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Abstract

The 6'3C and 8'®0 values of carbonates and 613C0rg values, % C, and C/N ratios of organic matter from lacustrine and fluvial
sediments were measured from two stratigraphic sections in the Linxia basin on the northeastern margin of the Tibetan Plateau.
Diagenesis, when present, is early, limited to small spatial scales and restricted stratigraphic intervals. A strong correlation exists
between dolomite content and the 8'%0 values of micritic carbonate suggesting that carbonates are primary precipitates from lake
water and that 5'®0 values reflect changes in the lake environment, with more positive values derived from evaporated and more
saline lake water. The first part of this record is characterized by strong oscillations between dry and wet conditions accompanied
by changes in the lake system between hydrographically closed and open states (13.1-8.0 Ma). The most severe aridity occurred
from 9.6 to 8.5 Ma. After ~8.0 Ma, a more stable and less arid climate dominated the region and the drainage system was open
(8.0-5.3 Ma). After 5.3 Ma, climate became gradually drier and/or cooler (5.3—4.3 Ma).

The organic matter preserved in the Linxia basin is most likely a mixture of terrestrial C; plant matter and lake algae. A
correlation between C/N and &' Corg indicates that a significant percentage of the organic matter is derived from terrestrial sources.
The organic matter has undergone selective degradation during which the C/N ratios and organic carbon percentage decreased. The
5" Corg values are relatively stable throughout the 13.1 to 4.3 Ma interval ranging from —24 to —29%o VPDB, suggesting that C,4
grasses were either absent or insignificant in the Linxia region prior to 4.3 Ma.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Long-term climate records from marine environ-
ments reveal important trends in global climate
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throughout the Cenozoic: cooling since the late Cre-
taceous, warming in the Eocene and then a progressive
step-wise cooling, more pronounced since the mid-
Miocene, culminating in the glacial/interglacial cycles
of the Pleistocene (e.g., Rea et al., 1998; Lear et al.,
2000; Zachos et al., 2001; Billups and Schrag, 2002;
Zheng et al., 2004). The 8'®0 and Mg/Ca records of
benthic foraminifers show a general cooling trend since
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Fig. 1. Location of the study area relative to major geographical features in China.

the mid-Miocene, thought to be driven by the growth of
the East Antarctic ice sheet and subsequent cooling of
Antarctic Bottom Water (Lear et al., 2000; Zachos et al.,
2001; Billups and Schrag, 2002).

In East Asia, climate change since the mid-Miocene is
particularly interesting since it is a critical period in the
history of uplift of the Tibetan Plateau. Currently most of
the climate records in this region are from eolian Red
Clay and loess sequences, which have yielded high-
resolution climate records spanning the last ~8 Ma (An
et al., 2001; Ding et al., 2001). Climate records prior to
8 Ma are rare in this region, due to the apparent lack of
older continuous loess deposits (see, however, Fan et al.,
2006) while the eolian record mostly reflects climate
change in the loess source region, i.e. the sandy deserts of
northwestern China (Sun, 2002). Lake systems are
excellent potential archives of climatically responsive
sediments where geochemical tracers can be used to
reconstruct long-term (million-year) climate records.
The stable isotope geochemistry of organic matter and
authigenic carbonate in lake sediments can be a sensitive
proxy of environmental and hydrological changes driven
by climate variation (Meyers and Benson, 1988; Last,
1990; Talbot, 1990; Dean and Stuiver, 1993; Meyers and
Ishiwatari, 1993; Drummond et al., 1995; Li and Ku,
1997; Meyers, 1994, 1997; Kashiwaya et al., 2001;

Meyers, 2003). The northeastern edge of the Tibetan
Plateau holds good potential for this kind of study, as it is
an area where foreland basins have collected sediment
over much of the Cenozoic (Métivier et al., 1998; Fang
etal., 2003; Horton et al., 2004). The lake deposits filling
these basins preserve both organic matter from the lake
environment and terrestrial plant matter within the lake
drainage system. In addition, they contain authigenic
carbonate precipitated from lake water. If major
diagenetic alteration can be ruled out for the lake
sediments, we should be able to use these techniques to
provide a record of environmental and climatic change at
the northwestern edge of the Tibetan Plateau.

In this paper, we studied two outcrop sections in the
Linxia basin on the northeastern edge of the Tibetan
Plateau, focusing on the stable isotope geochemistry of
sediments in the basin. Dettman et al. (2003) reported a
lower resolution carbonate isotope record of the
Maogou section covering the last 29 Ma in the Linxia
basin. They concluded that there was a significant shift
in the 5'%0 of meteoric water in the basin sometime
between 13 and 12 Ma, which was most likely the result
of uplift of some portion of the Tibetan Plateau to an
elevation that blocked Pacific or Indian Ocean moisture
from reaching the region north-east of the plateau. Our
study focuses on the post 13.1 Ma record and significantly
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Fig. 2. Stratigraphic correlation between two measured sections in the Linxia basin. Solid lines are based on magnetostratigraphic correlation. Dashed
lines are correlations based on lithofacies and mammalian fauna. See Fang et al. (2003) and Fan et al. (2006) for a geologic map of the basin and

discussion of the sedimentology of these sections.

increases the sample density over that of Dettman
etal. (2003). Our results provide a long-term climate and
environmental history for northwestern China from the
middle Miocene into the early Pliocene (13.1 to 4.3 Ma).
The similarity of this record to some major features in the
marine stable isotope record derived from benthic
foraminifera suggests that the reconstruction is not
merely a local record, but reflects broad regional and/or
global climate change.

