ma
is 3.4%., which would represent an increase in elevation of
1.2 km at ~5.5-3.2 Ma assuming that the present-day empirical
5'80,, lapse rate of —0.29%./100 m (Garzione et al., 2000) applied
in the past. If we were to apply the approach of Rowley et al.
(2001) with the same set of assumptions to our data (Fig. 4), the
paleo-elevation of the Gyirong Basin would be ~5586 + 1200/
—700m as.. in the late Miocene, prior to 5.5Ma, and
~6029 +1400/—-800 m a.s.l. at ~5.5-3.2 Ma, implying that the
Gyirong Basin stood higher in the past than today and its elevation
has dropped by ~2 km since ~5.5-3.2 Ma. These higher-than-
modern paleo-elevations inferred from the most negative §'80,
values, although consistent with the estimate by Rowley et al.
(2001), clash with the presence of significant C4 biomass (up to
100% C4) in the area as indicated by the carbon isotope data from
fossil teeth and paleosols (Wang et al.,, 2006; Garzione et al.,
2000) and are also inconsistent with clay mineralogy and pollen
and mammalian fossil evidence (Hsu, 1976; Ji et al., 1980; CAS,
1989; Sun et al., 2007; Xu et al., this issue).

Although precipitation is in general more depleted in 20 at
high elevations than at low elevations, precipitation in the Himala-

yan-Tibetan region displays large 5'20,, variations on various spa-
tial and temporal scales, which cannot be explained by elevation
alone (Wang et al., 2008b). Climate factors, such as temporal
changes in monsoon strength, source and history of moisture, cir-
culation pattern and temperature, can all exert significant influ-
ences on 5'%0 values of meteoric water (e.g., Araguas-Araguas
et al,, 1998; Johnson and Ingram, 2004; Vuille et al., 2005; Wang
et al., 2008b). Paleoclimate simulations using atmospheric general
circulation models show that growth of mountain ranges and pla-
teaus affects atmospheric circulation, and regional and global cli-
mate (e.g., Prell and Kutzbach, 1992; Kutzbach et al., 1993; Kitoh,
2004). Model simulations also show that changes in regional cli-
mate associated with mountain/plateau uplift have a large influ-
ence on the 5'80,, of precipitation as well as the §'80,, lapse rate
(Ehler and Poulsen, 2009; Poulsen et al., 2010). An elevation esti-
mate of an area during a geologic period using an empirical
5180,, vs. elevation relationship or a Rayleigh-type fractionation
model would be reliable only if the climate conditions of the study
area during the geologic time of interest were the same as that of
today. This assumption is clearly invalid for the Gyirong area
where various lines of evidence indicate a warm and humid cli-
mate in the late Miocene (Hsu, 1976; Ji et al., 1980; CAS, 1989;
Wang et al., 2006; Sun et al., 2007), very different from today’s cold
and dry environment.

Another quantitative paleoaltimetry approach uses estimates of
paleo-temperatures and temperature-elevation relationships (e.g.,
Quade et al., 2007; Wang et al., 2008a). By applying a new fossil-
based paleo-thermometer (Zanazzi et al., 2007) to the 5'%0 values
of fossil bone carbonate and tooth enamel, we estimated the eleva-
tion of the paleo-Woma Lake basin to be about 2 +1 km a.s.l. at
~7 Ma (see Section 4.3), which is compatible with fossil mamma-
lian and pollen assemblages (Ji et al., 1980; CAS, 1989; Sun et al.,
2007; Xu et al., this issue), carbon isotope data (Wang et al.,
2006) and sediment clay mineralogy. However, a lower paleo-
Woma lake basin does not exclude the possibility that there could
have been both high and low elevations around the paleo-lake
basin.

