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Abstract

This study presents high-resolution oxygen and carbon isotopic records of paleosol
carbonates from fluvial sediments and lacustrine carbonates, sampled from the Jingou He and
Kuitun He stratigraphic sections, located in the northern Tianshan piedmont. These sections
expose remarkable outcrops of Junggar foreland basin sediments that have been previously dated
by high-resolution magnetostratigraphy to between ~23.6 and ~1 Ma, and ~10.5 and ~3.1 Ma,
respectively. A total of 216 samples of fluvio-lacustrine sediments were collected from which
isotopic analyses yield 30 (SMOW) values that range from 13.7 to 29.9%. in the Jingou He
section, and 16.3 to 21.0%o in the Kuitun He section. §'3C (PDB) values range from -12.9 to
3.0%o in the Jingou He section and -7.8 to -4.0%o, in the Kuitun He section. &0 values decrease
between ~25 and 23 Ma, and then remain relatively steady, with the exception of one period that
contains samples with higher oxygen isotope values at ~16 Ma. During the periods when there
are samples that overlap in time from the Kuitun He and Jingou He sections, we observe a

difference of ~1.7%o between values from the two locales. The 8*3C values also decrease
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between ~25 and 23 Ma, and then remain relatively steady until ~10 Ma with, again, one short
period of higher values ~16 Ma. Then, between ~10 and 3.1 Ma, carbon isotope values
progressively increase. We interpret that §*%0 and §'3C isotopic values during lacustrine periods
(~25-23 Ma and ~16 Ma) as largely controlled by evaporation and opening/closing of the lake to
external inputs. We interpret the §*%0 values of paleosol carbonate in the Junggar Basin to be
influenced by the hypsometry of the high Tianshan range while the 8'*C values may record the
uplift history of the depositional area in the foreland basin itself as well as the isotopic
composition of plants. Consequently, we conclude that the Jingou He and Kuitun He drainage
basins in the Central Tianshan have remained at relatively unchanged elevations for the past ~20
Ma. We also suggest that the elevation of the southern part of the foreland basin increased
between ~10 to ~3.1 Ma, probably as a result of tectonic deformation in the piedmont and
sedimentary filling of the sedimentary basin. The carbon isotope record remains relatively stable
through time, and isotopic values suggest that there was little or no expansion of C4 plants in this

region in the late Miocene.

1. Introduction

Mountains are the complex expression of the interactions between tectonic deformation,
climate, and surface processes such as sedimentation and erosion (e.g Avouac and Burov, 1996;
Beaumont et al., 1988; Burbank, 1992; Cobbold et al., 1993; Koons, 1987; Molnar and England,
1990; Whipple and Meade, 2006), both of which drive mass transfer from the uplifting zone
toward the flanking basins (e.g. Charreau et al., 2009b; Métivier et al., 1999; Zhang et al., 2001).
To better decipher the relative impact of these processes, long term and quantitative estimates of
paleotopographic variations are needed. This is particularly true in Asia, where the India
collision that began ~55 Ma ago (Leech et al., 2005; Patriat and Achache, 1984) has generated
the growth of ranges with some of the greatest relief on Earth. The Tianshan Mountains lie 1700
km north of the India-Asia suture zone and dominate the topography of Central Asia over an E—
W distance of over 2500 km with summits higher than 7000 m. Present-day shortening rates
exceed 20 mm/yr across the range (Abdrakhmatov et al., 1996; Reigber et al., 2001), and attest to
the great magnitude of intracontinental deformation. While the geological structure of the range

has resulted from a complex Paleozoic history of accretionary and intracontinental deformation



(e.g. Gao et al., 1998; Hendrix et al., 1992; Wang et al., 2008a; Windley et al., 1990), the present
topography appears to be related to the tectonic reactivation of these structures induced by the
India-Asia collision (e.g. Dumitru et al., 2001; Sobel and Dumitru, 1997; Tapponnier and
Molnar, 1979). This uplift has widely affected Central Asian climate and environment during
Cenozoic times (Fluteau et al., 1999; Raymo and Ruddiman, 1992; Ruddiman and Kutzbach,
1989). Indeed, the amount of rainfall in the northern Tianshan piedmont today is one order of
magnitude greater than in the southern Tianshan (Figure 1), indicating that the Tianshan act as a
significant topographic barrier to atmospheric circulation from the north, including the Central
Asian and Arctic air masses (Araguas-Araguas et al., 1998). Thus, understanding how and when
this relief was built will greatly improve our knowledge of how mountain building has driven
climate changes under the influence of the convergent tectonic setting (i.e. India-Asia collision).
It has been shown that the isotopic composition of authigenic minerals from terrestrial
sedimentary sequences adjacent to mountain belts may record the surface elevation of the
windward mountain ranges (Dettman and Lohmann, 2000; Garzione et al., 2000; Ingraham and
Taylor, 1991; Poage and Chamberlain, 2001; Sammel and Craig, 1981 ; Siegenthaler and
Oeschger, 1980) . The Tianshan range is sandwiched between two large intracontinental basins --
the Tarim Basin to the south and the Junggar Basin to the north (Figure l1a). The Tianshan
piedmonts are incised by several large rivers that provide the exposure of continuous Tertiary
sections suitable for the analysis of syn-orogenic sediments shed from the range. Two
sedimentary sections located in the Dushanzi area in the northern piedmont (Figure 1b), named
Kuitun He and Jingou He ("He" means river in Chinese), have been dated by
magnetostratigraphic analysis (Charreau et al., 2009a; Charreau et al., 2005), providing robust
constrains on the depositional ages of ~23.6 to 1 Ma in the Jingou He section, and ~10.5 to 3.1
Ma in the Kuitun He section (Figure 2), and enabling the derivation of the accumulation rates
shown in Figure 3d. In this paper, we present oxygen and carbon isotopic compositions of
pedogenic and lacustrine carbonates from both sections, and then we discuss the late Cenozoic
evolution of the palaeotopography of the range. These data represent the first isotopic record at

this latitude north of the Tibetan Plateau, with a time-constrained, high sampling resolution.