2. Regional setting, climate and stratigraphy

Located 100 km southwest of the city of Lanzhou, the
Linxia basin is at the northeastern edge of the Tibetan
Plateau and on the western margin of the Loess Plateau.
To the north lie the deserts of west/central China and Inner
Mongolia (Fig. 1). The basin is ~ 200 km long and 75 km
wide at a current elevation of 2-2.6 km. The oldest
documented sedimentary rocks in the basin are ~29 Ma
old and the sedimentary package is more than 1 km thick.
The basin fill thins and pinches out at the Maxian Shan to

the northeast (Fang et al., 1995, 2003). Southwest of the
Linxia basin, the northeastern margin of the Tibetan
Plateau is delineated by the western Qinling mountains,
which are made up of Devonian through Permian
metasedimentary terrestrial and marine deposits and
plutons of Early Paleozoic and Late Paleozoic—Early
Mesozoic age (Garzione et al., 2005 and references
therein). On the northern edge of Linxia basin, the Maxian
Shan is underlain by Jurassic to Paleocene terrestrial
deposits (Gansu Geologic Bureau, 1989). The basin is
elongate parallel to the fold thrust belt on the northeastern
edge of the Tibetan Plateau. Subsidence history and
stratigraphic studies of three measured sections show that
the Linxia basin was formed under flexural loading during
the thickening of the northeastern margin of the Tibetan
Plateau between ~29 and 6 Ma. Between ~8 and 6 Ma
the basin was incorporated into the deformation front of
the Tibetan Plateau (Fang et al., 2003).

The modern climate in northwest China is semi-arid
continental with the annual average temperature in the
city of Linxia (near the center of the basin) of 6.7 °C,
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Fig. 3. Linxia basin sediments (A) Lacustrine deposits between 13 and 6 Ma. Light beds are marls and micritic limestones. (B) Sharp contact between
marl and underlying siliciclastic lacustrine sediments. (C) Ostracode shell in the Dongxiang Formation. (D) Discrete zones of micrite recrystallization

observed in thin section.

and an average monthly maximum temperature (in July)
of 18 °C. The average annual precipitation is 500 mm
with more than 85% from summer monsoon precipita-
tion (http://www.weatherbase.com). The East Asian
summer monsoon brings warm moist air from the
Pacific, while the cold and dry Asian winter monsoon
dominates in winter.

Our stable isotope records come from two sections, at
Wangjiashan (WJS) and at Maogou. WIS is along the
southwest edge of the basin, near the northeastern margin
of the Tibetan Plateau, whereas the Maogou section is
near the geographical center of the basin (Fig. 2). The
Maogou section and the upper 500 m of WIS are well
dated based on strata contain fossil mammals and two
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Fig. 4. XRD traces of representative samples in the Linxia basin. Note shift in position of d(104) peak corresponding to LMC and dolomite.
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Fig. 5. Organic carbon content, C/N, SBCO,g of bulk organic matter, §'*C and 6'%0 of carbonates in the Maogou section. Shaded areas indicate the
highest 6'%0 in 9.6-8.5 Ma and the increase after 5.3 Ma. Solid lines separate three different climate intervals in the record.

paleomagnetic polarity studies (Fang et al., 1995, 2003).
The most recent magnetostratigraphy study sampled the
Maogou section at 0.5—1 m intervals and WIS at 2 m
intervals (Fang et al., 2003). The stratigraphy in the Linxia
basin during the 13.1 and 4.4 Ma interval covered by this
study is divided into three formations based on lithofacies
and paleontological evidence: the Dongxiang Formation
(13.1-7.8 Ma), the Liushu Formation (7.8—6.2 Ma), and
the Hewangjia Formation (6.2—4.3 Ma) (Fang et al., 1995,
2003). Sedimentary facies analysis shows that the
depositional environment at the measured section local-
ities evolved from deltaic (13.1-11.0 Ma) to lacustrine
(11.0-6.2 Ma) (Fan et al., 2006). The lacustrine sediments
are characterized by many discrete white to gray marls
with thicknesses ranging from 2 to 20 cm. These
carbonates have been interpreted as primary precipitates
from lake water which was supersaturated with respect to
carbonate (Dettman et al., 2003; Garzione et al., 2004). A
detailed grain-size study of the Maogou section shows
that after 6.0 Ma, eolian sediments dominate the flood-
plain deposition at the Maogou section, while lacustrine
deposition continues irregularly in the WIS (Fan et al.,
20006) (Fig. 2).

3. Sampling and experimental methods

Carbonate-rich mudstone/siltstone, dolomitic marls,
calcitic marls and mixed marls were taken from fresh
outcrops of the upper WJS and the Maogou section (Fig.
2). The ages assigned to sediments were derived from
the linear interpolation between geomagnetic polarity
reversals (Fang et al., 1995, 2003). Reworked Permian/
Triassic-age limestone clasts from fluvial channel
deposits and modern soil carbonate (forming under
granite cobbles in a soil zone) at 3.4 km elevation on the
northeastern edge of the Tibetan Plateau were also
collected for carbonate isotope analysis. Sampling
occurred at two different time scales. First, we focused
on a high-resolution study of millimeter-to-centimeter
scale isotope variation within the typical carbonate-
dominated layers. We sampled shell fragments, void
fillings, carbonate inter-clast cement and reworked
limestone clasts in gravels, detrital carbonate clasts,
detrital clay-rich clasts and secondary veins in siltstone,
mudstone, and micritic marls. For this work, only
carbonate oxygen and carbon isotope values were
analyzed. A second sample set was collected for a



318 M. Fan et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 247 (2007) 313-328

—&— O

Age (Ma)
L=

-14 212 -0 8 -6 4 2 0
8180 and 8'*C (VPDB)

Fig. 6. Oxygen and carbon isotope composition of carbonates in the
Wangjiashan section (WJS). Note the most enriched 5'%0 values
around 9 Ma, consistent with the most positive 5'30 values at that time
in the Maogou section.

relatively low-resolution study of isotopic trends
through time. The resolution of this sample set is
controlled by the presence of carbonate sediments in the
measured section. Data collected for the low-resolution
study include, carbonate isotope ratios, organic carbon
isotopes (613C0rg), organic carbon content (% C) and
Corg/Notar ratios (C/N) of the bulk organic matter.
Organic matter data were not produced for the WIS
section.