Limited water isotope data from southern Tibet suggest that the
present-day precipitation at ~2 km elevation - equivalent to the
estimated elevation of the paleo-Woma lake basin - should have
an average 3'%0,, value of ~—12%. (Garzione et al., 2000), which
is 6-7%o higher than the estimated §'20,, in the paleo-Woma lake
basin at ~7 Ma (see Section 4.3). The “unexpectedly” low 3'%0,, in
the latest Miocene in the area can be explained by the “amount ef-
fect” (Dansgaard, 1964). Although precipitation isotopic studies in
the Himalaya and Tibetan region are relatively few and of short
duration, data available from the IAEA-GNIP (International Atomic
Energy Agency Global Network for Isotopes in Precipitation) data-
base (IAEA, 2010) show that precipitation §'20,, values at a given
site in the Asian monsoon region display large seasonal variations
and are primarily controlled by the “amount effect” (Johnson and
Ingram, 2004; Wang et al., 2008b). In Lhasa (29.42°N, 91.08°E,
3649 m a.s.l.), which is the only IAEA-GNIP station in Tibet,
weighted mean monthly average precipitation §'20,, values (for
the period of 1986-1992) varied from —6.2%0 to —22.06%. and
are strongly negatively correlated with the precipitation amounts
with an amount effect of —9.54%0/100 mm (r = —0.84951). That
is, a 100 mm increase in summer precipitation amount, equivalent
to about 25% increase in annual precipitation in the area, would re-
duce the present-day §'80,, value by 9.5%c. In Kunming (25.01°N,
102.41°E, 1892 m a. s. L.), which is another IAEA-GNIP station in
southwest China, the available data (1986-2001) show an amount
effect of —3.7%/100 mm (r = —0.78173), suggesting that a 200 mm
increase in summer precipitation amount could lead to a reduction
in the present-day 8'80,, by 7.4%.. The present-day annual precip-
itation in the Gyirong area is less than 380 mm. Although the mag-
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nitudes of the amount effect in both the Gyirong Basin and the pa-
leo-Woma lake basin are unknown, the above analyses of available
data from Lhasa and Kunming suggest that an increase in the
amount of rainfall by 100-200 mm or more could conceivably low-
er the §'%0,, value by > 7%.. Thus, the “unexpectedly” low '20,,
value at ~7 Ma estimated from fossil enamel 3'80 data can be ex-
plained by higher amounts of precipitation in the paleo-Woma lake
basin at that time, which is consistent with a much wetter climate
in the latest Miocene (than today) as inferred from various lines of
evidence discussed above (i.e., fossil assemblages, clay mineralogy,
carbon isotopes).

5.4. Tectonic implications

As discussed in the previous sections, our isotopic data, in con-
junction with sedimentology of the Woma Formation, suggest ma-
jor changes in depositional and hydrologic conditions at ~7.2 Ma,
~5.5Ma and ~3.2 Ma (Fig. 4). The 7.2-Ma event was the start of
lacustrine deposition in the region. Based on the presence of signif-
icant C4 biomass (up to 100% C4) in the Gyirong-Thakkhola area as
evidenced by carbon isotope data from fossil enamels and paleo-

7-5.5 Ma

sols, the inferred habitats for the fossil mammalian fauna, pollen
assemblages preserved in lacustrine sediments, sediment clay
mineralogy, and paleo-temperature estimates, we suggest that
the initial deposition of the Woma Formation must have occurred
under a much warmer and wetter climatic condition and at an ele-
vation of ~2 km, which is about 2-2.5 km below the current eleva-
tion of the Gyirong Basin where the studied strata are exposed. Our
data also indicate a prominent negative 5'%0 shift and a sudden
and transient change in mineralogy of sediments at ~5.5 Ma,
which may be related to reorganization of the drainage system
feeding surface water into the paleo-Woma lake. This inference
of drainage change is also supported by the provenance and pollen
data reported by Xu et al. (this issue). The 3.2-Ma event was ex-
pressed by a change in depositional environment from a lacustrine
setting to an alluvial setting. The sudden influx of proximal allu-
vial-fan sediments suggests a rapid establishment of local topo-
graphic relief. Here, we place the above events in the context of
regional tectonic development of the central Himalaya (Fig. 1).

It is well known that tectonic uplift of the central Himalaya
started at ~20 Ma or earlier related to the development of the Main
Central Thrust (MCT) system to the south (e.g., Hubbard and Har-
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Fig. 7. A piggyback basin model for the evolution of the Gyirong area in the central Himalaya. (A) Miocene development of the Main Central Thrust produced a piggyback
basin in its hanging wall south of the Tethyan Himalayan thrust belt at ~7.2 Ma. (B) By ~5.5 Ma, out-of-sequence development of the MCT duplex system uplifted part of the
piggyback basin and changed the drainage configuration that fed surface water into the paleo-Woma lake. (C) At ~3.2 Ma, the rapid development of the Gyirong rift produced
large topographic relief, resulting in the deposition of conglomerate over the Woma lacustrine deposits.
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Fig. 8. A rift basin model for the evolution of the Gyirong area. (A) Initiation and early development of the Gyirong normal fault lowered the elevation of its related rift basin
to an elevation at 2 km (not shown). At ~7.2 Ma, the rifting process produced a topographic depression that began to accumulate lacustrine deposits. (B) At ~5.5 Ma, rifting
further deepened the basin, producing fining upward sedimentation at a slower average sedimentation rate. Drainage systems feeding surface waters into the lake also
experienced a major reorganization, possibly induced by lateral propagation of the rift system. (C) At ~3.2 Ma, lacustrine sedimentation was replaced by alluvial fan
deposition, possibly induced by a rapid increase in topographic relief across the rift zone or by drainage system reorganization that rapidly drained the paleo-Woma lake.