2. Sedimentology



In the Jingou He and Kuitun He sections, five lithostratigraphic formations can be recognized
including the Anjihai, Shawan, Taxi He, Dushanzi and Xiyu Formations (BGMRX, 1985). Based on a
sedimentological analyses in the Jingou He section, Charreau et al. (2009a) have better defined these
formations in terms depositional systems (Fig. 3). Updated descriptions and interpretations of the
depositional processes and environments in the Jingou He sections as well as a new sedimentologic
analysis of Kuitun He section are briefly presented below. In both sections we used a standard
faciological method: facies were defined on the basis of their lithology, sedimentary structures and
biological remains and then interpreted in terms of depositional processes using facies associations
(individual facies in fluvio-lacustrine sediments solely depend on the sediment nature or on
hydrodynamic processes). Those facies associations, which appear in specific locations along the studied
sections, were used to divide the sedimentary series in several units with different depositional

environmental characteristics.
Jingou He section

In the Jingou He section, Charreau et al. (2009a) identified 12 depositional units linked to
different depositional systems (Fig. 3). Descriptions of these units and interpretations in term of
depositional environments are briefly presented and updated below, from the bottom to the top of
the section.

Units 1 and 2 are made up of dark grey silty marls, calcareous mudstones and packstones,
and minor sandstones with sharp bases. Within these units, deposits display wave ripples,
freshwater shells, vertebrate bones, and burrows. Upward, unit 3 consists of red clayey siltstones,
sandstones with frequent silt-rich laminae, and sandstones to microconglomerates with erosive
bases. Unit 4 consists of red siltstones, sandstones with sharp bases, and sandstones to
conglomerates with erosive bases. These sediments contain root traces and carbonate nodules.
Above unit 4, units 5 and 6 are composed of minor dark grey silty marls, red siltstones,
sandstones with occasional silt-rich laminae, and sandstones to conglomerates with erosive
bases. In these units, deposits show pervasive bioturbation alternately consisting of burrows and
root traces. Like units 1 and 2, unit 7 includes dark grey silty marls, calcareous mudstones and
packstones, and sandstones with sharp bases, as well as minor red clayey siltstones. In these
facies, wave ripples, freshwater shells, and burrows are present. Upsection, units 8 and 9 consist
of red siltstones, sandstones with occasional silt-rich laminae, and sandstones to conglomerates

with erosive bases. These deposits also exhibit a pervasive bioturbation alternately consisting of



burrows and root traces, as well as some dark grey silty marls (unit 8) or wave ripples (unit 9).
Units 10 and 11 comprise orange fine-grained sandstones, sandstones to microconglomerates
with sharp bases, and conglomerates with erosive bases. In these units, root traces and carbonate
nodules are also present. Finally, at the top of the section, unit 12 consists of conglomerates with
erosive bases, and minor sandstones to microconglomerates with sharp bases. However, this unit
was not sampled since it contains no material suitable for isotopic analyses.

Therefore, in terms of depositional environments, we interpret units 1, 2 and 3 to have
formed as a result of a first lacustrine depositional episode in a large and deep calcareous
lacustrine system (units 1 and 2), progressively evolving to a shallow terrigenous one (unit 3).
Then, unit 4 indicates the occurrence of a fluvial depositional period characterized by a gravelly
fluvial system. Afterwards, units 5, 6, 7, 8 and 9 point to the existence of a second lacustrine
episode with a progressive change of depositional environment from a fluvio-lacustrine system
(units 5 and 6) to a large and deep calcareous lacustrine one (unit 7), and a fluvio-lacustrine
system again (units 8 and 9). Finally, units 10 and 11 indicate the occurrence of a new period of
gravelly fluvial deposition, whereas unit 7 records the later development of a gravelly alluvial

fan system (Charreau et al., 2009b).

Kuitun He section

In the Kuitun He section, 7 depositional units can be identified. Descriptions of these
units and interpretations in term of depositional environments are briefly presented below, from
the bottom to the top of the section.

Unit 1 consist of dark grey silty marls with freshwater shells, red clayey siltstones,
sandstones with occasional silt-rich laminae, and minor sandstones to microconglomerates with
erosive bases. Unit 2 includes red siltstones, sandstones with sharp bases, and sandstones to
microconglomerates with erosive bases. Within this unit, deposits display a pervasive
bioturbation by burrows. Upward, units 3, 4, 5 and 6 are made up of red siltstones to orange
fine-grained sandstones, sandstones to microconglomerates with sharp bases, and sandstones to
conglomerates with erosive bases. In these units, root traces and carbonate nodules (unit 4, 5 and
6) are present. At the top of the section, unit 7 consists of conglomerates with erosive bases, and

minor sandstones to microconglomerates with sharp bases. One can notice that the sampling of



the Kuitun He section begins within unit 4 and ends before unit 7, avoiding sampling material
that is not suitable for isotopic analyses.