Polished thin sections were prepared from two fairly
typical, weakly lithified, micritic marls (MG252 and
MG362) cut perpendicular to the horizontal plane of
sedimentary bedding. The two samples were examined
petrographically and high-resolution samples were
taken across the vertical cross-section. Selected samples
were also powdered for X-ray diffraction, which was
performed with a Bruker D8 Advance Diffractometer
using Cu Ka radiation, and the carbonate mineralogy
was determined based on the position of the d(104)
peak. MG 362 is calcitic, whereas MG 252 is a mix of
dolomite and low magnesium calcite.

The 6'°C and 'O values of carbonates were
measured using the method described in Dettman
et al. (2003). The precision of repeated standards is +
0.12%o for 6'%0 and £0.09%. for 8'3C (1o). For the

analysis of 613C0rg values, % C, % N and C/N ratios,
samples were reacted with 10 ml of 10% HCI overnight
to remove the carbonate and then washed by distilled
water to neutral pH. Carbonate-rich samples were
treated twice. The % C, % N and C/N ratios were
measured by placing oven-dried samples in tin capsules
combusted at 1030 °C in a Costech Elemental Analyzer.
Detection limits for the elemental analyzer are 10 pg C
and 20 pug N. Uncertainty based on replicates of standard
materials at the minimum sample size used for
unknowns was 2.7% of total nitrogen content and
1.5% of total carbon content (15). The 813C0rg values
were measured using a Finnigan Delta Plus XL mass
spectrometer that is connected via a Finnigan MAT
Conflo III split interface. §'>C,, values were calibrated
using USGS-24 and NBS-22, for which the precision is
better than +0.1%o (1o). All carbon isotope results are
reported relative to VPDB.

4. Results
4.1. Field observation, petrology and mineralogy

Marls in the Dongxiang and Liushu Formations
display a sharp contact with the surrounding lacustrine
siliciclastic sediments (Fig. 3A,B). They are all clay rich
and most contain siliciclastic silts. Most of the marls are
massive, and only a few laminated marls were found in the
Maogou section. Poorly preserved shell fragments were
observed with a hand lens in some of the massive marls in
the Dongxiang and Liushu Formations. Thin section
study shows that the shell fragments are ostracodes —
shell cross-sections with vestibule are clearly visible
(Fig. 3C). Marls are micritic, with small regions of micrite
recrystallization or void filling cements observed in thin
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Fig. 7. Correlation of carbonate mineralogy and 6'*0 values. This
suggests that the 5'%0 values of lacustrine carbonates reflect the degree
of closure of the lake system-dolomite with high 8'%0 values formed
from saline evaporated lake water when the lake is closed. Samples are
from both the Maogou section and WIS.
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sections (Fig. 3D). X-ray diffraction shows that low-Mg
calcite (LMC) is the dominant carbonate mineral in the
marls although some intervals are dominated by dolomite.
Mixtures of low-Mg calcite and dolomite are also present
(Fig. 4). In fluvial sediments carbonates are primarily
matrix cements associated with both eolian silts and
occasional sands and gravels. These cements (in the
Hewangjia Formation) are low-Mg calcite.

4.2. Carbonate stable isotopes

The carbonate isotope record shown for the Maogou
section (Fig. 5) is a composite based on samples from the
deltaic, lacustrine and fluvial facies. The 6'%0 values in
13.1-8.0 Ma period are characterized by high frequency
oscillations between a relatively stable end member
around —9.3%o0 and a more variable and more positive
end member ranging up to —1.7%o. The most positive
values occur between 9.6 to 8.5 Ma. After 8.0 Ma 6'0
values are more uniform at around —8.8%o up to 5.3 Ma.
After 5.3 Ma, the 8'%0 values of LMC carbonates
cementing fluvial sediments increase, averaging about
—7.5%o. Between 13.1 and 8.0 Ma there is a strong co-
variance between 8'°C values and 6'%0 values in the
lacustrine carbonates, with 6'*C ranging between —7.0%o
and —2.3%o. After 7.8 Ma, 6'3C values stabilize at around
—5.8%o. They increase slightly to —5%o after 5.3 Ma. In
the WIS section 6'*0 and &'°C values range between
—12.8%o0 to —5.3%0 and —7.9%o to —2.7%o, respectively
(Fig. 6). Because sampling density in the WIS section is
much lower than in the Maogou section, we cannot make
a detailed isotopic comparison. However, the record does
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show very positive values around 9 Ma, which probably
corresponds to the most positive 5'*0 values in the
Maogou section at 9.6—8.5 Ma.

There is a strong relationship between the '%0 values
of the carbonate and its mineralogy, with more negative
6'%0 values associated with LMC, the most positive
580 values associated with dolomite, and mixtures
associated with intermediate 6'%0 values (Fig. 7). We
have not performed XRD on all marl samples, but we
suspect that this relationship holds for the lacustrine
record. The 6'®0 values of subsamples from laminated
marl sample MG252 and massive marl MG362 reveal
two different patterns (Fig. 8). In the laminated marl,
5'%0 values vary significantly in different layers, which
also follow the mineralogical changes described above
(i.e. samples containing dolomite have more positive
5'%0 values). In the massive sample there is little
variation in oxygen isotope ratios.

