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ABSTRACT. The stable isotope compositions of carbonate and organic samples
from the Oiyug basin in southern Tibet allows for model calculations of the Oligocene
to Pliocene paleoelevation of the south central Tibetan Plateau. We measured the
oxygen isotope composition of pedogenic and lacustrine calcite, dolomite, and sider-
ite, and the hydrogen isotope composition of n-alkanes from plant waxes to recon-
struct the 3'®0 and 3D values of Oiyug basin paleometeoric water. Calculated water
isotope values from Oiyug basin carbonate and organic samples, respectively, are in
close agreement, suggesting the preservation of an unaltered paleometeoric water
isotopic signal in these archives.

Late Oligocene-middle Miocene paleoelevation estimates from groundwater/
pedogenic calcite and lacustrine dolomite indicate basin elevations of 4.1 km +1.2/
—1.6 km. Plant-wax n-alkanes 8D and lacustrine-siderite 'O compositions of middle
Miocene (~15 Ma) samples indicate paleoelevations of 5.1 km +1.3/—1.9 km. This
estimated elevation is similar to the 5.4 km paleoelevation estimate based on fossil-
floral physiognomy from the same stratigraphic interval. Calculated late Miocene-
Pliocene paleoelevation estimates derived from the 3'®0 composition of lacustrine
marls and carbonate/siderite concretions, as well as the 8D from plant wax n-alkanes
indicate a mean elevation of 5.5 km +1.4/—2.0 km at ~5 Ma. Although calculated
mean paleoelevations for the Oiyug basin all fall within the errors associated with the
model calculations, the close agreement of the different paleoelevation proxies
provides an additional degree of confidence in the fidelity of the calculated paleoeleva-
tions. Calculated paleoelevations indicate a possible increase in Oiyug basin elevations
of ~1.4 km between the early and late Miocene. Given the modern Oiyug basin
elevation of ~4.3 km, study results allow for a possible >1 km decrease in elevation
since the early Pliocene. These findings, in conjunction with other Tibetan paleoaltim-
etry studies, are consistent with tectonic models supporting high elevations of the
Tibetan Plateau since the initiation of India-Asia collision during the Eocene, and
subsequent late Cenozoic extensional collapse.

Keywords: Tibetan Plateau, Oiyug Basin, paleoaltimetry, oxygen isotopes, lipid
biomarkers, deuterium, Miocene

INTRODUCTION

The oxygen isotopic composition of nonmarine carbonates has been extensively
used to reconstruct the isotopic composition of paleometeoric waters. Investigators
have used the 3'®O values of paleosol and lacustrine carbonate, as well as early
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digenetic cements from fluvial deposits to reconstruct paleoclimates, paleoatmo-
spheric circulation patterns, ancient hydrological regimes, and most recently, the
paleoaltimetric history of orogenic belts. In regard to stable isotope based paleoaltim-
etry, numerous investigations have documented the paleoelevation history of the
Tibetan Plateau over the past ~55 million years (Garzione and others, 2000; Rowley
and others, 2001; Currie and others, 2005; Rowley and Currie, 2006; DeCelles and
others, 2007; Quade and others, 2007; Saylor and others, 2009; Ding and others, 2014;
Huntington and others, 2015). These studies have relied solely on the stable isotopic
composition of pedogenic and lacustrine carbonate to estimate Tibetan paleoeleva-
tions. Primary carbonate isotopic compositions, however, have the potential to be
altered by burial diagenesis (Mora and others, 1998). While methods such as careful
petrographic inspection, carbonate mineral characterization, and the 3'*O values of
marine carbonate clasts in intercalated conglomerates can be used to determine if
samples have been altered (DeCelles and others, 2007; Saylor and others 2009),
micron-scale recrystallization may go unnoticed in sample preparation (Garzione and
others, 2004; Leier and others, 2009), and lead to erroneous isotopic reconstructions
of paleometeoric waters.

The use of multiple-proxy records of meteoric water isotopic composition is one
mechanism to test the fidelity of isotope-based paleoelevation records. The evaluation
of both the §'®0 values of nonmarine carbonates and 3D values of early-diagenetic
smectite from volcanic ash deposits have both been used to determine the oxygen and
hydrogen isotopic composition of Cenozoic meteoric waters of western North America
and reconstruct the elevation history of the Sierra Nevada and the Basin and Range
province (Poage and Chamberlain, 2001; Horton and others, 2004). In addition, Hren
and others (2010) used the 8D composition of plant wax n-alkanes and paleotempera-
ture estimates from microbially produced tetraethers preserved in leaf-bearing depos-
its to calculate >2 km Eocene paleoelevations for the Sierra Nevada. The results of this
work were similar to previous paleoelevation estimates for the same region derived
from the 8D composition of kaolinite (Mulch and others, 2006) and volcanic glass
(Cassel and others, 2009). In Tibet, Polissar and others (2009) used the 8D composi-
tion of epicuticular plant wax n-alkanes preserved in lacustrine shales to evaluate the
Eocene-Miocene paleoaltimetry of the central and northern Tibetan Plateau. Paleoele-
vations calculated for the Eocene-Miocene Lunpola Basin from n-Alkane 8D values by
Polissar and others (2009) were nearly identical to carbonate 8'80-inferred elevations
determined by Rowley and Currie (2006) from the same strata. The close correspon-
dence of these two isotopic systems despite different archive materials, modes of
incorporation, and diagenetic processes demonstrates not only the validity of stable
isotope-based paleoaltimetry, but also the utility of employing multiple-proxy records.

Below we present both oxygen and hydrogen stable isotope data from Late
Oligocene-Pliocene deposits of the Oiyug (Wuyu) basin in south-central Tibet to
reconstruct the late Paleogene and Neogene paleoaltimetry of the southern Tibetan
Plateau. Middle Miocene deposits of the Oiyug basin contain lacustrine, pedogenic,
and early diagenetic carbonates that have previously been utilized to determine the
3'%0 values of paleoprecipitation and reconstruct paleoelevations for the region
(Currie and others, 2005). Our present investigation contributes additional calcite and
dolomite 880 data for Oligocene, Miocene, and Pliocene strata of the basin, as well as
new siderite 8'®0O and plantwax n-alkane 3D values of middle Miocene-Pliocene
deposits. In addition, we compare our results with revised floral physiognomic esti-
mates of paleoelevation (Khan and others, 2014) derived from the same middle
Miocene stratigraphic interval.

Our study results extend the stable-isotope record of paleoprecipitation and
paleoelevation of the Oiyug Basin from late Oligocene time (<31 m.y.) into the early
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Pliocene (~5 Ma). Our results also allow us to compare and contrast the calculated
paleoelevations of four different paleoaltimeters as a test of the fidelity of both stable
isotope- and floral physiognomy-based estimates of paleoelevation.

GEOLOGIC SETTING

The Oiyug Basin is located in south-central Tibet, ~160 km west of Lhasa. The
basin is situated on the Lhasa terrane, ~60 km north of the Yarlung-Zangpo Suture
and covers an area of ~300 km? (Wang and Chen, 1999) (fig. 1). The modern
elevation of the basin floor ranges from ~4300 to 4400 m with surrounding areas
exceeding 5600 m; the corresponding hypsometric mean of the basin region is ~5000
m. Oligocene-middle Miocene deposits of the basin are developed above an unconfor-
mity overlying Cretaceous-Paleogene intrusive and volcanic rocks (Zhu and others,
2006). During the Neogene, deposition was coeval with both volcanism and contrac-
tional deformation along the northwest flank of the basin (Zhu and others, 2006). The
basin experienced a period of extensive volcanism between ~15 and 8 Ma, when as
much as 1900 m of rhyo-dacitic ashflow tuffs and associated pyroclastic material were
deposited (Zhu and others, 2006; Chen and others, 2008). Late Miocene-Pliocene
strata in the basin are essentially flat lying and consist of an ~1 km thick assemblage of
fluvial and lacustrine deposits (Zhu and others, 2006). These deposits stratigraphically
on-lap older Neogene structures along the northwestern margin of the basin (fig. 1).
The Miocene and younger history of the Oiyug basin occurred within an extensional
setting, comparable with other regions in southern Tibet (Harrison and others, 1995;
Hurtado and others, 2001; Saylor and others, 2010).

STRATIGRAPHY AND AGE

Late Paleogene-Neogene age rocks of the Oiyug basin consist of the Oligocene-
lower Miocene Rigongla Formation, middle-upper Miocene Gazhacun and Zongdang
Groups, and upper Miocene-Pliocene Oiyug Formation (fig. 2). Partial stratigraphic
sections of the Rigongla Formation (fig. 3) and Gazhacun Group (fig. 4) were
measured along the Ramaqu and Badamaqen drainages in the northern part of the
Oiyug Basin (fig. 1). A partial section of the lower-middle part of the Oiyug Formation
(fig. 5) was measured in the southwestern part of the basin (fig. 1).

The Oligocene-Miocene Rigongla Formation consists of dacitic to andesitic
volcanics, interbedded within an overall upward-fining, >500 meter-thick sequence of
conglomerates, sandstones, and mudstones. Dacites in the lower Rigongla Formation
yielded a K-Ar age of 31.4 Ma (Zhu and others, 2006), providing a maximum age of
deposition for the unit. Above the volcanics, the upper Rigongla Formation consists of
~150 to 200 m of alluvial fan and fluvial-channel conglomerates, sandstones and
intercalated fluvial-overbank lithologies (fig. 3). Overbank deposits in the interval
contain crevasse splay sandstones and floodplain siltstones, mudstones, and shales.
Some mudstones in the Rigongla Formation contain groundwater carbonate horizons
consisting of micritic nodules (3-15 ¢cm in diameter) developed in beds displaying
limited pedogenic modification. These nodules were sampled for isotopic analysis.