In terms of depositional environments, units 1 and 2 are interpreted to have been
deposited in a lacustrine depositional episode, with a shallow terrigenous lacustrine system (unit
1) giving rise to a fluvio-lacustrine one (unit 2). Then, units 3, 4, 5 and 6 are interpreted to
indicate the occurrence of a fluvial depositional period, during which a sandy fluvial system (unit
3) is replaced with a gravelly one (units 4, 5 and 6). Finally, unit 7 is interpreted as having been

deposited in a gravelly alluvial fan system.

3. Stable isotope analysis
Material and methods

In this study, we have analyzed the oxygen and carbon isotope compositions of lacustrine
carbonates as well as paleosol carbonate and carbonate cements from fluvial deposits. In fluvial
sediments, the isotopic composition in O and C of both early calcareous cement and paleosol
carbonate reliably record long-term changes in climate (Cerling, 1984) and/or surface elevation
(Chamberlain and Poage, 2000; Dettman et al., 2003; Dettman and Lohmann, 2000; Garzione et
al., 2004; Garzione et al., 2000; Poage and Chamberlain, 2001; Quade et al., 1989; Quade and
Roe, 1999). 150 samples were collected in the Jingou section and 66 samples were collected in
the Kuitun He section, both with an average sampling interval of ~14m (50-150 ka). Samples
from lacustrine deposits include mostly carbonate-rich mudstone and marls. In the remaining
section, samples were collected from appropriate material in fluvial floodplain deposits
consisting mostly of paleosol nodular calcrete (e.g. Goudie, 1983) and carbonate-cemented fine
sandstone and siltstone. Pedogenic carbonate, including calcrete and carbonate cement, both
precipitate in sediments prior to the diagenesis (i.e. authigenic) and near the surface (Cerling,
1984). Sampling of pedogenic carbonates is preferred when available as they clearly result from
carbonate supersaturation due to evaporation, evapotranspriration and lowering p(CO,) in arid to
semi-arid climates (e.g. Cerling, 1984). Pedogenic carbonate includes siltstone to sandstone
nodules rich in carbonate as well as calcareous pisolite. Possible repeated soil formation in the
flood plain and its erosion by stream flow make it difficult to reconstruct the original depth of the
soils from which pedogenic carbonate was sampled, though it might represent critical



information for interpreting the isotopic data. Sampling was not possible in the conglomeratic
Xiyu formation.

Samples were powdered using a dental drill, and 0.3 to 9 mg of powdered sample was
placed in a sealed reaction vessel to analyze the isotopic composition of the carbonates. The
sealed vessels were flushed with helium, and then reacted with 100% phosphoric acid at 72° C.
Carbon dioxide was then sampled from vessels using a Finnigan Gas-Bench, oxygen and carbon
isotope ratios were measured by a Finnigan MAT Delta+ XL mass spectrometer at the Stanford
University Stable Isotope Biogeochemistry Laboratory. Repeated analysis of NBS-19 and
Merck standards shows that laboratory precision for both carbon and oxygen isotope ratios is
<0.2%o. The complete list of sample with their stratigraphic position, type of carbonate
(lacustrine, pedogenic or cement), age and isotopic composition is given as online depository
data (Table A).

To better characterize the nature of vegetation type (C3 vs. C4 plants), complementary
analyses were carried out on a bovid fossil tooth. This tooth was sampled from the Jingou He
section within the Dushanzi Formation, from a lower right jaw with two molars belonging to a
bovid identified as Hyspodontus sp. (Charreau et al., 2009a). 24.5 mg of enamel from one molar
was powdered and analysed at the Stable Isotope Laboratory of the Centre de Recherche
Pétrographique et Géochimique (Nancy, France). The powder was reacted with HsPO, (100%) at
25 °C (Gajurel et al., 2006) and the carbon and oxygen isotopic ratios of the CO, were analyzed
using a modified EuroEA3028-HT elemental analyzer coupled to a GV Instruments IsoPrime
Continuous-flow Isotope Mass Spectrometer.

Results

880 values of carbonate samples range from 13.7 to 29.9%o in the Jingou He section,
with an average of 20.9£2.3%. (Fig. 3). Samples in the Kuitun He section range from 16.3 to
21.0%o, with an average of 18.9+0.9%,. 8"3C values in the Jingou He section range from -12.9 to
3.0%o with an average of -6.7+2.29%o, and in the Kuitun He section range from -7.8 to -4.0%,
with an average of -6.1£0.9%.. In samples from fluvial systems, pedogenic calcareous pisolite
and the other carbonates (cement and nodule) have similar isotopic composition, with average
8'%0 values of 20.0£2.0%0 and 20.3%1.1%o, and 5"°C values of -6.9+1.4%o and -6.5+0.8%o,



respectively. The average isotopic composition of lacustrine carbonate (Jingou He section) is
significantly different from that of fluvial samples, with average 50 values of 24.8+2.0%, and
8"3C values of -1.5+3.8%,. Though isotopic values of both carbon and oxygen show significant
variability throughout the section, one may observe long-term trends. From ~24 to ~22-23 Ma,
880 and 8"3C values covary and decrease by ~5%o in both cases. From ~23-22 to ~16-15 Ma,
oxygen and carbon isotopic compositions remain relatively constant, with the exception of an
increase in both oxygen and carbon isotopic values ~16-17 Ma. From ~10-11 Ma on, 8**C
average values progressively increase from -6.7£0.8%o to -5.6%£1.1%o. but values could be
considered as steady if one consider the large uncertainties. 50 values remains relatively stable
during this period. At the transition zone between the sections, from ~10 to 8 Ma, oxygen
isotopic values average 20.5+1.7%., significantly different from the Jingou He section, where
sample values are an average of 18.8+0.7%o during the same period of time.