4.3. 613C0,g, % C and C/N ratios of bulk organic matter

The range in organic matter 813C0rg values is relatively
limited, between —29%o0 and —24%.. With a few excep-
tions C/N ratios are between 1 and 4 throughout the section
although there is a trend toward higher values after 5.3 Ma
(Fig. 5). % C is mostly less than 0.3 %. Inorganic nitrogen
was not removed from the sediment samples before
combustion for measurement of the C/N ratio. Because the
content of both organic carbon and nitrogen was extremely
low in the study section (typically % N is less than 0.2 %),
inorganic nitrogen may play a significant role in measured
C/N ratio (Meyers, 1997, 2003).
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Fig. 8. Oxygen and carbon isotope composition across two weakly lithified micritic marls in the Linxia basin, laminated MG 252 and massive MG
362 (from 252 m and 362 m in the Maogou section).
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5. Discussion
5.1. Carbonate diagenesis

Stable isotope ratios of unaltered carbonates pre-
served in lacustrine and fluvial sediments have been used
to reconstruct regional temperature, paleoelevation,
meteoric water source or evaporation/precipitation
(Last, 1990; Talbot, 1990; Drummond et al., 1995; Li
and Ku, 1997; Garzione et al., 2004). But before using
this approach, one must evaluate diagenesis of the
carbonates under study and its possible impact on the
original stable isotope geochemistry. There is some
evidence for carbonate diagenesis in the Linxia basin.
(1), Areas of micrite recrystallization clearly indicate that
there is some alteration of carbonate present (Fig. 3D).
(2), At some stratigraphic levels, carbonates of different
morphologies (vein cements, coating cements, micrite,
or shell) may have very similar stable isotope values,
which could be the result of diagenesis which may cause
a homogenization of stable isotope ratios (e.g. MG362 in
Fig. 8, or CHOO10 and MG329 in Table 1). (3),
Dolomitic marls are present in the Linxia basin lacustrine
sediments. Dolomite is often the product of the
stabilization of formerly metastable carbonates. Original
high-magnesium calcites or “protodolomite” can be
replaced by more stable phases, and dolomitization can
also occur through the reaction of limestone with basinal
brines during deep burial (Warren, 2000).

We also note that if diagenesis occurred under modern
surface conditions, the resulting 6'%0 value of the
diagenetic carbonate would have a very similar value to
the =9 to —10%o value that dominates the Miocene/
Pliocene record. Modern soil carbonates at an elevation
of 3.4 km on the northeastern edge of the Tibetan Plateau
yielded 6'®0 values ranging from —9.4 to —11.2%o
(Table 1, Fig. 9). The 8'*0 value of the modern summer
surface waters in the Linxia basin ranges from —8.5 to
—10.4%0 (VSMOW) (Garzione et al., 2004). The
calculated 6'*0 value of the soil carbonate (calcite)
precipitated from modern rainfall is —7.0 to —11.3%o
using the standard calcite oxygen isotope fractionation
and a temperature between 7 and 18 °C (Kim and O’Neil,
1997). This overlaps with the modern carbonate data
suggesting that this soil carbonate, forming on the
underside of cobbles, was precipitated from modern
rainfall under equilibrium conditions.

Note, however, that this possible diagenesis is clearly
limited to small stratigraphic intervals. Morphologically,
micrite recrystallization is limited to very small areas,
shell fragments are preserved with very sharp edges, and
the contacts between carbonate layers and siliciclastic

sediments tend to be sharp, suggesting the diagenesis
has not greatly redistributed carbonate in Linxia. Also
we see significant and rapid change in 6'°0 values
across the two measured sections and within the 3 cm
thick section of MG 252 (Figs. 5,6,8). The multiple large
shifts in 8'®*0 and §'*C values on both the centimeter
and meter scale would not be expected to survive
regional diagenetic alteration. In addition, dolomites are
not always diagenetic in lacustrine systems. Quaternary
dolomites with high 8'®0 values are sometimes found in
saline lakes or in sediments interpreted as deposited in a
closed, saline phase of a lacustrine sedimentary package
(Last, 1990). In the Linxia basin, high '*0 and 6'°C
values of dolomite-rich lake sediments indicate that lake
conditions were very different than that of times when
low-magnesium calcites precipitate. The strong corre-
lation of low 8'*0 values with low Mg-calcite and high
8'%0 values with dolomitic micrite would be expected if
this lake system was undergoing periodic closure and
evaporative enrichment of the lake water (Fig. 7).
Evaporation would lead to much more positive 6'%0
values and increased salinity in the lake system, which
could lead to dolomite or proto-dolomite formation in
waters with elevated 6'®0 values. Although the
fractionation between water and dolomite is poorly
known at low temperatures, recent work suggests that
simple mineralogical differences would explain only 2
to 3%o of the difference between calcite and dolomite in
the lacustrine environment (Vasconcelos et al., 2005;
Schmidt et al., 2005). The fact that the differences are up
to 8%o suggests that lake water evaporation is also
involved (Fig. 7). If dolomite resulted from late, higher
temperature, diagenetic alteration of original calcite, we
would expect much more negative 6'°0 values,
incipient lithification of the sediments, and a more
pervasive alteration of all the carbonate beds, not
alternating dolomite and low Mg-calcite beds.

Therefore the diagenesis observed in the Linxia basin
is most likely very early, occurring either shortly after
each carbonate layer was deposited or on a very small
spatial scale. Early diagenesis, in the presence of lake
water or shallow groundwater and at surface tempera-
tures would result in very little modification of the
original carbonate oxygen isotope ratios.