The Gazhacun Group consists of up to ~450 m of mudstone, shale, coal,
sandstone, and conglomerate, and volcaniclastic deposits (fig. 4). The Gazhacun
Group described here was classified as the Manxiang Formation by Zhu and others
(2006). The lower part of the Gazhacun Group rests directly on volcanics of the
Rigongla Formation and consists of ~140 m of red and gray overbank mudstone
and occasional lenticular fluvial channel sandstones and conglomerates. Overbank
mudstones contain paleosol horizons containing root traces, translocated clay
accumulations, subangular/angular blocky peds, slickensided-ped surfaces, and well-
developed pedogenic calcite nodules ranging from between 0.25 and 1.5 cm in
diameter. Paleosol carbonate nodules for isotopic analysis were sampled from clay-rich
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Fig. 1. (A) Landsat image of south-central Tibetan Plateau and Himalaya showing the location of the
Oiyug basin and other paleoaltimetry localities discussed in the text. (B) Geologic map of Oiyug basin
showing measured section locations and location of fossil floral locality of Spicer and others (2003) and
Khan and others (2014). Map modified from Zhou and others (2010a).

(Btk) horizons 50 to 80 cm below the interpreted tops of soils. Groundwater carbonate
nodules similar to those in the Rigongla Formation were also sampled.

The middle part of the Gazhacun Group consists of ~225 m of gray, green, and
light red shale and mudstone, and thin to very-thin beds of siltstone and fine-grained
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Fig. 2. Time-stratigraphic chart and generalized lithological descriptions for Oligocene-Pliocene strata
of the Oiyug basin. Complied from Spicer and others (2003), Zhu and others (2006), Chen and others
(2008), and Zhou and others (2010a).

sandstone that were deposited in lacustrine and lacustrine-marginal environments.
The middle Gazhacun also contains lenticular fluvial channel sandstones, and red over-
bank mudstones containing pedogenic carbonate nodules. Fine-grained lacustrine
intervals contain microcrystalline, early-diagenetic dolomite nodules as evidenced by
the differential compaction of surrounding mudstone lithologies (Currie and others,
2005). Samples for isotopic analysis from the middle Gazhacun Group include
dolomite nodules derived from lacustrine/lacustrine-margin deposits, as well as pedo-
genic carbonate nodules from overbank mudstones.

The upper part of the Gazhacun Group consists of ~100 m of tuffaceous
conglomerate and sandstone with interbeds of carbonaceous siltstone, mudstone,
shale, and coal interbedded with ashflow tuffs. Deposition in the interval is interpreted
to have occurred in fluvial channel, floodplain, lacustrine, and swamp environments
(Spicer and others, 2003; Zhu and others, 2006). Several tuffaceous siltstone and
fine-grained sandstone beds in the upper part of the unit contain well-preserved leaf
fossils (Spicer and others, 2003). The upper Gazhacun Group also contains several 1 to
3 m thick beds of ash flow tuff with abundant biotite and feldspar crystals. Sanidine
sampled from a reworked tuff in the middle part of the formation yielded a *’Ar—""Ar
age of 15.10 = 0.49 Ma (Spicer and others, 2003). The age of the top of the unit is
constrained by the 15.03 £0.11 Ma age of the conformably overlying Zongdang Group
(Spicer and others, 2003; see below). Early diagenetic siderite nodules and carbona-
ceous mudstone/shale from the upper part of the Gazhacun Group were sampled for
isotopic analysis.

The middle to late Miocene Zongdang Group consists of up to ~1900 m of dacite,
andesite, trachyite, and trachyandesite, ash flow-tuffs, and volcaniclastic deposits (Zhu
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Fig. 3. Partial stratigraphic section log of the upper Rigongla Formation in the headwaters of the
Ramachu, northwestern Oiyug basin. See figure 1 for location. Latitude/longitude for the base and top of

the section are shown in figure. Section colors in electronic version approximate lithologic colors observed
in the field.

and others, 2006; Chen and others, 2008). Rocks of the Zongdang Group described
here have been previously classified as the Laiqing Formation by Zhu and others
(2006). The lower portion of the Zongdang Group is dominated by lava flows and
cross-cutting dikes, while the upper parts of the unit consists primarily of ash-flow tuffs
and volcaniclastic sandstones and conglomerates (Zhu and others, 2006).

A dacite sampled from the lower Zongdang Group in the eastern part of the Oiyug
basin yielded an *’Ar-*’Ar age of 15.48 +0.11 (Zhou and others, 2010a), indicating that
the unit, in part is laterally correlative to the underlying Gazhacun Group. Dacites,
trachytes and trachyandesites sampled from the lower parts of the Zongdang Group
along the north flank of basin yielded *’Ar-*Ar ages ranging from 15.03 * 0.11 Ma to
12.57 + 0.08 (Spicer and others, 2003; Zhou and others, 2010a). An andesite from the
top of the lower Zongdang along the southwestern flank of the basin was dated by K-Ar
to 9.87 = 0.30 Ma, while ash flow tuffs from the upper-most Zongdang Group yielded
K-Ar dates ranging from 8.23 * 0.13 Ma to 7.92 = 0.15 Ma (Chen and others, 2008).
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Fig. 4. Stratigraphic section log of the Gazhacun Group along the Ramachu and Badamaqgen drainages,
northwestern Oiyug basin. See figure 1 for location. Latitude /longitude for the base and top of each section
are shown in figure. Section colors in electronic version approximate lithologic colors observed in the field.
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Fig. 5. Partial stratigraphic section log of the Oiyug Formation, western Oiyug basin. See figure 1 for
location. Latitude/longitude for the base and top of the section are shown in figure. Section colors in
electronic version approximate lithologic colors observed in the field.

The upper Miocene-Pliocene Oiyug Formation overlies the Zongdang Group.
The Oiyug Formation consists of >1000 m of volcaniclastic sandstone and conglomer-
ate, and mudstone, shale, marl, and lignite (Zhu and others, 2006). Deposition is
interpreted to have occurred in a basin-centered lacustrine system with associated fan
delta, fluvial, overbank and swamp deposition occurring along the basin margins (Zhu
and others, 2006).

In the central part of the basin, the Oiyug Formation is interpreted as being
conformable with the underlying upper Zongdang Group (Zhu and others, 2006).
Along the basin margins however, the Oiyug Formation stratigraphically onlaps
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deformed strata of underlying middle-upper Miocene units (Zhu and others, 2006;
Chen and others, 2008).

Alate Miocene-Pliocene depositional age (~8.1-2.5 Ma) for the Oiyug Formation
is indicated from a magnetostratigraphic study of the unit conducted in the southeast-
ern part of the basin (Chen and others, 2008). Lacustrine marl, calcium carbonate
nodules, and organic-rich shale/mudstone sampled as part of this investigation were
derived from the middle part of the Oiyug Formation (fig. 5) and have an interpreted
depositional age of ~5 Ma (Chen and others, 2008).

STABLE-ISOTOPE GEOCHEMISTRY

In order to determine the oxygen isotopic composition of Paleogene-Neogene
Oiyug Basin paleometeoric waters, pedogenic calcite nodules and early-diagenetic
lacustrine calcite, dolomite, and siderite nodules were collected from the Rigongla and
lower Gazhacun formations. Vein calcites associated with two separate calcite nodules
were also sampled. Lacustrine siderite nodules from the upper Gazhacun Formation,
and lacustrine calcite nodules and marls from the Oiyug Formation were also col-
lected. Sample petrography and the effects of potential diagenetic alteration were
determined using both petrographic and scanning electron microscopy. The mineral-
ogical composition of collected samples was further confirmed by X-ray powder
diffraction. Additional details on the methodology used in carbonate sample prepara-
tion and stable-isotopic analyses are outlined in Appendix A.

Estimates of the hydrogen-isotopic composition of Oiyug Basin paleoprecipitation
were determined from n-alkanes derived from leaf waxes extracted from organic-rich
mudstones and shales from the upper Gazhacun and Oiyug formations. Samples were
processed and analyzed following the methods of Polissar and others (2009) and
Polissar and Freeman (2010) (see Appendix A).

Carbonate Stable Isotope Results

The results of our stable isotope analyses of Oiyug Basin carbonates are listed in
table 1. Pedogenic calcium carbonate nodules from the Rigongla and Gazhacun
formations have 3'®Oc values that range from —11.49%0 to —20.05%0 (VPDB), with
3'3C values of —8.58%0 to —5.52%o0 (table 1). Groundwater carbonates from the
Rigongla and lower Gazhacun formations yielded §'®Oc values that range from
—18.94%0 to —19.5%o, with 8'*C values ranging from —2.60%o to —3.76%o. Second-
ary vein calcite sampled from pedogenic and groundwater nodules in the lower
Gazhacun Formation have 3'*Oc values of —25.54%0 and —27.07%o.