The Hysondontus sp. molar shows very similar isotopic composition to pedogenic and
cement carbonate samples from the same time period, with 80 values of 19.6%o, and &“C

values of -7.21%eo.

4. Discussion

Several competing factors may explain variations in isotopic composition of authigenetic
minerals in soils, including precipitation composition, mean annual temperature, seasonality of
precipitation, continentality, source of air mass, global volume of the ice sheets, and surficial
processes such as water-rock interaction and evaporation. The magnitude of these effects must be

examined in order to assess the role of surface elevation change in the isotopic records.

Diagenesis

Dissolution/recrystallization processes during diagenesis can significantly alter the
isotopic signal originally recorded in carbonate, especially in the case of sandstone cement
(Garzione et al., 2004; Quade and Roe, 1999; Sanyal et al., 2005). As sediments are buried at
depth, increased temperature and dissolution/recrystallization processes can change the isotopic
composition of carbonates (Garzione et al., 2004; Quade and Roe, 1999; Sanyal et al., 2005).
This diagenesis may also generate a large spread of isotopic compositions as

dissolution/recrystallization occurs at different depths and stages of burial (Sanyal et al., 2005).



However, fission track analyses of Cenozoic strata in the Manas section, just ~20 km west of the
Jingou He section, show that sediments have not been buried at depth greater than ~2 km
(Hendrix et al., 1994). Moreover, in both sections few samples have the extremely low oxygen
isotopic values (<15%o) often characteristic of diagenesis overprint in the literature, the spread of
the isotopic composition is relatively low (1-2 %o), and no trends related to depth can be seen as
observed in the Surai section (Nepal) where a diagenesis impact have been observed (Sanyal et
al., 2005). Moreover, in sections where samples of pedogenic carbonate and carbonate cement
occur together, their values are similar, suggesting instead both types of carbonate were formed
near surface from water that infiltrated the flood plain. Finally, while isotopic re-equilibration
with diagenetic fluids can cause mudstone 50 values to be more negative than skeletal remains
(Dickson and Coleman, 1980), the 50 values of the Hypsondontus Sp. teeth are similar or even

more negative than that of the mudstone, suggesting no re-equilibration with diagenetic fluids.

Allogenic carbonate

Detrital carbonate can also contribute to the isotopic composition of authigenic carbonate.
However, the geology of the present day Kuitun and Jingou river catchment areas are mainly
composed of non-carbonate metamorphic (e.g. metapelites) and igneous rocks (e.g. granites, Fig.
4) that were derived from an island arc collision during the Carboniferous to Permian (e.g.
Charvet et al., 2007; Gao et al., 1998; Wang et al., 2008a; Windley et al., 1990). However,
scarce Carboniferous to Devonian limestones interbedded with volcanic breccias are described
by the BGMRX (1985) in the Kuitun He drainage basin (Fig. 4). A significant allogenic
contribution would have increased §'%0 values in the Kuitun He section as compared to the
Jingou He section. However, the opposite is true (Fig. 3). Moreover, carbonate represents less
than 15% of the total watershed area (Fig. 4). The heavy mineral compositions of sediments in
both sections show no significant variation in composition for the last 20 Ma (Gallaud, 2008),
which suggests the geology of the drainage basin has remained relatively constant, and thus is
probably similar to that observed today. We therefore conclude that Carboniferous allogenic
material did not significantly contribute to the isotopic composition of analyzed carbonates.

Early Cenozoic to Mesozoic Junggar foreland deposits are mainly fluvio-lacustrine in
origin and could also include pedogenic carbonates. Consequently, as the deformation

propagated through the piedmont, those carbonates may have been uplifted, eroded, and then



redeposited in the basin during the late Cenozoic. Nevertheless, recent structural studies in the
Dushanzi area have shown that folding and faulting probably started around 10 Ma or later.
Recently (< 1 Ma), uplift rates across the folds have exceeded sedimentation rates enabling the
emergence at the surface of the different structures and strata (Dushanzi anticline, Huerguosi
anticline, see Fig. 1), and therefore their erosion (Charreau et al., 2008; Daéron et al., 2007). In
the studied section, the proportion of reworked pedogenic carbonate from earlier foreland

deposits is thus probably low.

Evaporation

In continental settings, 8®0 values of carbonate can be significantly impacted by
evaporative processes that may alter the isotopic composition of water. The nature of the
depositional environment and its aridity are thus key parameters that may influence the isotopic
composition of carbonate. To better discuss the possible influence of evaporation on our isotopic
record, we have plotted for both sections the isotopic composition against the depositional
environment and grain size (Fig. 5), and the depositional environment against 5°0 and &C

values (Fig. 3).