5.2. The carbonate stable isotope record

Detrital carbonate clasts, probably derived from
Carboniferous/Permian limestone, and limestone in the
gravels of fluvial channel deposits have 6'*0 and §'°C
values ranging from —19.0 to —8.5%o, and — 7.5 to +10%o
respectively, generally overlapping with many of the '%0
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Table 1
Oxygen and carbon isotope data for microdrilled samples of different morphologies in the Linxia basin. Also see Fig. 9
Sample name Subsample ID Stratigraphic level Description (of carbonate or matrix s 50
hosting disseminated carbonate)
(m) (PDB)%o (PDB)%o
Maogou section
MG362 a 129 Shell fragment -6.23 -9.76
MG362 b Micritic marl —6.63 —10.60
MG362 c Detrital clay-rich clast =7.75 -9.81
MG362 d Micritic marl —6.26 -9.96
MG362 e Micritic marl -6.20 —10.05
CHOO10 1 152 Secondary void filling carbonate -5.90 -9.76
CHOOL10 5 Detrital carbonate clast -5.82 -9.41
CHOOL10 7 Siltstone -5.61 -9.21
CHOOL10 8 Detrital clay-rich clast -5.74 -9.14
MG329 1 96 Detrital clay-rich clast —6.06 -9.20
MG329 2 Secondary carbonate vein -6.41 -9.63
MG329 3 Secondary clay-filled vein -6.25 -9.40
MG329 4 Detrital clay-rich clast -6.11 -9.14
MG329 5 Detrital clay-rich clast -6.20 -9.46
MG329 6 Micritic marl -5.92 -9.31
CHOO1’ 1 136 Carbonate inter-clast cement -6.27 -9.39
CHOO1’ 3 Limestone clast in gravel -6.17 —10.02
CHOO2 1 137 Micritic marl —6.45 -9.75
CHOO2 3 Detrital carbonate clast -6.02 -8.97
CHOO2 4 Detrital clay-rich clast -5.79 -9.14
CHOO14 1 ? (Upper Dongxiang) Siltstone -5.10 -8.13
CHOO14 2 Siltstone -5.23 —8.38
CHOO14 3 Siltstone -4.90 -8.01
CHOO14 4 Siltstone —5.34 -8.49
CHOO14 6 Siltstone -5.42 -8.97
CHOO14 7 Detrital clay-rich clast -4.89 -7.53
Wangjiashan section
CHOO31 1 230 Detrital carbonate clast -2.87 —4.60
CHOO31 2 Micritic marl -2.70 —3.88
CHOO31 3 Secondary clay-filled vein -2.71 —4.24
CHOO032 1 254 or 250 Detrital carbonate clast -3.11 -6.75
CHOO32 2 Detrital clay-rich clast -3.47 -6.96
CHOO32 3 Micritic marl -3.26 =7.79
CHOO34 1 424 Detrital carbonate clast —8.65 —13.68
CHOO34 2 Secondary carbonate vein —6.64 -9.46
CHOO34 3 Siltstone -6.27 —8.89
CHOO36 1 474 Limestone clast in gravel —7.04 -11.49
CHOO36 2 Carbonate inter-clast cement —6.12 -9.78
CHOO36 2 (Repeat) Carbonate inter-clast cement —2.88 -10.19
CHOO36 3 Secondary carbonate vein -6.19 —10.21
CHOO036 4 Secondary carbonate vein -5.83 -9.59
CHOO36 5 Carbonate inter-clast cement —0.58 -9.22
CHOO36 Cl Carbonate inter-clast cement -1.18 —8.67
CHOO36 C2 Carbonate inter-clast cement —0.84 -9.57
CHOO36 F Carbonate inter-clast cement -3.14 —10.67
CHOO36 G Carbonate inter-clast cement —1.80 -9.00
CHOO036 2.3 Limestone clast in gravel 0.21 —15.69
CHOO36 2.4 Limestone clast in gravel -2.31 -10.27
CHOO36 2.5 Limestone clast in gravel -3.74 -9.97
01WN43 A 278 Detrital carbonate clast -5.01 -7.61
01WN43 B Siltstone -4.72 —7.38
01WN37 A 110 Siltstone (light grey) -7.15 -12.04
01WN37 B Siltstone (dark grey) —8.00 —10.65

(continued on next page)
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Table 1 (continued)

Sample name Subsample ID Stratigraphic level

Description (of carbonate or matrix e 50
hosting disseminated carbonate)

(m) (PDB)%o (PDB)%o

Others

CHOO35 0 Carboniferous/Permian Limestone 7.39 -9.92
CHOO35 2 Carboniferous/Permian Limestone -7.38 -18.61
CHOO35 3 Carboniferous/Permian Limestone -0.02 —14.54
CHOO006 1 Modern soil carbonate at 3.4 km —7.06 -10.77
CHOO06 2 Modern soil carbonate at 3.4 km -5.29 —-11.21
CHOO006 4 Modern soil carbonate at 3.4 km —4.88 -10.37
CHOO06 5 Modern soil carbonate at 3.4 km -3.52 -9.49
CHOO06 6 Marble clast at 3.4 km 9.79 -8.57

values of authigenic carbonates in Linxia, but in many
cases the isotopic values are different than the cementing
carbonates around these clasts or in nearby micrites (Table
1, Fig. 9). The clearest example is the metamorphosed
limestone gravels collected from conglomerates, such as
CHOO-36 and CHOO-06.6. The very positive 8'>C and
very negative 6'%0 values of some of these gravels
relative to authigenic carbonates indicate that most of the
detrital limestones have significantly different isotopic
compositions than authigenic carbonates they are inti-
mately associated with (Table 1, Fig. 9). Because care was
taken to avoid autochthonous limestone or dolomite in
sampling we have minimized the influence of detrital
carbonates in Fig. 5.