The 3'®0 values of the nodular dolomite samples from the middle part of the
Gazhacun Formation range from —11.31%o, to —=5.5%o, with 3'2C values of —9.5%o to
—5.1%0. Samples of calcareous mudstone and shale interbedded with the nodular-
dolomite samples have 'O compositions of —11.6%o and —18.0%o, respectively. The
3'%C values of the same samples were —3.75%0 and —2.50%o.

An early-diagenetic siderite nodule sampled from carbonaceous mudstone of the
upper Gazhacun Formation has a '®0 value of —18.4%o and §'*C value of 4.12%o.
The marl and calcium carbonate nodule samples from the Oiyug Formation have
extremely negative '®Oc values of -27.9%0 and —27.3%o, respectively (table 1). A
siderite nodule sampled from the Oiyug Formation yielded a §'%O value of —11.45%¢
and an extremely positive 8'°C value of 12.93%o.

Potential diagenetic effects on original 8'°O values.—The use of authigenic carbonates
to interpret regional paleoelevations hinges on the assumption that the measured
stable-isotopic composition of lacustrine and paleosol carbonates accurately record the
composition of meteoric waters at the time of deposition. Diagenetic alteration
associated with high-temperature fluids or younger more negative meteoric waters can
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TaBLE 1

Oiyug Basin carbonate 3'°C and 3'%0 values

Section Formation Sample Lithology/ &“C  8%0  §®0 Lab+
Mineralogy (vpdb) (vpdb) (vsmow)

Oiyug NW Oiyug 621H nod calcite -0.77  -27.40 2.61

Oiyug NW Oiyug 6211 marl calcite 1.32 -28.00 1.99

Oiyug NW Oiyug 621F nod siderite 1293  -11.45 19.05

Badamagen . Gazhacun  618A nod siderite 4.12 -18.40 11.87

. Gazhacun 555 ped calcite -5.52  -19.97 10.27
. Gazhacun  554B ped calcite -8.58  -11.49 19.02

Lower Ramaqu
Lower Ramaqu

Badamagen . Gazhacun ~ W&* nod dolomite ~ -7.30 -7.60 23.03
Badamagen . Gazhacun ~ W7* nod dolomite  -5.40 -5.50 25.19
Badamagen . Gazhacun = W3* nod dolomite  -6.30 -5.70 24.98
Badamagen . Gazhacun =~ W2* nod dolomite  -5.10 -5.50 25.19
Badamaqgen . Gazhacun W1* nod dolomite  -5.40 -5.80 24.88

. Gazhacun 553 calc shale -3.75 -13.00 17.46
. Gazhacun 551 calc shale -2.50 -11.64 18.86
Lower Ramaqu M. Gazhacun 550 nod dolomite ~ -9.50  -11.31 19.21
Lower Ramaqu Gazhacun 548 ped calcite -7.63  -20.07 10.17

U
M
M
M
M
M
M
M
Lower Ramaqu M
M
M
L.
Lower Ramaqu L. Gazhacun 165Ca* ped calcite -6.90  -19.80 10.45
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
L.
u.
u.
uU.
u.
U.

Lower Ramaqu

Lower Ramaqu Gazhacun  165D* ped calcite -7.10  -20.00 10.24
Lower Ramaqu Gazhacun 165Fa* ped calcite -6.90  -19.70 10.55
Lower Ramaqu Gazhacun  165Fb* ped calcite -6.80  -19.70 10.55
Lower Ramaqu Gazhacun  165Fc* ped calcite -5.90  -18.00 12.30
Lower Ramaqu Gazhacun  165G* ped calcite -6.80  -19.60 10.66
Lower Ramaqu Gazhacun R2* ped calcite -7.00  -20.20 10.04
Lower Ramaqu Gazhacun 547 ped calcite -5.99  -19.07 11.20
Lower Ramaqu Gazhacun 546 ped calcite -7.23  -21.05 9.16

Lower Ramaqu Gazhacun  543B gw calcite -3.31 -19.53 10.73
Lower Ramaqu Gazhacun 543AV  vein calcite 295 -27.07 2.95

Lower Ramaqu Gazhacun ~ 543A ped calcite -7.64  -19.43 10.83

Upper Ramaqu Rigongla 579 ped calcite -6.75  -18.91 11.36
Upper Ramaqu Rigongla 576V vein calcite -3.81 -25.54 4.54
Upper Ramaqu Rigongla 576 gw calcite -3.37  -20.40 9.83
Upper Ramaqu Rigongla  575E gw calcite -3.72 -11.86 18.63

Upper Ramaqu Rigongla  575C gw calcite -2.60  -16.82 13.52
Upper Ramaqu U. Rigongla  575B gw calcite -3.76  -13.94 16.49

>R IOTOQT P22 2>2>002>22>2>2>02»>00 >

* Sample included in Currie and others (2005).
Denotes laboratory that conducted analysis: A:University of Arizona; C:University of Chicago; H:Har-
vard University.

decrease 3'0 values and lead to erroneous paleoelevation interpretations (Garzione
and others, 2004).

Several lines of evidence lead us to conclude that overall digenetic alteration of
our samples has been minimal. First, all samples were derived from micritic carbonates
that display little evidence of recrystallization. While the effects of diagenesis on
carbonates can be subtle (Leier and others, 2009), our samples do not display pervasive
microcrystallization that is suggestive of isotopic re-equilibration (Garzione and others,
2004). In addition, observed variability in isotopic composition within our sample suite
does not display any vertical stratigraphic trends (for example systematically decreas-
ing 8'®0 values with depth) that could be attributed to burial diagenesis.

Investigations on the potential of burial diagenesis to alter the original 8'*0 composi-
tion of pedogenic carbonates indicates no significant alteration at burial temperatures
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of < 100° to 125 °C (Mora and others, 1998; Quade and others, 2013). Thermal Alteration
Index values determined from pollen and spores from mudstone/shale samples from our
Oiyug Basin measured sections correspond to vitrinite reflectance values (R;) of 0.3
percent to 0.8 percent, indicating burial temperatures ranging from 23 °C to 125 °C,
respectively (table B1) (Barker 1998). Thermal maturity determinations from molecular
biomarkers of the Oiyug and upper Gazhacun units (see below) also point towards
relatively modest burial temperatures. The highest burial temperatures (95-125 °C),
observed in the lower and middle part of the Rigongla Formation, are at the lower
boundary where isotopic resetting may have occurred. Vein calcite cross cutting pedogenic
and groundwater carbonate nodules in this interval are approximately 5%o to 7.5%o0 more
negative than their host samples, and indicates the veins likely precipitated at higher tempera-
tures (and/or from more negative meteoric waters) than the original carbonate. In addition,
the carbonate samples throughout this stratigraphic interval are dense micritic pedogenic and
groundwater carbonates that developed in, and are intercalated with, clay-rich lithologies. This
association suggests that any diagenetic recrystallization that may have occurred under rock-
buffered, fluid-poor conditions that would have led to a minimal alteration of original isotopic
compositions (Bera and others, 2010; Quade and others, 2013).

An evaluation of the isotopic compositions of Gazhacun Group and Oiyug
Formation siderite samples provide an additional test of potential diagenetic altera-
tion. Siderites provide a more robust measurement of 3'®0 because, unlike other
carbonate minerals, they do not readily undergo isotopic exchange during burial
diagenesis due to higher equilibration temperatures (Curtis and others, 1975; Rezaee and
others, 1997). The §'®O values of the siderite samples in the study (—17.1%o,
—10.8%0) are within the range of 8'®O values from dolomite and calcite samples. In
addition, calculated meteoric water compositions (8'*Ow) derived from these sample
values also falls within the range of those from Oiyug Basin calcite samples (see below),
suggesting all of our samples have experienced minimal diagenetic alteration.

Calculated meteoric water "0 compositions.—The §'®O values of authigenic carbon-
ate such as those sampled from the Oiyug Basin have been used extensively as a proxy
for the composition of meteoric water (McKenzie, 1982; Kelts and Talbot, 1989;
among others). Because of the temperature dependence of carbonate-water fraction-
ation, in order to determine the isotopic composition of the water from which ancient
carbonates precipitated, it is necessary to have an estimated paleotemperature. Absent
direct carbonate A,; precipitation temperatures (for example Ghosh and others,
2006), other paleotemperature proxies must be employed. In this regard, we rely on
demonstrated relationships between temperature and the precipitation of the differ-
ent carbonate types contained in our Oiyug Basin sample suite.

As the majority of both pedogenic and lacustrine carbonates are thought to form
during the warmest months of the year (Talbot, 1990; Drummond and others, 1995;
Rosen and others, 1995; Teranes and others, 1999; Quade and others, 2013), estimates
of warm month mean temperature (WMMT) are most useful. Recent fossil leaf
physiognomic studies from Gazhacun Formation in the Oiyug Basin indicate Mean
Annual Temperature of 8.2 = 2.8 °C, and a WMMT value of ~23.8 = 3.4 °C (Kahn and
others, 2014). Recent work on the A,; precipitation temperature of pedogenic
carbonate indicates they commonly form in the subsurface at temperatures up to
15 °C higher than the regional MAT (Quade and others, 2013). Given the estimated
~8 °C MAT for the middle Miocene Oiyug Basin, the floral-derived WMMT of 23.8 =
3.4 °C would fall at the upper range of expected precipitation temperatures for our
pedogenic carbonate samples. Therefore we use the WMMT as a best estimate for the
precipitation temperature of the pedogenic carbonates and the error derived from the
WMMT range (19.6 °C-26.4 °C) determined by Khan and others (2014) to calculate
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the uncertainty in isotopic compositions of the meteoric waters from which sampled
Oiyug pedogenic carbonates precipitated (table 2).