Lacustrine carbonates

Evaporative processes are particularly prevalent in lakes, where the residence time of water and
therefore evaporation is strongly controlled by the mean or seasonal temperature and
opening/closing processes of the lake (Carroll and Bohacs, 1999; Dettman et al., 2003). From
figures 3 and 5 one can see that the more positive values of both §'20 and §*3C values, as well as
the greatest variability, are associated with lacustrine environments, especially deep calcareous
reducing lake environments. More positive values mainly correspond to samples composed of
calcareous mudstone, which typically precipitates during summer when water temperature is
warmer hence with stronger evaporation (Drummond et al., 1995), and the isotopic compositions
of rain is most likely more positive (Araguas-Araguas et al., 1998; see for example the isotopic

composition of rain in the town of Urumqi during summer, Figure 1a). Therefore, the two spikes



in both 5'%0 and §**C values at ~16 and ~24 Ma probably owe their origin to strong evaporative
effects and summer precipitation during lacustrine deposition, consistent with our
sedimentological analysis which, indeed, attests the presence of lake deposits at this time (Fig.
3). One can also note a possible co-variance of carbon and oxygen isotope values during deep
lacustrine periods, especially from ~24 to ~22-23 Ma (See Fig A in supplementary data for a plot
of 8"3C against §'°0 of sedimentary unit 1). Isotopic co-variance is commonly associated to
hydrologically closed lake where the time residence of water is long and the inflow-evaporative
balance dominate the isotopic composition (Talbot, 1990). This is consistent with the
sedimentary analysis, which shows that during this period of time the sedimentary environment
was a deep calcareous reducing lake with no significant detrital input. The fact that 80 and
83C values significantly decrease from ~24 Ma to ~22-23 Ma may represent a change of the
mean temperature, or a modification of the environment from a closed lake to a lake
progressively opened to external inputs. The sedimentological record supports this scenario,
with a shift in sedimentary environment from a calcareous deep reducing lake (unit 1 on Fig. 3a)
to a shallower carbonaceous reducing lake with inputs of terrigenous sediments (Charreau et al.,

2009a).

Pedogenic and cement carbonates in fluvial deposit
Like lake sedimentary deposits, paleosols are also sensitive to evaporative effects (Garzione et
al., 2006; Rowley and Currie, 2006). In fluvial floodplain deposits, the presence or lack of
pedogenic carbonate and bioturbation may reveal the aridity of the environment (see Fig. 3 and
the sedimentological part). We did not see any correlation between the sedimentologically
interpreted aridity of the flood plain and its isotopic composition (Figs. 3 and 5), suggesting that
evaporation had no great impact on isotopic records during purely fluvial periods. However, we

acknowledge that a spread in composition (1-2%. on average) exists but it remains low and



probably owes its origin to seasonal variation in temperature rather than evaporation which we
argue is limited (Garzione et al., 2006; Rowley and Currie, 2006).

Paleoclimate

The oxygen and carbon isotopic composition of waters recorded in fluvial pedogenic
carbonate minerals in Junggar Basin sedimentary sections may provide valuable information on
the airmass circulation in central Asia and the nature of vegetation at the time of their deposition,

and therefore insights on the paleoclimate evolution in the northern Tianshan.

Origin of the Air Mass

In both the Kuitun He and Jingou He sections, 5'°0 values of pedogenic carbonate are, on
average, 1-3%o lower than those in similar studies carried out in Central Asia over the same
period of time to the south in the Tarim and Qaidam basins (Graham et al., 2005; Kent-Corson
et al., 2009). This may reflect the flow of airmasses (Araguas-Araguas et al., 1998) from the
southeast (becoming increasingly isotopically negative as it travels overland). However, the high
oxygen isotopic values measured from Tarim and Qaidam Basins may be the result of significant
evaporative effects (Kent-Corson et al., 2009). We calculated isotopic composition of water in
isotopic equilibrium with the carbonate measured in our study using the equation of Friedman
and O’Neil (1977). Given a range of temperature from 5°C to 30°C (to account for the strong
seasonal variations in temperature possible in such intracontinental settings, see Fig. 1), meteoric
water values (Table 1) could have ranged from -14.2+0.8%. to -8.3+0.8%. and -12.8+2.4%o t0 -
7.2+2.4%0 in the Kuitun He and Jingou He sections, respectively. These values, although
estimates, are nevertheless comparable to the average 50 values of modern precipitation
measured in Urumgi (Fig. 1) and in other meteorological stations in Central Asia north of the
Tianshan mountains where the 820 values of meteoric water are in average lower than -8%o are
linked to the Arctic and Westerly Airmasses (Araguas-Araguas et al., 1998). In contrast, south
of the Tianshan, the 820 values of meteoric water are, in average, greater than -8%. where the
majority of the airmass reaching the region comes from Southeast Asia. Comparison with 80
values of modern precipitation is not straightforward, especially when strong seasonal variation
in composition exist (Fig. 1a). Nevertheless, this does support our interpretation that the water

from which carbonate precipitated was probably meteoric. The climate and source of airmasses



during the time this sedimentary record was deposited were likely similar to today, derived
primarily from the Arctic and Westerly Airmasses (Araguas-Araguas et al., 1998).