The variation in 5'®0 values of the lake carbonates
cannot be attributed solely to temperature. The calcite
fractionation relationship with temperature is such that a
change of ~4.3 °C leads to only a 1%o change in the
8'%0 value of calcite (Kim and O’Neil, 1997). Thus, a
change of more than 30 °C would be required to account

10 - o
° < limestone clasts
8 51 A modern soil carbonates
E ® authigenic carbonates
a 0 - o 6%0
o
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Fig. 9. Stable isotopic composition of carbonates in Table 1. Limestone
clasts are of Carboniferous/Permian age. Modern soil carbonate formed
under granite clasts in a soil zone at 3.4 km elevation on the northeastern
edge of the Tibetan Plateau. Authigenic carbonates include shell
fragments, carbonate cements, marl and micritic carbonate.

for the 7% variations of the lake carbonate 5'*0 values
in the Maogou section, which is very unlikely. The high
frequency 6'®0 variation also argues against major
changes in the altitude of surrounding regions or
continentality as a driver of 8'*0 variability, because
these factors, tied to tectonic processes, would not cause
short-term change and rapid excursions.

Therefore, the relationship between &'*0 values and
carbonate mineralogy in the Linxia basin leads to the
idea that more negative &'®0 values represent open-lake
conditions, and more positive 6'%0 values represent
closed and evaporative lake conditions. This conclusion
is supported by the linear and positive correlation
between the 6'%0 and '°C values in the lacustrine
facies (Fig. 10). This covariation is expected for a lake
switching between open and closed states (Talbot, 1990;
Drummond et al., 1995). During open basin conditions,
the 6'%0 value of lake water approaches the value of
inflowing water, which is usually derived from the
rainfall in the basin catchments, perhaps biased toward
higher elevations around the basin. Although there is a
good deal of variability in the record, 6'%0 values of
both marls and cements maintain a value of approxi-
mately —9%o as the most negative end member between
13.1 and 5.3 Ma in the Maogou section. This —9%o
value is perhaps tied to the 5'*0 of meteoric water in the
Linxia basin. Fresh water input often leads to lower pH
conditions in the lake, reducing the alkalinity of the
lake, which can lead to more negative &'°C values due
to vigorous atmospheric exchange or the input of DIC
with much more negative 6'*C values derived from soil
carbon oxidation (Li and Ku, 1997). Under closed basin
conditions, high evaporation increases alkalinity and
the 6'0 values of lake water increase. Higher 6'*C
values could be the result of high productivity due to
high nutrient concentration, or outgassing of CO,
(Talbot, 1990). A weak covariation is also found in
the Linxia basin fluvial facies (Fig. 10) that could also
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Fig. 10. Stable isotopic composition of all authigenic carbonates deposited in the Linxia basin between 13.1 and 4.3 Ma. Note the covariation between

5'%0 and 6'3C values.

be created by evaporation of the groundwaters of the
region.

5.3. C/N ratio, % C, 613C0,g and selective organic
matter degradation

The C/N ratio of organic matter in sediments is gen-
erally used as an indicator of the source of the organic
matter and of the degree of modification from its
original state (Meyers and Benson, 1988). Because
terrestrial plants are protein-poor and cellulose-rich, the
C/N ratio of terrestrial plants is higher than aquatic
algae, with C; plants typically >15 and C,4 plants >35.
Fresh-water algae are protein-rich and cellulose-poor,
and have C/N ratios between 4 and 10 (Meyers, 1994,
2003). C/N ratios in most of the fine sediments of
the Linxia basin are low (Fig. 5), which is usually
interpreted as an indicator that the organic material is
derived from aquatic primary production. However, in
this record there are numerous intervals where the C/N
ratio is significantly less than 4, a value that is too low
for aquatic algae. Selective degradation of the organic
matter during diagenesis can modify the original C/N
ratio of organic matter (Meyers and Ishiwatari, 1993;
Meyers, 1994; Sampei and Matsumoto, 2001). The C/N
ratio of organic matter can decrease during diagenesis
(Muller, 1977; Meyers and Ishiwatari, 1993; Meyers,
1997; Lehmann et al., 2002), with loss of organic mat-
ter followed by the fixing of inorganic nitrogen as
ammonium or nitrate compounds on clays or mineral
surfaces, especially when the final organic content of
the sediment is very low (Muller, 1977; Thornton and
McManus, 1994; Muller and Mathesius, 1999; Sampei
and Matsumoto, 2001). The loss of initial organic
matter can be very fast in nature (Eadie et al., 1984;

Melillo et al., 1989; Freudenthal et al., 2001), and
Muller (1977) shows an example of early diagenesis of
oxidized pelagic sediments shifting C/N ratios to <4 in
intervals where the % C is <0.3. Thus, the very low % C
in the Linxia basin and the anomalously low C/N ratios
suggest that the organic matter in the Linxia basin has
experienced significant losses through diagenetic
degradation. If this is the case, the value of 10 usually
used to differentiate lake algae and terrestrial organics
may not apply to these very old sediments and we
cannot interpret the C/N ratio as simple indicator of the
source (terrestrial vs. aquatic) of organic matter in the
Linxia basin.

In general, the carbon isotope ratio of organic matter,
813C0rg, of lake sediments is controlled by algae
production and the proportion of C3 and C,4 land plants
in the lake’s catchment (Meyers, 1994, 2003). Modern
terrestrial plants using the C; pathway have an average
8" Corg value of about —27.5%0 VPDB and those using
the C4 pathway are around —13%o (Farquhar et al.,
1989). The 613Corg of the typical lake algae in fresh
water is about —28%o. (Meyers, 1994, 2003). When
discussing samples collected in pre-industrial times,
these three 6'°C values should be increased by 1 to
1.5%o to account for fossil fuel burning (Farquhar et al.,
1989). The 613C0rg value has been seen to increase as
high as —9%o when lake waters are carbon-limited and
productivity is unusually high, and it can decrease to
—32%o0 when large amounts of DIC derived from soil
systems are added to the lake (Meyers, 1994, 2003). The
6" Corg values in the Linxia basin are within this range
of 8'C values characterized of both lacustrine algae and
C; land plants (Meyers, 1997, 2003) (Fig. 5).