In order to constrain the possible precipitation temperatures for the lacustrine
carbonates sampled in this study, we employ the ~15° to 30 °C range of temperature at
which most modern lacustrine micritic carbonates precipitate (Talbot, 1990; Drummond
and others, 1995; Rosen and others, 1995; Teranes and others, 1999; Hren and Sheldon,
2012). For the groundwater carbonates sampled from the Oiyug Basin, studies on modern
shallow groundwater temperatures indicate that average temperatures are ~2 °C greater
than local mean annual temperature, but can demonstrate seasonal fluctuations of =10°
(Heath, 1983). Given this relationship and the floral-derived mid-Miocene Oiyug Basin
MAT of 82 * 2.8°C determined by Khan and others (2014), Oiyug groundwater
carbonates would have precipitated between ~0.2° and 20.2 °C. We employ this broad
range of temperatures when calculating potential meteoric water compositions from
Oiyug groundwater carbonates. Given likely similarities between groundwater tempera-
tures and shallowly buried lacustrine deposits, this same temperature range is used to
calculate the isotopic composition of the meteoric waters from which Oiyug Basin
lacustrine calcite, dolomite, and siderite nodules precipitated (table 2).

Using the above temperature ranges, the fractionation factors for calcite-water
(Kim and O’Neil, 1997), dolomite-water (Vasconcelos and others, 2005), and siderite-
water (Zhang and others, 2001), and assuming equilibrium, Oiyug Basin carbonates
sampled for this study precipitated from meteoric waters with mean 3'*Ow values
ranging from —28.24 * 2.52%¢ (£2 standard error of the mean, s.e.m.) to —8.52 =
0.77%0 (VSMOW) (table 2). The wide range of values for these samples was likely
governed by the ancient hydrology of the Oiyug Basin. For example, there is a
systematic variation in 8'®*Ow values that correspond to different carbonate types. With
the exception of one sample, pedogenic calcite nodules display a tight cluster of §'*Oc
values ranging from —18.00%o0 to —21.05%0 (VPDB) (fig. 6). Corresponding mean
3'®Ow values for these samples range from —15.05 = 0.76%0 to —18.11 = 0.76%0
(VSMOW). In contrast, the 3'*0c composition of groundwater calcite nodules and
lacustrine calcite nodules/marl ranges from —11.64%0 to —28.00%0 (VPDB), with
calculated 8'"®Ow compositions ranging from —9.86 + 1.77%o to —28.24 * 2.52%
(VSMOW). These differences likely reflect the higher potential for evaporative enrich-
ment of meteoric waters in lacustrine and groundwater systems relative to soil waters,
and are consistent with similar interpretations of isotopic variation documented in
other depositional basins (Kelts and Talbot, 1989; Bera and others, 2010). This
hypothesis is further supported by the 8'*0, compositions of middle Gazhacun Group
dolomite nodules, which are the most positive values in the sample suite (—5.50%o to
—11.31%0 (VPDB)). These values correspond to 8'®*Ow values of —9.42 to —15.19 *
2.74%0 (VSMOW), and likely reflect precipitation from the most evaporation-enriched
waters during middle Gazhacun Group deposition (Currie and others, 2005).

Calculated meteoric water values of the two siderite samples are §'*0Ow —21.61 =
2.55%o for the upper Gazhacun Group, and —14.67 £ 2.57%o for the Oiyug Forma-
tion. These compositions are similar to the 8'®*Ow values calculated from other Oiyug
Basin carbonates and suggests that the calcite/dolomite samples have not been
significantly affected by diagenetic alteration.

Lipid Geochemistry Results

Thermal maturity and source.—Heating and thermal maturation of organic matter
can alter the hydrogen isotopic composition of long-chain n-alkanes through isotopic
exchange and the generation of petroleum n-alkanes at concentrations that over-
whelm the original plant-wax n-alkanes. An assessment of thermal maturity was made
by evaluating visual Thermal Alteration Index (TAI) values of pollen and spores
preserved in the stratigraphic interval. Organic samples for this component of the
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Fig. 6. 80 and 8'*C values for Oiyug Basin carbonates.

study were derived from the upper Gazhacun Group and the Oiyug Formation (figs. 2
and 3). Sample TAI values are equivalent to vitrinite reflectance (R,) values of 0.3 % to
0.5 % (table B1), indicating burial temperatures ranging from 23° to 76 °C (Barker,
1988). We further assessed the thermal maturity and organic matter source of samples
using sterane isomerization and the n-alkane odd/even preference (OEP) and average
chain length (ACL) (fig. 7). Thermal maturation results in isomerization of the Coq
sterane at C-20 from the biological 20S stereochemistry to an equilibrium mixture of
the 20S and 20R isomers (~0.56 S/[S+R], Peters and others, 2004). Heating and
generation of petroleum n-alkanes will reduce the biosynthetic odd/even chain-length
preference, eventually resulting in an OEP ~1 as the syndepositional plant-wax
n-alkanes are overwhelmed by the petroleum source. Organic matter source can also
affect the OEP as there are a range of OEP values for terrestrial vegetation, and aquatic
sources can have very low OEP values. In immature sediments the n-alkane ACL
reflects the relative input of long-chain terrestrial plant waxes and mid- and short-chain
aquatic sources (macrophytes, algae). In thermally mature samples the ACL reflects
oil-cracking reactions that preferentially destroy long-chain compounds and produce
shorter chain homologues. Given the relatively low maturity of all samples in this study,
the ACL is taken as an indicator of source.

Samples from the Oiyug Basin had C-20 S/[S+R] ratios 0.19 to 0.25 (fig. 7)
indicating any burial heating occurred well below maturity levels that would alter the
n-alkane H-isotopic composition (dos Santos Neto and Hayes, 1999; Pedentchouk and



416  B. S. Currie and others—Multiproxy paleoaltimetry of the late Oligocene-Pliocene

< | maturity maturity maturity
621rJ . . <& Ocn w
g 621G o O | || @€ <
'; 621E () : o G, [}
3 621D ) O OPr| @0
O 621B [ ] : <> <
621A ) é> ¢ =
H 25+
- :
U 618G [ ) - ; 203 O ¢ )
5615 | @ i § o EllO e
28 g1sE [ H £ < E O @
56188 [ ° o S ® ___O m
(] 0.3 0.6 15 2Io 2I5 3Io 1 10 -350 -3(|)0 -2;0 -200
Ca9 sterane n-alkane n-alkane n-alkane 5D
isomerization ACL OEP (%0 VSMOW)
140.(H),170.(H)
C20 S/[S+R]

Fig. 7. Organic-molecule based thermal maturity, organic matter source, and isotopic values for upper
Gazhacun Group and Oiyug Formation samples. Low thermal maturity is indicated by the predominance of
the biosynthetic Cy, S stereochemistry of the Cyg sterane and high n-alkane average chain length (ACL) and
odd/even preference (OEP). The type of vegetation also influences ACL and OEP leading to the differences
observed between the upper Gazhacun Group and the Oiyug Formation. Evidence for a primary hydrogen
isotope signature is further indicated by preservation of the biosynthetically-derived difference between
pristane (Pr) and n-alkanes. These data indicate that long-chain, odd-carbon n-alkanes (Co,_s;) reflect the
original plant-3D signature and can be used to infer the isotopic composition of paleowaters.

others, 2006; Schimmelman and others, 2006). Oiyug Formation samples collected at
the NW Oiyug section have high OEP values, also indicating minimal amounts of
heating. Gazhacun Group samples have lower OEP values (1.7 - 3.4 for C,,_,5) possibly
indicating a contribution from petroleum n-alkanes (fig. 7). However, the OEP
remains high for the Cys, alkanes that include the plant-wax compounds and is well
within the OEP range of modern plants (Diefendorf and others, 2011; Bush and
McInerney, 2013). Furthermore there is no difference in the sterane isomerization of
the two formations (0.21 = 0.02, 0.22 * 0.02, =20,,.,,,) suggesting vegetation source
rather than thermal maturity is responsible for the OEP differences. Pollen abun-
dances point to modest differences in the terrestrial vegetation between the Oiyug
Formation and upper Gazhacun Group (see below) that are perhaps reflected in the
OEP. Also consistent with the change in OEP are differences in the n-alkane average
chain length (ACL) (fig. 7). The ACL is 27.6 to 28.8 in Oiyug Formation samples
indicating a dominant terrestrial vegetation source for organic matter that is consistent
with identified kerogen types (table B2 and table B3). In Gazhacun Group samples, the
ACL is 24.0 to 25.0 reflecting increased input from aquatic sources consistent with
sample kerogen content (table B3). Input of mid- and short-chain algal or macrophyte
n-alkanes with low OEP may be responsible for the lower OEP in these samples.
Generally it appears the Oiyug Formation is dominated by terrestrial vegetation while
the Gazhacun Group includes inputs of short-chain n-alkanes from aquatic sources
distinct from the long-chain plant-waxes also present.