C3 vs. C4 plants

The carbon isotope composition of carbonate in paleosol nodules and cement can be used
to infer the isotopic composition of vegetation and the relative abundance of C3 versus C4 plants
present during the soil formation (Cerling et al., 1989; Quade et al., 1989; Quade and Roe, 1999).
In the Junggar sections, the isotope compositions have average 8*C values of ~-6 to -7%o.
Values remain relatively stable from ~24 Ma to ~10 Ma and then increase gradually until ~5 Ma.
Paleosol carbonate precipitated in equilibrium with CO, derived from solely C3 plants has §*3C
values that range from -9 to -13%., and carbonate precipitated in equilibrium with solely C4
plants will result in 8**C values that range from 1 to 3% (Cerling and Quade, 1993). Our results
are intermediate between these two end-members, and we propose several interpretations. The
average 8"°C value of ~-6 t07%o could be due to: (1) the presence of both C3 and C4 plants, (2)
the isotopic signature of C4 plants living at altitude where lower p(CO,) causes the carbon
isotopic values of carbonates to be more negative (e.g. Kdrner et al., 1991) (3) a mostly C3-
dominated landscape with hydric stress caused by high seasonality in precipitation increasing the
carbon isotopic values recorded in carbonates (4) much drier conditions and lower C3 plant cover
resulting in low soil respiration rates, in which the ratio of plant-derived CO, to atmospheric CO, is low.
To better characterize the paleo-vegetation we have carried out complementary C and O isotopic
analyses on one of the Hypsodontus fossil tooth found in the Jingou He section at ~12 Ma (as its
isotopic composition should result from the composition of the animal diet). The tooth §**C
value (-7.2%o) is very similar to the average 8'°C values of carbonates (-6.7+2.3%o). Yet, the 1*C
fractionation between plants and teeth of large ruminant mammals is ~ +14%., very similar to the
~+15%o between plants and soil carbonate (Cerling and Harris, 1999; Koch, 1998). Therefore,
we may assume that, in the Junggar basin, the 8*3C values of carbonates indeed reflect the CO,
derived from the decomposition of plants and was not impacted by atmospheric CO,. However,
this remains true only when this particular bovid lived at ~12 Ma and must be handled with
caution as only one fossil was analyzed. Moreover, the altitude of the depositional area is too
low (<900m) to significantly impact the pCO, (Korner et al., 1991). Another possible



explanation is that the presence of mixed C3 and C4 plants explains these intermediate 5"°C
values. Deng and Li (2005) and latter Wang et al. (2008b) analyzed the C and O isotopic
composition of 51 and 54 C3 plants collected on the Tibetan plateau and surrounding areas,
respectively. They found similar results with mean & *3C values of -25.3% and —25.7%,
respectively. Therefore, despite the high altitude, strong seasonality, dry conditions, and hydric
stress on the Tibet Plateau, these results fall outside of the range of expected C3 plants isotopic
composition. Even if paleoenvironmental conditions similar to the present Tibet existed in the
northern Tianshan the potential impact on the carbonate values was probably too small to explain

the observed intermediate 5*3C values.

The average 5*3C values of ~-6 to -7%o could result from a mixed C3 and C4 biomass.
However, according to much of the literature, the expansion of C4 plants occurred worldwide
either in the late Miocene (~6-8 Ma) or younger (e.g. Cerling et al., 1997; Cerling et al., 1989;
Molnar, 2005; Quade and Cerling, 1995; Quade et al., 1989), and the finding of C4 plants at 12
Ma would be unexpected. Unlike these records, if we do observe an increase of °C values
from ~-7%o to ~-5.8%o, and from ~10 Ma to ~ 5 Ma, respectively (Fig. 3), given the large
uncertainties the expansion of C4 plants in this area during these time periods remains
questionable. If there was an expansion of C4 plants in this region, it would have been very
gradual and not sudden as seen elsewhere. This suggests that the expansion of C4 plants had a
negligible influence on the isotopic record that we measured, though we recognize our record
does not extend much past 6 Ma. The expansion of C4 plants has been attributed to a global
decrease of atmospheric carbon dioxide levels in the late Miocene (~6-8 Ma) (Cerling et al.,
1997; Cerling et al., 1989). However, several recent studies carried out in Central Asia suggest
that in this region the appearance of C4 plants was not synchronous and probably controlled by
regional environmental change to strengthened seasonality (Quade et al., 1989). In the Linxia
basin from 13.1 to 4.3Ma, Fan et al. (2007) found very negative values of & *3C in organic carbon
(-24 to -29%0) which suggest that terrestrial C4 plants were ether absent or insignificant in this
region. From the analysis of 91 tooth enamel samples from Inner Mongolia, Zhang et al. (2009)
concluded that they were no C4 plants prior to 8 Ma in this region. Farther to the east, Wang and
Deng (2005) concluded from a similar analysis that the presence of C4 grasses were only

significant after 2.5 Ma. In northern China during late Miocene, several authors have pointed out



a migration of the forest-steppe-desert environment yielding diachronous records of the C3-C4
transition (Passey et al., 2009; Suarez et al., 2011). The presence of C4 plants at 12 Ma in the
northern Tianshan is consistent with the diachroneity of the C3-C4 transition in Central Asia.
Nevertheless, this interpretation would be contingent on further study, including study of organic

matter from the study areas.
Paleoaridity

The increase of 8*3C values between ~10 Ma and ~ 5 Ma (Fig. 3) is most likely not
related to a progressive switch from C3 to C4 plants, and may have several origins. It could be
related to elevation changes of the foreland due to tectonics, changes in the depositional
environment unfavorable to the vegetation growth (e.g. a progressive shift from gravely fluvial
system with coarse flood plain toward the alluvial fan system of the Xiyu formation), or
environmental changes (temperature, rainfall) that drive aridity or seasonality and hence the
plant respiration rate. Isotopic and sedimentary studies to the south of this study area do show
evidence for intensified aridity in Qaidam Basin beginning at ~12 Ma (Zhuang et al., 2011), and
in the Tarim and Qaidam Basins (with less age control) broadly in the Neogene (Kent-Corson et
al., 2009). Two pollen analyses have been carried out in the Northern Tianshan and give
contrasting results. In the Dushanzi section (located 5km east of the Kuitun He section), Sun et
al. (2007) stated that "a dry climate has occurred in the inland basins of northwestern China at
least since 8.7 Ma ago" though "a warm and humid phase occurred at 5.8-3.9 Ma ago".
However, a similar study of the Taxi section, located less than 100 km east of the Dushanzi
section, Sun and Zhang (2008) suggested that "a change to an arid climate occurred at 6 Ma". In
our study areas, the sedimentary record does not support any increased aridity since 10Ma in
both sections. Therefore, no strong evidence yet exists in terms of how enhanced aridity may

have played a factor in the progressive increase of 8**C values seen in this study.