rison, 1989; Hodges et al., 1996; DeCelles et al., 2001; Kohn et al.,
2005) and the Tethyan Himalayan thrust belt to the north (see re-
view by Yin and Harrison (2000) and Yin (2006)). Motion on the
hanging wall of the MCT (where our study area is located) could
have raised the elevation of the area since at least 20 Ma if the
study area has been translated over a thrust ramp. Our study area
also lies on the southern edge of the Tethyan Himalayan thrust
belt, which was developed in the Paleogene and had accommo-
dated >50% crustal shortening (Ratschbacher et al., 1994). The
MCT was reactivated at 7-3 Ma possibly related to the develop-
ment of a new thrust duplex system in the interior of the central
Himalaya (Harrison et al., 1997; Catlos et al., 2001; Robinson
et al., 2003). Given such overwhelming geologic evidence for early
contraction and uplift of the central Himalaya, it is puzzling that
the Gyirong area was located at only about 2 km at 7 Ma. There
are two possible interpretations.

First, the paleo-Woma lake was developed as a piggyback basin
at ~7.2 Ma in the hanging wall of the MCT south of the Tethyan
Himalayan thrust belt (Fig. 7a). Its paleogeographic setting may
have been similar to the modern Kashmir Basin at the western
end of the Himalayan orogen (Fig. 1), which has an average eleva-
tion of about 2 km with externally drained lakes, but is surrounded
by high mountains with elevations exceeding 5 km both to south
and north (Fig. 7a). The piggyback basin had stayed at an elevation
of ~2 km until the MCT system was rejuvenated at ~5.5 Ma, caus-
ing crustal thickening below the paleo-Woma lake (Fig. 7b). This
event may have also caused reorganization of the drainage systems
around the paleo-Woma lake as indicated by a rapid change in 8'%0
value at this time in its sediments. At ~3.2 Ma, the Gyirong rift was
fully developed, which produced a through-going south-flowing
river that drained and emptied the paleo-Woma lake. Meanwhile,
rifting induced rapid deposition of coarse-grained sediments shed
from the uplifted rift shoulders (Fig. 7c). This model predicts the
former extent of the Woma Formation to be much greater than
its current occurrence in the Gyirong basin and the greater extent
would be along the strike direction of the MCT.

Alternatively, the deposition of the Woma Formation would
represent the initiation of the Gyirong rift, with the changes in iso-
topic signatures and the depositional setting of the paleo-Woma
lake related to different developmental stages of a single rift
(Fig. 8). This model requires the Woma Formation to be restricted
to the Gyirong Basin (Fig. 8). It would also require the Gyirong re-
gion to have had a higher altitude than 2 km before the start of the
deposition of the conglomeratic Danzengzhukang Formation be-
neath the Woma Formation (Xu et al., this issue) with subsequent
rifting lowering the elevation of the rift-valley floor. However, no
sediments were stored in the rift valley until ~7.2-10 Ma when a
sluggish drainage system developed as expressed by the formation
of an externally-drained lake (Fig. 8a). Extension then caused the
rift basin and the associated lake to deepen. Meanwhile, the rift ba-
sin, together with the lake and its catchment, was uplifted to a high
elevation due to crustal shortening below (Fig. 8b). Finally, rapid
uplift associated with rifting created higher topographic relief with
large alluvial fans developed across the rift basin (Fig. 8c).

6. Conclusions

Oxygen and carbon isotopic analyses of the latest Miocene-Pli-
ocene lacustrine-fluvial Woma Formation from the central Hima-
laya reveal an alternating wetter and drier climate pattern.
Preliminary spectral analyses show periodicities of 24 and
100 kyr between 7.2 Ma and 5.5 Ma and possibly extending to
3.2 Ma, suggesting orbital forcing. Our isotope data, together with
existing sedimentologic data, also reveal three major hydrological
events in the late Miocene and Pliocene. The first major event
was the initiation of a paleo-lake system at ~7.2 Ma. The study
area was under a much warmer and wetter climate at an elevation
of ~2 km at ~7 Ma. The second major event happened at ~5.5 Ma,
as indicated by a significant shift to overall more negative 520,
values and a sudden and transient change in mineralogy of sedi-
ments, likely reflecting a major reorganization of the drainage sys-
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tem that led to catchment with a larger proportion of surface water
sources at higher elevations than prior to 5.5 Ma. The third major
event was expressed by a change in depositional environment
from a lake basin setting to an alluvial setting at ~3.2 Ma, suggest-
ing a rapid establishment of local topographic relief. Two tectonic
models may explain the above observations. The first is that the
Woma Formation was deposited in a piggyback basin on the hang-
ing wall of the Main Central Thrust. Later crustal thickening related
to out-of-sequence thrusting of the MCT system raised its elevation
to the current altitude. Alternatively, the Woma Formation was
deposited in a rift valley and was at a low elevation at the time
of its deposition. The rift basin was subsequently raised by crustal
shortening from below in the interior of the Himalaya. Differenti-
ating the two models requires more detailed work on the spatial
extent, sedimentology, and structural origin of the Woma
Formation.
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