Overall, the molecular data indicate low thermal maturity and preservation of the
original n-alkane 8D composition. This assessment is supported by preservation of the
biosynthetically derived hydrogen isotope difference between lipid groups in these
samples. The 8D value of pristane is —40 to —80%o more negative relative to the C;q
and Cy,; n-alkanes. This offset reflects the lower 8D values of isoprenoid relative to
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acetogenic lipids imprinted during biosynthesis (Pedentchouk and others, 2006;
Schimmelmann and others, 2006). Thermal maturation erases this difference, there-
fore the observed offset provides further support for preservation of the primary
hydrogen isotope values in these samples.

Lipid and water 3D values.—Hydrogen isotope values for Cos, odd-carbon n-
alkanes range between —285 and —235 permil VSMOW (table B4). There is a ~20
permil range within each homologue and no systematic differences in values between
formations. Isotope values are most negative for Cy; (or Cyg if present) and increase by
4 to 7 permil for each additional two carbons, reflecting biosynthetic effects during
chain elongation (Chikaraishi, and others, 2004) and/or perhaps varying proportions
of different plant sources. Even carbon number homologues exhibit more positive 8D
values compared to adjacent odd-carbon homologues for Cys, n-alkanes consistent
with their different biosynthetic precursor (Zhou, and others, 2010b) further indicat-
ing preservation of the original hydrogen isotope values.

Calculated meteoric water 3D composition from lipid SD.—Studies of modern plants, soils
and sediments indicate the primary control on plant-wax 8D is the isotopic composition of
rainfall and isotopic fractionation during lipid biosynthesis (Sachse and others, 2012).
Important secondary controls include vegetation type and the evaporative enrichment of
deuterium in soil and leaf waters (Polissar and Freeman, 2010; McInerney and others,
2011; Sachse and others, 2012). The effects of biosynthesis and vegetation type are
encapsulated in an “apparent” fractionation factor that relates the hydrogen isotopic
composition of a lipid molecule to the source water used by a plant:

8;1 = [(aDlipid + 1)/(8Dwater + 1)] - 1 (1)

Values for €, are determined empirically based upon analysis of lipids in modern plants
or sediments and measurement or inference of their source water (usually rainfall). At
present, the essential differences in €, appear to reflect broad groupings of plant
functional type (trees, forbs, shrubs and grasses) and photosystem (Cs, C,, CAM)
(McInerney, and others, 2011; Sachse and others, 2012).

Here we use pollen abundances to infer the dominant plant functional types and
appropriate €, values for our samples. Pollen from the Oiyug Formation indicates a
dominantly woody tree/shrub environment, with grass pollen detected in trace
amounts from only one sample (fig. 8). Organic samples from the upper Gazhacun
Group are dominated by gymnosperm pollen with lesser abundances of angiosperms.
Gazhacun samples were devoid of grass pollen (fig. 8). Floral macrofossils from the
same stratigraphic interval as our samples indicate the existence of a boreal temperate
broad-leafed deciduous forest dominated by angiosperms (Khan and others, 2014).
Additionally, pedogenic carbonate §'°C values from the upper/lower Gazhacun
Group and the underlying Rigongla Formation average —5.52%o0 to —8.58%o, with a
mean of —6.9 % (n=15). These values are generally consistent with pedogenic calcite
formation in the presence of Cg vegetation in soils with low soil respiration rates
(Quade and others, 1989). Overall these data indicate a Cg-dominated ecosystem in
both formations with no significant amounts of grassland cover throughout the
depositional history of the Oiyug Basin.

We use the 3D of Cyq n-alkanes to infer precipitation 8D because most modern
calibration studies have focused on this molecule. Based upon the paleovegetation
data we use an €, value of —111 = 30%o0 (20) calculated from modern Cg dicotylede-
nous angiosperm and gymnosperm trees and shrubs (Mclnerney, and others, 2011;
Sachse and others, 2012).

Calculated paleoprecipitation 8D values for plant wax samples from the middle
Miocene upper Gazhacun Group range from —175%0 to —161%o0, with a mean of
=170 * 7%o0 (=2 s.e.m.) (table 4). Similarly, calculated paleoprecipitation 8D values
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Fig. 8. Pollen abundances from Namling-Oiyug upper Gazhacun Group and Oiyug Formation organic
samples.

for samples from the late Miocene-Pliocene Oiyug Formation range from between
—164%0 and —190%o with a mean of —171 = 8%o (table 4). The absolute uncertainty
in this value on the VSMOW scale is ~*+30%o (20) (table 3, table B4), principally
reflecting the range in €, values in modern plant calibration datasets (Polissar and
D’Andrea, 2014). The inferred rainfall 8D values are about —20 permil more negative
than modern water from the Oiyug Basin (—150%o0 VSMOW, Currie and others, 2005),
however this difference becomes ~10 permil after accounting for changes in seawater
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3D since the early Neogene (Billups and Schrag, 2003). This difference is well within
the uncertainty of lipid-based water compositions and suggests no significant shift in
precipitation values since the Miocene.

PALEOALTIMETRY OF THE OIYUG BASIN

Stable Isotope Paleoaltimetry

In a rising parcel of air, the stable isotopic composition of precipitation changes
systematically with altitude due to progressive distillation of water vapor during
condensation. This “altitude effect” can be modeled as an open-system Rayleigh
distillation with a temperature-dependent isotopic fractionation factor (Rowley and
others, 2001; Rowley and Garzione, 2007). If the isotopic composition of meteoric
water at a particular location is known, the altitude of that location can be estimated
using theoretical and empirically derived functions for changes in the isotopic compo-
sition of precipitation with respect to altitude.

In this study, paleoelevations for the late Oligocene to Pliocene Oiyug Basin are
calculated from the difference between the isotopic composition of high- and low-
elevation precipitation (Ad) following the methodology detailed in Rowley and others
(2001) and Rowley and Garzione (2007), and modified by Polissar and others (2009).
At present there are no Oligocene estimates of low elevation precipitation in the
foreland of the Himalayas, so we use estimates derived from the Miocene and Pliocene
discussed below. The Neogene isotopic composition of low-elevation precipitation in
the Himalayan foreland is inferred from the isotopic compositions of soil carbonate
nodules (8"0,) in the middle Miocene Siwalik Formation (~14—17 Ma) in Pakistan
[-9.5 = 0.8%0 (*2 s.e.m.) VPDB; Quade and Cerling, 1995] and upper Miocene-
Pliocene Siwalik Formation (5.9-4.7 Ma) in Nepal [—7.5 = —0.6%0 (VPDB); Quade
and others, 2013]. As pedogenic carbonates in the modern Himalayan foreland form
during the warmest times of the year (Quade and others, 2013), the isotopic composi-
tion of the meteoric water from which they precipitate can be estimated by considering
warm month mean temperature (WMMT) from other proxy data. Recent fossil leaf
physiognomic studies from the Siwalik Group of northern India indicate the WMMT
values of 27.84 * 3.39 °C and 28.35 * 3.39 °C for the middle Miocene, and 28.14 *+
3.39 °C for the late Miocene-Pliocene (Kahn and others, 2014). This temperature is
within error of calculated calcite ‘clumped’ isotope A, precipitation temperatures for
the Miocene-Pliocene pedogenic carbonates from Nepal (29.7 = 6.5 °C; Quade and
others, 2013). Using the mean fossil floral-derived Neogene WMMT temperatures and
their error ranges, the pedogenic 8'®0, values from the Himalayan foreland indicate a
middle Miocene low-elevation §'O,, composition of —6.6 = 0.3%0 (*2 s.e.m.)
VSMOW, and a Miocene-Pliocene low-elevation 3'%0,, composition of —4.6 + 0.4%o
VSMOW.

The 8D of low elevation Miocene precipitation can be estimated by using the
Miocene low-elevation 8'®0,, composition to calculate a corresponding 3D value using
the modern global meteoric water line (Rozanski and others, 1993). Using this
relationship, the 8D of low elevation precipitation used in our calculations is —43 *
3%o (=2 s.e.m.) for the middle Miocene, and =27 = 3%o for the Miocene-Pliocene.

Note that for the hydrogen isotope system we calculate the difference between
high- and low-elevation samples as a fractionation rather than an arithmetic difference
using the equation:

ASD = [(aDwatcr + 1)/(8D10w—clcv + 1)] - 1 (2)

This is necessary because isotopic fractionations such as condensation and airmass
rainout act upon relative, rather than absolute, isotopic ratios. The isotopic depletion
with altitude occurs through a series of fractionation steps such that the isotope-
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elevation relationship is controlled by the magnitude of net isotopic fractionation, not
the net arithmetic difference. This distinction is inconsequential for the O isotope
system where the isotope value of low-elevation rainfall is less than 1 percent from the
zero point of the isotopic scale. However, for the H isotope system, the isotope value is
3 to 4 percent less than the zero point of the isotopic scale and the arithmetic
difference, if applied, would be systematically in error.

Consideration of Uncertainties

Uncertainties in our paleoaltimetry estimates derive from several sources. First is
the uncertainty in the isotopic compositions of water calculated for our samples and
for the composition of low-elevation meteoric water. This includes the uncertainty in
the temperature of precipitation for carbonates and the uncertainty in the apparent
fractionation for leaf wax molecules. These values are readily calculable and are
reported here in table 2 and table 3. Second is the uncertainty in how reconstructed
water compositions are affected by evaporation. Evaporation, particularly from lakes
and arid soils can significantly increase the isotopic composition of surface waters
yielding erroneously low calculated elevations. Comparing water compositions from
different evaporative systems such as leaf-waxes, lacustrine calcite, and pedogenic
carbonates can assess this uncertainty (Polissar and others, 2009). As discussed above,
it is evident from our data that significant evaporative enrichment has occurred in
some samples, particularly from the middle Miocene Gazhacun Group. This is consis-
tent with the findings by Polissar and others (2009) from other large lakes on the
Tibetan Plateau at this time. In these samples, the more depleted isotope values will be
closer to the true meteoric water composition and provide better paleoaltimetry
estimates (Polissar and others, 2009). For this reason, samples with relatively high §'*0
values (>—10%o) are excluded from the paleoelevation estimates.