Alteration and degradation of organic matter in
sediments may lead to a change in its carbon isotope
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ratio, but other studies have shown that this shift is
relatively small; in almost all cases less than 2%o. Early
diagenetic degradation of organic matter seems to result
in a 0%o to 4%, decrease in the §'°C,,, values through
the preferential removal of '*C-enriched compounds
(Spiker and Hatcher, 1984; Prahl et al., 1997; Freu-
denthal et al., 2001). Small changes in the carbon
isotopic composition of the soil organic matter were also
observed during litter decay (Melillo et al., 1989). In
lacustrine settings, a recent study from Lake Lugano
suggests that the eutrophic sediments are depleted by
about 1.5%. in '*C with respect to sinking organic
matter, which is in agreement with a 1.6%o decrease in
the 813C0rg value seen within three months during an
incubation-based diagenesis experiment (Lehmann
et al., 2002). However, studies of long-term diagenesis
of organics in sediments suggest that the 613C0rg values
of highly altered organic matter may be up to 2%o more
positive than the original 5'°C value (Hatté et al., 1999;
Krull and Skjemstad, 2003; Liu et al., 2003). The % C of
a highly weathered soil (oxisol) in Australia decreases
from 8.19 % at the surface to 0.57 % at 120—-140 cm
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Fig. 11. (A) C/N and '3 Corg are negatively correlated in the Linxia
basin. (B) 613C(,rg vs. 8" Cearbonate in the Linxia basin.

depth in the soil profile, and o Corg values change from
—26%o to —24.5%o. It has been suggested that the '*C-
enrichment in the oxisol was caused by selective
preservation of plant compounds more enriched in '*C
(physical protection of C through microaggregation with
soil oxides and clays) (Krull and Skjemstad, 2003). The
% C and C/N ratios of loess sequences in the eastern
Chinese Loess Plateau and in NuPloch, Germany
average 0.3 % and 2 to 4 respectively (Hatté et al.,
1999; Liu et al., 2003), showing that loess is very similar
to the Linxia basin sediments in organic preservation.
Carbon isotope ratios of these loess sections remain in
the —25.5 to —22.0%o range, reflecting their location in
regions dominated by C; plants. The 813Corg values of
Nuploch loess shift from —25.5%o0 to an average of
—24.2%0 down section, and the authors suggest these
values result from the degradation of a vegetation
assemblage with a strong predominance of C; plants
(Hatté¢ et al., 1999). Therefore, we conclude that,
although the Linxia basin sediments have seen strong
degradation of organic matter, this results in only a small
shift in the 613Corg values.

5.4. Environmental significance 0f613C,,rg in the Linxia
basin

A negative correlation between 6'°C,, and C/N
values exists in the Linxia basin, with the highest C/N
ratio associated with lowest 813C0rg values (Fig. 11A).
The negative correlation could be explained by variation
in the balance between internal lake productivity and
terrestrial organic matter input. If variation in algal
productivity is the dominant control on 813C0rg values,
then one would expect a correlation between &' Corg
and 6'°C of carbonate as they both are derived from the
same lake water, and higher productivity should lead to
more positive 8'°C values for both organics and
carbonates. There is no correlation between 613C0rg
and carbonate 5'°C values (Fig. 11B) in the Linxia
basin, which suggests that terrestrial plant matter
contributes significantly to the organic matter in the
sediment. A pollen study from the same section also
indicates that significant amounts of terrestrial plant
pollen have been preserved in the lake sediments (Ma
et al., 1998). The negative correlation of C/N ratio and
813Corg suggests that, despite a general lowering of C/N
ratios due to loss of organic matter and/or the retention
of inorganic N, the higher C/N ratios displayed by
terrestrial plants are associated with the most negative
6" Corg values. This suggests that these terrestrial plants
probably used the C; photosynthetic pathway. The
relatively stable and very negative ' Corg values (—24
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to —29%o) throughout the record, with the highest C/N
ratio associated with the most negative values, suggest
that terrestrial C, grasses were either absent or
insignificant in the Linxia region prior to 4.3 Ma,
although C, grasses are significant in the region at
present (Yin and Li, 1997; Wang and Deng, 2005). This
is in agreement with a 6'°C record of mammalian tooth
enamel from the Linxia basin, which indicates that there
were no significant C4 plants in the Linxia basin before
2-3 Ma (Wang and Deng, 2005). This observation also
agrees with other studies that conclude that C, plant
expansion in the north of the Tibetan Plateau occurred
later than the expansion in the south (Quade et al., 1989;
Ding and Yang, 2000; Sanyal et al., 2004).

5.5. Lake hydrology and climate history of the Linxia
basin between 13.1 and 4.3 Ma

Before ~ 8.0 Ma, the Linxia basin was in a relatively
stable tectonic setting, a foredeep depozone (Fang et al.,
2003). Due to the continuous flexural loading of the NE
edge of the Tibetan Plateau and the thick foredeep
sediments, it seems highly unlikely that the frequent
oscillations between closed and open lake conditions in
the Linxia basin (13.1 to 8.0 Ma) were tectonically
driven. Climate variability is a much more likely cause
of the frequent changes in lake hydrology and for the
relationship between 6'*O values and carbonate miner-
alogy (Fig. 7). More negative 5'*0 values occur when
the climate is cool and lake open, resulting in short water
residence time in the lake and little evaporation.
Conversely, high 6'%0 and 8'°C values indicate lake
closure and low lake levels, which result in strong
evaporation and elevated salinity. Note that this
variation occurs on both the meter scale level, between
different carbonate layers, and on the millimeter scale,
as shown in sample MG252 (Fig. 8).