Paleotopography

Foreland

A relationship between the isotopic composition of both C3 and C4 plants and elevation
exists and could be related to a decrease in atmospheric p(CO;) with elevation (Bird et al., 1994;
Farquhar, 1989; Kdrner et al., 1991; Tieszen, 1991; Wang et al., 2008b). The average altitudinal



decrease in 8'3C values range from 0.8%o to 2.7%o per kilometer with an average of 1.1%o
(Korner et al., 1991). Therefore, an average change of ~1.2%o in 5"°C values of carbonate, as
observed from 10 to 4 Ma (Fig. 3), would imply an elevation change bracketed between 1500 m
and 400 m. This would represent the elevation change of the depositional area only, where
vegetation influences soil formation, and not of the whole Kuitun He and Jingou He drainage
basins that will be discussed below. This interpretation is consistent with recent structural
analyses showing that the Huerguosi anticline and the Anjihai folds (Figure 1) probably started
to growth at ~8-10 Ma (Charreau et al., 2008; Daéron et al., 2007), when 8*3C values begins to
rise. Consequently, during this period of tectonic activity the elevation of the southern Junggar
Basin may have progressively risen while the altitude in the drainage basin may have remained
relatively steady. This may be due to the propagation of the deformation to the north into the
present piedmont. However, the amount of shortening estimated in this piedmont (Avouac et al.,
1993) seems too small to generate a >1 km of uplift. Since ~10 Ma, ~2 km of sediments were
deposited in the foreland basin. Despite subsidence, due to the closed endoreic setting of the
Junggar basin, this progressive sediment filling may have also contribute to the change in
altitude. Since ~10 Ma, sediments prograde into the basin (e.g.Charreau et al., 2009b) in both
sections, where depositional environments progressively evolved from a fluvial systems, with
coarse-grained flood plains, to a braided alluvial fan system (Fig. 3 and Charreau et al., 2009b).
This implies the development of a new depositional environment unfavorable to vegetation
growth, and therefore, probably, a decrease in plants’ influence on soil carbonate 5'3C values.
Thus, elevation change in the piedmont (<1 km), sedimentary filling (<2 km) and the
establishment of a more integrated drainage system unfavorable to the development of plants
(i.e. alluvial fan), could have contributed to the progressive decrease in 8**C values observed
from ~10 to ~4 Ma.

Drainage basin in the high range

It is significant that when sections overlap in time (e.g.~ 10.5 Ma to ~7.5 Ma), the 5'%0
values are on average lower by ~1.7%o. in the Kuitun He section than in the Jingou He. The two
sedimentary sections are both located in the Northern piedmont and only ~60 km apart, in a very

similar context: similar altitude with low surrounding reliefs and under the same atmospheric



influence. Global effects such as difference in source of airmass and climate can likely be
discounted. Amount of precipitation, moisture, or mean annual temperature are also likely the
same. As seen above, this difference is not likely to be the results of lithological variations in the
drainage basins and detrital inheritance. The 80 values of soil carbonate are usually in
equilibrium with water coming from local rainfall that infiltrated the soil and not from flowing
water (e.g. Quade et al., 2011). But again, as the two sections are located only ~60 km apart, and
are in a similar context, the isotopic composition of rainfall water was probably the same in the
two areas. Thus, in interpreting the difference in oxygen isotope values in carbonates from the
two sections that overlap in time, two other possibilities remain. Either evaporative effects were
stronger in the Jingou He area, or the soil carbonate composition was influenced by run-off water
from distant parts of the catchment. Indeed if the hypsometric mean elevation of the Kuitun He
drainage basin was higher it probably resulted in a more negative composition of meteoric water
that could have flooded the soils and therefore yield to lower isotopic values of pedogenic
carbonate. During this particular period of time the depositional environments were relatively
similar in both sections and consist of fluvial/overbank deposits. The distance between sections
was probably the same before shortening and deformation in the piedmont, and thus was low
(<60km). Therefore, we do not expect any strong difference in the environmental condition in
the two areas. As outlined previously in this paper, we don't see any evidence that would support
the significant influence of evaporative effects in these sections, and thus don’t favor this as the
driving mechanism for the difference in isotopic composition between the sections. We thus
think that this difference is instead related to the topography and hypsometric elevation of the
drainage basins (Rowley et al., 2001). The present day weighted mean elevation is similar in
both basins with 2790 m and 2760 m for the Kuitun He and Jingou He watersheds respectively.
However, the present topography of the Kuitun He drainage basins has a higher proportion
(~15%) of high elevation (2-3 km) areas than in the Jingou He (Figure 6). Higher elevation in the
Kuitun He drainage basin implies more isotopically depleted meteoric water, and hence more negative
isotopic composition of pedogenetic carbonate in the Kuitun He section. Consequently, in the northern
Tianshan the oxygen isotope composition of soil carbonates in the foreland may have been
related in to the net elevation of the drainage basin within the high range. Yet, the longer-term
trends of 5*%0 values remains relatively constant in both sections and no large change in oxygen