A third uncertainty is natural variability in the 8'%0 of meteoric precipitation. At
high elevations this isotopic variation typically is also reflected in contemporaneous
variations at low elevation (Gonfiantini and others, 2001). By their very nature the
measured samples likely represent multi-decadal and greater time averages that
significantly dampen large amplitude annual variability typically seen in precipitation
data (Gonfiantini and others, 2001) and ice-cores (Thompson and others, 2000). The
reported isotopic values therefore more closely match the long-term mean isotopic
compositions that are modeled in paleoaltimetry calculations. Further averaging of
isotope values from multiple samples effectively removes this effect by computing
population means from low- and high-elevation sites. We take this approach here,
calculating the mean and standard error of the mean for water isotope values for Oiyug
Basin stratigraphic intervals and from Miocene low elevation sites from the Himalayan
foreland basin. The difference between these values (A3D and A3'®0) is used in the
paleoelevation model calculations. Errors for the A8 values are derived from the sum
in quadrature of the uncertainties associated with carbonate fractionation factors
using the range of paleo temperatures described above for each proxy (table 4).

The fourth and final source of uncertainty is the relationship between isotopic
composition and elevation (the isotopic lapse rate). The isotopic lapse rate systemati-
cally depends upon temperature and humidity and can be calculated numerically
(Rowley and others, 2001). However, the temperature and humidity of low-elevation
airmasses in the past have considerable uncertainty that can affect paleoelevation
estimates. Here we follow the approach in Rowley and others (2001) to use a large
range of temperature and humidity values that reflects their modern joint probability
distribution in tropical and subtropical oceanic regions. We further discuss the effects
of known Cenozoic changes in global and tropical temperatures on our elevation
estimates (see below).
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TABLE 4

Oiyug Basin Mean Paleoelevations

Formation Age Mean +2s.e.m. Mean Y +2s.em. Model 26 Model

580y (%)  (%0)  AS"0 (%0) (%0) Elevation (m) Uncertainty
(a) (b © (@ ©) (+m/-m)

Oiyug Fm. ~5 Ma -22.40 1.59 -17.8 1.8 5509 +1390/-1993

upper Gazhacun Gp. ~15 ma -22.16 1.09 -15.6 1.4 5136 +1339/-1913

upper Ringonla Fm./

lower-middle ~31-16 Ma  -15.30 0.57 -10.2 1.0 4057 +1154/-1640

Gazhacun Gp.

(a) Mean calculated from §'#0, values listed in table 2. Includes 3'#0,, values converted from organic
[iln[r]-alkane 8D,  values listed in table 3 using modern 3D-3'%0 relationships in meteoric water (Rozanski
and others, 1993).

(b) = 2 standard error of the mean derived from the range of '*0,, values calculated from each sample
using carbonate fractionation factors and the range of paleotemperatures described in the text for each
carbonate proxy, as well as the range of §'%0, values converted from the organic 8D, values listed in Table 3
given the * 30-31 %o uncertainty associtaed with those samples.

(c) Represents the difference between mean 8 °O,, values for each Oiyug Basin interval (a) and mean
low elevation Neogene 3'®0,, values determined from Siwalk Fm. paleosol carbonate data (Quade and
Cerling, 1995; Quade and others, 2013) and low elevation WMMTs from Khan and others (2014): -6.6%o for
the Rigongla Fm. and Gazacun Gp.; -4.6%o for the Oiyug Fm.

(d) Derived from the sum in quadrature of the uncertainties associated with calculation of mean §'%0
values for each Oiyug Basin stratigraphic interval (b), as well as the paleotemperature ranges and
corresponding carbonate fractionation factors used to determine mean low elevation Neogene 8'%0,, values
for the Himalayan foreland.

(e) Model elevation and 20 uncertainty calcualted following the methodology detailed in Rowley and
others (2001) and Rowley and Garzione (2007), and Polissar and others (2009).

Paleoaltimetry Results

Using the difference between estimated Neogene low-elevation meteoric isotopic
compositions from the Himalayan foreland and those from the Oiyug basin, calculated
Oligocene and early-middle Miocene (<31-15 Ma) paleoelevation estimates from
Rigongla Formation and lower/middle Gazhacun Group carbonates range from
~3650 to 5000 m (table 2), with a mean elevation of 4057 +1154/—1640 m (20) (fig.
9; fig. 10; table 4). Lacustrine marls/dolomite nodules and pedogenic carbonates
with relatively high 3'®0w values (A8'"®*Ow > —5.0%o0) from the middle part of the
Gazhacun Group likely precipitated from evaporatively enriched meteoric waters and
thus are excluded from the calculations.

Calculated paleoelevations from 8D values for plant wax samples from the ~15 Ma
upper Gazhacun Group range from 4968 m to 5252 m, with a mean of 5148
+1400/—2027 m. A siderite-derived paleoelevation for the same interval yielded a
similar value of 5038 m +1325/—1892 m. Collectively, the mean paleoelevation for the
interval is 5136 m +1339/—1913 m (20) (fig. 10; table 4).

Late Miocene-Pliocene (~5 Ma) calculated paleoelevations for samples from the
Oiyug Formation range from ~3900 m to ~6300 m. Calcite-derived calculated
paleoelevations from Oiyug Formation lacustrine marl and carbonate nodules are
6080 m +1480/—2104 m and 6332 m +1486/—2143 m, respectively. The 8D-based
paleoelevation estimates from organics in the same succession range from 5827 m to
5347 m, with a mean of 5452 m +1451/—2131. The $'30 value of siderite from the
same section is more positive (likely reflecting evaporative enrichment of lake waters
and associated shallow pore fluids) resulting in a lower paleoelevation estimate of
4026 m +1148/—1631 m. Collectively, the mean paleoelevation for the sample interval
is 5509 m +1390/—1993 m (20) (fig. 10; table 4).
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DISCUSSION

The calculated mean paleoelevations for the Oiyug basin indicate an overall
increase in paleoelevation from ~4.1 km in the late Oligocene-early Miocene (~31—16
Ma), ~5.1 km for the mid-Miocene (~15 Ma), and ~5.5 km for the late Miocene-
Pliocene (~5 Ma). It should be noted, however, that the apparent ~1.4 km increase in
elevation between early and late Miocene time is within the 1.2 to 2 km error associated
with the model calculations. As a result, paleoelevations may have remained relatively
unchanged throughout late Paleogene-Neogene deposition in the basin. In addition,
changes in tropical temperatures could affect this result through their control of the
isotopic lapse rate. Estimates of tropical and subtropical ocean temperatures from
non-upwelling regions indicate a broad decrease from the Paleogene through the
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of Khan and others (2014) is shown for comparison.

Neogene of 0 to —4 C (Stewart and others, 2004; LaRiviere and others, 2012; Zhang
and others, 2013; Zhang and others, 2014) that would increase the isotopic lapse rate.
Inclusion of these temperature changes would yield higher model paleoelevations in
the Neogene than those using the modern calibration (Rowley, 2007). Warmer
Oligocene-middle Miocene temperatures compared to those in the late Miocene and
Pliocene would also result in calculated Oligocene-Middle Miocene elevations that are
closer to the Miocene-Pliocene elevations. Importantly for our purposes, even if late
Paleogene and Neogene tropical sea-surface temperatures were as much a 5 °C warmer
than today, the model paleoelevations would be no more than ~1 km higher than our
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calculated values. This difference falls well within our current range of uncertainty and
does not affect the conclusions presented here.

The overall uncertainty of the calculated paleoelevations can be evaluated in a
relative sense by comparing the results from different paleoaltimetry proxies from the
same stratigraphic interval. For example, the range of calculated paleoelevations from
plant wax 8D for the ~15 Ma upper Gazhacun Group (~5.0-5.3 km) are similar to
paleoelevation estimates of 5.4 = 0.7 km based on Oiyug basin fossil floral physiog-
nomy from the same interval (Kahn and others, 2014) (fig. 10). In addition, these
estimates overlap within uncertainty with the siderite-derived paleoelevation of ~5.0
km from the same stratigraphic zone (fig. 10). The close agreement of these different
paleoelevation proxies provides an additional degree of confidence in the fidelity of
the calculated elevations. When considering the potential for isotopic variations
related to original basin hydrological conditions and variable carbonate precipitation
temperatures, that the calculated paleoelevations overlap within uncertainty through-
out the sample suite provides further support of overall study results.

Given that the mean elevations for the Oligocene-Pliocene Oiyug basin fall close to or
above the present-day basin-floor elevation of ~4300 m and that inferred water isotopic
values are more negative than modern Oiyug basin waters (Currie and others, 2005), the
first order conclusion of our investigation is that the southern part of the Tibetan Plateau
has remained at high elevations since at least the late Oligocene (~31 Ma).