Based on the stable isotope records shown in Figs. 5
and 6, we can summarize the climatic and hydrological
conditions in the Linxia basin between 13.1 and 4.3 Ma
as follows. Climate varied frequently between dry and
wet during the times of strong 6'0 variation, and the
lake experienced frequent shifts between closed and
open conditions between 13.1 and 8.0 Ma. Dolomite
formed when lake levels were low, the lake was closed
and more saline, and 6'%0 values were high; these were
times of more arid conditions. There is a period of
enhanced dryness between 9.6 Ma and 8.5 Ma, during
which (a). the frequency of marls in lake sediments
increases dramatically, (b). the 8'®0 values of the car-
bonates reach maximum values, and (c). shallow water
sediments increase due to a drop in lake level (Fan et al.,

2006). This arid event seems to be contemporaneous
with the 3%o shift to more positive 5'%0 values in soil
carbonates in Pakistan (Quade et al., 1989), which
occurred beginning at ~9.5 Ma (after conversion of that
paper’s magnetochronology to that of Cande and Kent,
1995). This shift is interpreted as a regional climate
change preceding a change from C; to C,4 plant domi-
nated landscapes in Pakistan (Quade et al., 1989). The
pollen record from the Maogou section in the Linxia
basin shows an increase to 50% grasses and a sharp
decrease in conifers beginning at about 9.2 Ma (Ma et al.,
1998; Li and Fang, 1999 — note that the chronology
used in this paper matches that in Li and Fang, 1999).

After 8.0 Ma, the regional climate became more
humid and the lake basin opened, as is shown by less
frequent marls and stable, low 630 values. At 6.2 Ma,
the basin was entrained in the uplift at the edge of the
Tibetan Plateau, and the depositional setting at the basin
center switched from lacustrine to fluvial. However, the
6'%0 values of the fluvial carbonates are unchanged at
this time, consistent with the idea that the basin drainage
system was open and the 8'®0 values of waters were
controlled primarily by the isotopic composition of
rainfall and runoff. In this case the filling of the lake
basin and switch to fluvial conditions would not change
the oxygen isotope ratio of surface waters. This also
suggests that the deformation in the northeastern Tibetan
Plateau around 6.2 Ma was not accompanied by major
changes in water sources or the isotopic composition of
the atmospheric vapor at this time. Our interpretation of
the isotope record disagrees with the pollen record,
which is dominated by grasses in the 8.0 to 6.7 Ma
interval — pollen shows a return to wetter conditions
beginning at 6.7 until 5.5 Ma (Li and Fang, 1999).

After 5.3 Ma, either increased aridity or cooler
temperatures (or both) led to a gradual increase in 6'%0
values. Although it is impossible to separate the two
factors (cooler or dryer) in the stable isotope record,
there is corollary evidence for both processes at this
time. Aridity could increase the 813C0rg values by
affecting the water use efficiency of terrestrial C; plants
(Ehleringer, 1988), and increase the 6'*0 and &'°C
values of carbonates by strong evaporation. Cooler
climate could also increase the 5'*0 and §'*C values of
carbonates by larger fractionation between water and
carbonates. Pollen in the Maogou section becomes
nearly 100% grass at 5.3 Ma and grasses dominate to the
end of this record at 4.3 Ma (Li and Fang, 1999). Grain-
size records of eolian sediments in the Linxia basin point
to a major intensification of the Asian winter monsoon
at 5.3 Ma (Fan et al., 2006), which would lead to a
colder and dryer climate.
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We should point out, however, that other studies have
suggested more humid Pliocene conditions farther east
on the central Loess Plateau due to an increase in East
Asian summer monsoon rainfall (Ding et al., 1999).
These studies may not be contradictory as the impact of
a strengthened summer or winter monsoon on the
average annual climate may differ along the gradient in
aridity from east to west. Regional cooling at this time is
consistent with global trends: deep-sea temperature and
sea levels drop at ~5.5 Ma (Lear et al., 2000; Billups
and Schrag, 2002).

6. Conclusions

This multi-proxy study has documented a long-term
climate and environmental change in the Late Miocene
and Early Pliocene at the northeastern corner of the
Tibetan Plateau from 13.1 to 4.3 Ma. Carbonate
petrology and the stable isotope ratios of different
carbonate forms show that carbonates in the Linxia
basin have experienced some degree of diagenesis.
However, oxygen isotope variability on both the
millimeter and meter scale suggests that diagenesis is
early, geologically contemporaneous with carbonate
formation. Therefore, 6'%0 values still carry the
geochemical signature of original surface conditions.
In the case of lacustrine micrites, isotope ratios reflect
lake water conditions, with frequent oscillations be-
tween more negative LMC $'®0 values and more
positive dolomite 5'*0 values arising from changing
degrees of lake closure and evaporation.

The organic matter preserved in the Linxia basin is a
mixture of terrestrial plant matter and lake algae. The
lack of correlation between 8]3C0rg and carbonate 6'*C
values in the Linxia basin suggests that terrestrial plant
matter makes a significant contribution. The organic
matter content in the sediments of the Maogou section is
very low, typically less than 0.2%. This has led to the
retention of inorganic nitrogen in the sediments as
organic carbon is lost to diagenesis, which in turn lowers
the C/N ratio of remaining organics. The typical range of
C/N ratios used to distinguish terrestrial and aquatic
organics may therefore not apply in the Linxia basin.
Degradation is unlikely to have changed the 813Corg
values of the organic matter in the Linxia basin.
Relatively invariant and low 813Corg values throughout
the section are in agreement with previous studies that
concluded that C, grasses were either absent or
insignificant in the Linxia region prior to 4.3 Ma.

Hydrological variation of the Linxia basin is mostly
controlled by regional climate. From 13.1 to 8.0 Ma, the
basin varied frequently between open and closed

conditions suggesting climate cycling between arid
and humid conditions. Aridity reached its maximum at
9.6—8.5 Ma. From 8.0 to 5.3 Ma, a stable humid climate
dominated the region. After 5.3 Ma, the climate became
gradually drier and/or cooler.
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