isotope values is observed (in fluvial sediments only). This suggests a pre-existing topography



that had been uplifted before ~24 Ma. This interpretation is coherent with recent studies. From
fission tracks dating of Mesozoic sandstone located in the northern piedmont, Hendrix et al.
(1994) suggested that the deformation in the Tianshan piedmont started at about 24 Ma, implying
that deformation within the high range started earlier, which is consistent with thermal modeling
on magmatic apatite carried out by Dumitru et al. (2001) and Jolivet et al. (2010). Analysis of
accumulation rates in the Junggar and Tarim basins suggest that the Tianshan probably
underwent pulses of rock uplift at ~15 Ma and ~11 Ma balanced by erosion (Charreau et al.,
2009a; Charreau et al., 2005; Charreau et al., 2006) suggesting that the deformation and the

formation of topography were sustained until today.

Conclusion

Isotopic analyses of non-marine sediments combined with precise magnetostratigraphic
dating may provide a detailed and high-resolution record of paleotopographic and climate
changes. Our data represent the first long term and high-resolution record at this latitude north of
the Tibetan Plateau and should be of interest in reconstructing the tectono-climatic history of
Central Asia, a key area in better understanding the evolution of the Tibetan Plateau after the
India-Asia collision. Based on this study in the Junggar Basin, we conclude that the oxygen
isotope composition of carbonate was mainly controlled by the hypsometry of the drainage basin
and consequently that the topography in the northern Tianshan has remained relatively stable
over the last ~24 Ma. Our analysis shows that the carbon isotope record is mainly driven by the
isotopic composition of plants at the time of deposition, suggesting no expansion of C4 plants at

the late Miocene in this study area.
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Figure 1: (a) topographic map of central Asia (Insert shows precipitation, temperature and

isotopic composition of rainfall at Urumgi according to the Global Network of Isotope

Precipitation database); (b) geological map of the Dushanzi area with the location of
the Jingou He and Kuitun He sections (modified after BGMRX, 1985).
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Figure 2: magnetostratigraphic columns of the Kuitun He (Charreau et al., 2011; Charreau et al.,
2005) and the Jingou He (Charreau et al., 2009a) sections and their correlations to the
magnetic reference scale (Lourens et al., 2004).
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Figure 3: () sedimentary environment evolution; (b) plot of §**0Ospow and & *Cppg values of

the different type of carbonate against time for both sections, heavy solid line shows

the averages of a sliding window shifted every ~200 m; 1o uncertainties in color; (c)

evolution of the accumulation rates in the the Jingou He (red line) and Kuitun He

(green line) sections derived from our magnetostratigraphic analysis. In both sections

the identification of pedogenic nodules fluviatil sediments remained often tenuous in

the field. Therefore only calcareous pisolite have a reliable pedogenic origin and have

been distinguished.
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Figure 4: topographic map of the Dushanzi area showing the drainage basins of both the Kuitun

and Jingou rivers and their geology including: 1. Mesozoic to Cenozoic fluvio-
lacustrine foreland deposits, 2. Carboniferous volcanic breccia interbedded with
limestone, 3. Carboniferous tuff, andesite, basalt and volcanic breccia, 4. Devonian
tuff and breccia, 5 and 6. Silurian sandstone, 7 and 8. granite. 9. Permian sandstone
and conglomerate. At the bottom left, the plot shows the distribution in elevation for
both basins for the Kuitun He (green line) and the Jingou He (red line) derived from
the SRTM digital elevation model.
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Figure 5: 8*®0gvow and a 8*3Cppg values and lithology (grain size) plotted against interpreted

depositional environments and their interpreted aridity. Circles correspond to
carbonate cement while their size and color show the samples lithology. Blue scare are
carbonate mudstone sampled in lacustrine deposits while the blue diamond represent
the pedogenic carbonate samples. Below each column is given the average isotopic

values (in %o) measured in each of the interpreted depositional environment.
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Section n

Kuitun He 67

618oMeteoric Water (SMOW; %)
5 10 15 20 25 30
(°C) (°C) (°C) (°C) (°C) (°C)

-14.2+0.8 -12.7+0.8 -11.54#0.8 -10.4+0.8 -9.3+0.8 -8.3+0.8

Jingou He 117° -12.842.4 -11.6+2.4 -10.4+2.4 -9.3+2.4 -8.2+2.4 -7.2+2.4

Only samples from fluvial system.


http://www.sciencedirect.com/science/article/pii/S0012821X12002622#tbl1fna

Table 1: average 5"®Oneteoric water SMOW; %o) values for both section calculated based on the average
580 carbonate (SMOW) values and supposed crystallization temperature ranging from 5°c
to 30°C. n is the number of sample used to average the 880 carbonate (SMOW) which

exclude lacustrine samples for the Jingou He section.



Tablel

8180 Meteoric Water (SMOW; %0)
Section n

5°C 10°C 15°C 20°C 25°C 30°C

Kuitun He 67 -14.2+0.8 -12.7+0.8 -11.5+0.8 -10.4+0.8 -9.3+0.8 -8.3+0.8

Jingou He 117* -12.8+2.4  -11.6+24 -104+24  -93+24  -82+24  -7.2+24

* only samples from fluvial system