The timing of development of high topography across the Himalayas and Tibet
remains an important and open guestion. Recent results from the Paleocene-Eocene
Penbo,/Linzhou Basin based on 8'°Oc (Ding and others, 2014) and combined clumped
isotopes paleothermometry and 8'®Oc (Ingalls and others, in review') have been inter-
preted to imply that at least parts of the Lhasa block may have been at relatively
high-elevations (~>4000 m) since ~55 Ma. Previous studies from the Penbo region,
however, have interpreted relatively low 8'®0 values from pre-Cenozoic nonmarine
carbonates as reflecting substantial diagenetic resetting of the oxygen isotopes associated
with high temperature (>>50 °C) alteration, leaving the Ding and others (2014) results
intriguing but in need of further confirmation (Leier and others, 2009). Ingalls and others
(in review) highlight the existence of both high temperature (>40 °C) and low tempera-
tures (~10 °C) calcites from this region, but emphasize that they record comparable
8'®0c, irrespective of temperature and thus imply alteration in a rock-dominated system.

Polissar and others (2009) confirmed and extended the results of Rowley and
Currie (2006) from the Lunpola Basin, by showing an absence of organic thermal
maturation of these samples, and that the most negative 8'*O, and compound-specific
8D values fall on the meteoric water line and hence are internally consistent. The
Lunpola data imply high (>4 km) elevations for central Tibet from at least Oligocene
and perhaps late Eocene based on paleontological estimates of the ages of the sampled
units (Rowley and Currie, 2006). Hoke and others (2014) added data from the
southeastern margin of the Tibetan Plateau in Yunnan where they derive paleoeleva-
tion estimates for late Eocene pedogenic carbonates of the Liming Basin that are
comparable with the current elevation of ~2700 m. More recently Li and others (2015)
report additional isotope-based paleoaltimetry estimates from eastern Tibet that
support paleo-elevations comparable to present for the Markham and Jianchuan
basins for sequences thought to be ~23 to 16 Ma in age. Interestingly the age of the
Jianchuan Basin fill has been revised based on both U-Pb dates on zircons (35 — 38 Ma)

! Ingalls, M., Rowley, D., Currie, B., Li, S., Olack, G., Ding, L., and Colman, A. L., in review,
Paleocene-early Eocene high elevation of the Linzizong arc implies large-scale subduction of continental
crust during Himalayan collision: Nature Geoscience.
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and fossils of Late Eocene age (Gourbet and others, 2015). This implies little change in
elevation of at least the Jianchuan basin since the Late Eocene.

DeCelles and others (2007) calculated stable-isotope based paleoelevations simi-
lar to modern elevations for the Oligocene Nima Basin in central Tibet. Although,
recent work by Huntington and others (2015) identified potential high-temperature
(>50 °C) alteration in Nima lacustrine carbonates, the authors concluded that altera-
tion occurred under rock-buffered conditions that preserved original carbonate
isotopic compositions. As such, the DeCelles and others (2007) paleoelevation esti-
mates of > 4.5 Km for the Nima region at ~26 Ma likely remain valid.

Paleoaltimetry estimates from the Oiyug basin are consistent with elevations at
least as high as present throughout the past ~31 Ma. The results presented above add
to an expanding array of paleoaltimetry data from southern Tibet and the High
Himalayas compatible with high elevations persisting there from at least 20 Ma
(France-Lanord and others, 1988). For example, Gébelin and others (2013) presented
dD-derived paleoelevation estimates of >5000 m from ~16 Ma hydrothermally
altered hydrous minerals (biotite and hornblende) from the South Tibetan Detach-
ment, from just north of Mount Everest. Huntington and others (2015), significantly
augmented the work of Saylor and others (2009) with clumped-isotope paleotempera-
ture data, calculated paleoelevations of ~5.4 km from ~8.5 to 3.7 Ma deposits in the
Zhada Basin in southwestern Tibet. These studies complement earlier estimates from
Gyrong (Rowley and others, 2001), and Thakkhola (Garzione and others, 2000;
Rowley and others, 2001) that indicate paleoelevations along the southern margin of
the Plateau of >5 km since ~10 Ma.

Collectively, existing paleoaltimetry data from the southern and central Tibetan
Plateau imply that elevations have remained at close to modern-day elevations since at
least late Eocene-Oligocene time over a region at least as far southeast as the Liming
Basin in Yunnan. These studies support previous interpretations implying no demon-
strable large-scale role of convective destabilization of the Tibetan lithospheric mantle,
at least within this time interval. Models invoking very large-scale contributions of
mantle lithospheric loss driving increased elevations ca. 8 Ma (Molnar and others,
1993) are at odds with these data. Smaller-scale contributions from mantle lithospheric
drips (Molnar and Stock, 2009) remain possible, but are small enough so that they are
not testable with existing paleoaltimetry data. Overall, these results imply that crustal
thickening is likely the dominant control on elevation in this collisional regime
(Rowley and Currie, 2006). Additionally, our results allow for a possible increase in
elevation from 4.0 km to 5.5 km between early and late Miocene time with a
subsequent decrease towards the present, as has been suggested elsewhere (Saylor and
others, 2009). Given that the modern elevation of the Oiyug basin floor is ~4300 m, it
is possible that elevations in part of the Tibetan Plateau have decreased by >1 km since
the early Pliocene (Khan and others, 2014). This result is similar to interpretations of a
possible 1 to 1.5 km decrease in the elevation of the Zhada Basin in western Tibet since
the late Miocene (Saylor and others, 2009; Huntington and others, 2015), and is
compatible with widespread east-west extension in Tibet since that time (Harrison and
others, 1995; Hurtado and others, 2001).

CONCLUSIONS

Stable isotope-based estimates of paleoelevation for the Oiyug Basin in south
central Tibet indicate the region has been at elevations in excess of 4 km since ~31 Ma.
Oligocene and early-middle Miocene (<31-16 Ma) §'®O paleoelevation estimates
from groundwater and pedogenic carbonates indicate basin elevations of elevation of
~4.1 km. Measured 3D values from plant wax n-alkanes and lacustrine-siderite 8'*O
compositions sampled from middle Miocene (~15 Ma) strata indicate elevations of
~b.1 km. This estimated elevation is similar to the 5.4 km paleoelevation estimate



Oiyug Basin, southern Tibet 427

based on fossil-floral physiognomy from the same sample locality (Kahn and others,
2014). Calculated late Miocene-Pliocene paleoelevation estimates derived from the
3'%0 composition of lacustrine marls and carbonate/siderite concretions, as well as
the 8D of plant wax n-alkanes indicate a mean elevation of ~5.5 km at ~5 Ma.

Although calculated mean paleoelevations for the Oiyug basin all fall within the
1.2 to 2 km errors associated with the model calculations, the close agreement of the
different paleoelevation proxies (calcite/siderite/dolomite 380, m-alkane 3D, and
fossil-floral physiognomy) presented and discussed above provides an additional
degree of confidence in the fidelity of the calculated elevations. As such, the results of
our study allow for a possible increase in Oiyug basin elevation from 4.1 km to 5.5 km
during the early and late Miocene, followed by a >1 km decrease in elevation since the
early Pliocene. These findings, as well as those of other Tibetan paleoaltimetry studies,
are consistent with tectonic models where the Tibetan Plateau has remained high since
at least the initiation of India-Asia collision during the Eocene, and subsequent late
Cenozoic extensional collapse.
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APPENDIX A. METHODS
Carbonate Samples

Sample preparation.—Carbonate samples for XRD analysis were obtained from thin section billets or
from polished slabs using a small chisel. Powdered samples for isotopic analysis were obtained using a dental
drill on thin-section billets to directly determine the micromorphology of sampled material. The mineralog-
ical composition of collected samples was confirmed by X-ray powder diffraction, using CuK radiation, on a
Sintag powder diffractometer at Miami University.

Carbonate isotopic analyses.—Samples were analyzed at the University of Arizona, Harvard University,
and the University of Chicago. At the University of Arizona, 0.2 mg of each sample were heated at 150 °C for
3 hours in vacuo and processed using an automated sample preparation device (Kiel III) attached directly to
a Finnigan MAT 252 mass spectrometer. Values were normalized to NBS-19 based on internal lab standards
and precision of repeated standards is =0.1%o for 3'*0 and +0.06%o for '*C (10). At Harvard University,
approximately 2 mg of bulk sample was loaded into a stainless steel vial and dried in an oven at 50 °C for 48
hours. Samples were dissolved on line in a common acid bath of orthophosphoric acid at 90 °C. Precision
(1o) averages 0.07%o for 8'%0 and 0.05%o for §'*C.

At the University of Chicago, approximately 0.3 to 0.5 mg of powdered sample was added to an
Exetainer tube, sealed, and flushed with helium. 0.1ml of nominally 103% phosphoric acid was injected into
the flushed Exetainer tubes for carbonate digestion. Calcite was digested at 26 °C overnight on the gas
bench. Iron-bearing carbonates were prepared separately to accommodate for higher temperature and
longer digestion times. Multiple tests were done on in house siderite standards and NBS-18 and NBS-19
calcite standards to test for -CO5* yield during different modes of digestion. The calcite standards had
~100% yield when reacted with phosphoric acid at 26 °C for >12 hours. Under the same conditions, siderite
sample 618A had ~2% carbonate yield. Approximately 80% reacted after two days at 60 °C, assuming 618A is
pure iron carbonate. Fe-carbonate sample powder was added to Exetainer tubes, flushed with helium, and
set horizontally in a 60 °C drying oven. The glass bottom of the Exetainer tube was lifted to a low angle,
allowing for the sample to sit above the height of the Exetainer cap, but low enough that the sample powder
could not slip to the lower height of the cap and react with the acid. 103% phosphoric acid was carefully
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added by syringe through the cap so the acid would pool below the sample powder out of contact. Once acid
and powder were at temperature, the vials were put in a vertical position to allow the acid to react with the
carbonate. Calcium and iron carbonate samples were analyzed on a Thermo Delta V Plus interfaced with a
GasBenchll. NBS-19 was digested at 60°C over six days with multiples of 618A and 621F so these data could
be corrected to a standard treated under the same conditions. Multiple NBS-18 and NBS-19 were digested at
60°C overnight and analyzed on the same day as the standard and samples under the six day treatment.
Corrections were done to the NBS 18 and 19 standards, and appropriate fractionation factors were applied
to the data depending on mineralogy and reaction temperature (see table Al below). The precision for the
siderite samples (1o, n=4) was +0.12 and £0.24 per mil for 8'*C and 8'®O respectively. The oxygen isotopic
value of the carbonate (8'%0.,0nae) Was converted to the oxygen isotopic value of the formation water
(3'%0,,) using mineralogy-specific fractionation factors listed below, where T is the reaction temperature
(Tiyn» 333K or 299K) for carbonate-acid derived CO, or formation temperature for carbonate-water
fractionation (T,,).

1000 + 8O0, acia

Qlcarb,COs-acid —
b oAt 1000 + 80 carbonace

TaBLE Al

Fractionation factors as function of T

Mineralogy 10’ Ino. Source
. . 3.59x10° .
Calcite, carbonate-CO,, acid = -1.79 Kim and others, 2007
o . 6.84x10°
Siderite, carbonate-CO,, acid ——+3.85 Rosenbaum and Sheppard, 1986
xXn
3
Calcite, carbonate-water lg(;ﬂ -32.42 Kim and O’Neil, 1997
fm
. 2.56x10°
Siderite, carbonate-water — +1.69 Zhang and others, 2001
fm
Organic Samples

Sample preparation.—The outer 1 to 2 mm of each sample was physically removed with a Dremel tool
with a tungsten carbide bit and then each sample was broken into ~1 cm? pieces. Any discolored fracture
surfaces were further abraded with the Dremel tool. Samples were then leached with 0.1 M HCI, rinsed with
de-ionized water, air-dried, soaked in dichloromethane three times for 15 minutes each and air dried again.
Samples were crushed to a fine powder in a SPEX ball mill. Powdered samples were loaded into
pre-extracted cellulose thimbles and the lipids were extracted with 10 percent methanol in dichloromethane
(v/v) under reflux in a Soxhlet extractor for 24 hours. Elemental sulfur was removed by adding activated
copper metal granules to the Soxhlet round bottom flask during the extraction. Total lipid extracts (TLE)
were rotovapped to near dryness, transferred to 4 ml screwcap vials and evaporated to dryness with a gentle
flow of N, gas.

Lipid purification.—The TLE was separated with silica gel column chromatography into an aliphatic
(F1), acid (F2), and polar (F3) fractions. Soxhlet extracted silica gel was activated at 200 °C for 2 hours and
2.0 g were wet-packed into 6 ml Varian Bond-Elute SPE cartridges. The column was rinsed with ~3 bed
volumes of hexane and the sample dissolved in hexane was loaded onto the column and eluted with 5 ml of
10 percent dichloromethane in hexane (F1), 8 ml of ethyl acetate (F2) and 5 ml of methanol (F3). The
aliphatic fraction was further separated into saturated (4.5 ml hexane) and unsaturated fractions (4.5 ml
ethyl acetate) with a silver-ion impregnated silica gel column (0.5 g of 5% w/w AgNOyg silica gel) in a Pasteur
pipette. Branched and cyclic compounds were removed from the saturated fraction with a zeolite molecular
sieve. The sample in iso-octane was heated with 0.4 g of 5A molecular sieve at 110 °C for 12 hours. The
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branched/cyclic fraction was recovered by washing the molecular sieve with hot iso-octane. The n-alkyl
fraction was recovered by dissolving the molecular sieve in hydrofluoric acid and extracting the alkanes into
hexane.

Molecular characterization and quantification.—Lipid fractions were characterized and quantified with an
Agilent 6890 gas chromatograph equipped with a split/splitless injector, 30 meter DB-5 column (0.25 pm
diameter, 0.25 wm phase thickness) coupled to an Agilent 5973 quadrapole mass spectrometer (MS)
through a heated transfer line (320 °C). Samples were injected in hexane in the injector held splitless at
300 °C at a constant column helium flow of 2.0 cm® min~'. The oven was held at 60 °C for 1 minute, ramped
at15°Cmin~"' to 170 °Cand 5 °C min~' to 320 °C. The MS source was operated at an electron energy of 70
eV and data acquired in scan mode (50-550 m/z). Compounds were identified by elution time, comparison
with published spectra (Philp, 1985; Peters and others, 2004) and authentic standards and quantified from
the total ion current trace or extracted single ion traces.

Molecular hydrogen isotope analysis.—Compound specific hydrogen isotope ratios were measured using
an Agilent 6890 gas chromatograph coupled to a Thermo Delta Plus XP isotope ratio monitoring mass
spectrometer through a high temperature conversion reactor (Burgoyne and Hayes, 1998). Analytical
conditions for the gas chromatograph were similar to those for GC-MS analysis. The high temperature
reactor consisted of a 30 cm alumina tube (1/16” o.d., 0.5 mm i.d., Bolt Technical Ceramics) heated to
1430 °C and conditioned with two 1 pl injections of hexane. Every sample was co-injected with a laboratory
standard containing molecules [n-C,, alkane, 5a(H)-androstane, squalane and n-C,; alkane] whose 3D
values were determined via offline pyrolysis and dual-inlet analysis by Arndt Schimmelman (Indiana
University). The contribution of Hy™ to the m/z 3 ion beam was subtracted using a point-wise correction
(Sessions and others, 2001) in the Isodat software package. The Hy" factor was measured daily with
increasing amplitude pulses of our Hy laboratory reference gas. Each irmGC-MS analysis included pulses of
laboratory H, reference gas at the beginning and end of the GC oven program that were used to correct for
instrumental drift over the course of the run. The isotopic composition of sample molecules on the VSMOW
scale was calculated from the known 3D value of co-injected n-C,; alkane. The long-term precision and
accuracy of the system were monitored with co-injected androstane. All reported sample values had peak
areas larger than a minimum threshold below which 8D values vary with peak area [20 V-s for our system,
Polissar and others (2009)].

APPENDIX B

TaBLE Bl

R, values and estimated burial temperatures for Oiyug Basin organic samples

Stratigraphic Unit Sample TAI Equivalent Estimated Burial
R, Value Temperature (°C)
621] 0.3-0.4 23-53
621G 0.3-04 23-53
Oiyug Fm. 621E 0.3-04 23-53
621D 0.3-04 23-53
621B 0.3-04 23-53
621A 0.4-0.5 53-76
618G 0.4-0.5 53-76
U. Gazhacun Gp. 618F 0.4-0.5 53-76
618E 0.4-0.5 53-76
618B 0.4-0.5 53-76
553 0.3-04 23-53
M. Gazhacun Gp. 551 0.4-0.5 53-76
549 0.6-0.7 95-111
545 0.6-0.7 95-111
L. Gazhacun Gp. 544B 0.6-0.7 95-111
542 0.6-0.7 95-111
577 0.6-0.7 95-111
Rigongla Fm. 575F 0.7-0.8 111-125
575D 0.7-0.8 111-125

572B 0.6-0.7 95-111
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TABLE B2
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Pollen taxa abundance and kerogen content from the upper Gazhacun Gp. and Oiyug Fm., Oiyug basin, south-central Tibet
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= Abundant, over 30 specimens/slide.

Common, 16 to 30 specimens/slide, A

Frequent, 6 to 15 specimens/slide, R = Rare, less than 6 specimens/slide, C =
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TaBLE B3
Organic biomarker distribution and thermal maturity indices
Stratigraphic Unit Sample Lithology Paleoenvironmental Average  OEP OEP 208/
Code origin of identified  chain  (Cp5-Cas)® (C11-Cas)®  (20S+20R)’
kerogens length'
621  mudstone Fluvial/Deltaic 28.0 10.5 6.1 0.25
621G shale Swamp/Deltaic 27.6 8.1 5.0 0.21
Oiyug Fm. 621E  mudstone Fluv?al/ Delta?c 27.8 5.7 37 0.19
621D  mudstone Fluvial/Deltaic 27.8 6.9 44 0.20
621B  mudstone Fluvial/Deltaic 28.2 6.8 49 0.19
621A  mudstone Fluvial/Deltaic 28.8 8.1 6.2 0.20
618G mudstone Swamp/Deltaic 24.0 33 1.7 0.24
U. Gazhacun Gp 618F  mudstone Swamp/Delta?c 25.0 29 1.8 0.19
’ © 618E shale Swamp/Deltaic 249 2.7 34 0.23
618B shale Swamp/Deltaic 24.0 43 1.8 0.22

1 - Calculated from C11-45 n-alkanes.
2-0dd over even preference.
3 -5a,14a,17a ethylcholestane 20S/(20S+20R) calculated from m/z 217 peak areas.
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