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Abstract

The time at which the Tibetan Plateau rose to its present high elevation remains controversial, with estimates ranging from
40 Ma to more recent than 7 Ma. New stable isotope analyses of modern and accurately dated ancient paleosol carbonate in the
Nima basin of central Tibet point to an arid climate and high paleoelevation (4.5—5 km, comparable to today’s setting) by 26 Ma.
Oxygen isotope values of ancient (26 Ma) soil carbonate are both very negative and indistinguishable—after modest corrections for
changes in global climate—from the lowest (least evaporated) oxygen isotope values of modern soil carbonates in the area.
Substantial enrichments in oxygen-18 in paleolacustrine carbonates, as well as high carbon isotope values from paleosol
carbonates, indicate considerable lake evaporation and low soil respiration rates, respectively, and both are consistent with the
present arid climate of the Nima area. Blockage of tropical moisture by the Himalaya and perhaps the Gangdese Shan probably has
contributed strongly to the aridity and very negative oxygen isotope values of soil carbonate and surface water in the Nima area
since at least the Late Oligocene. The maintenance of high elevation since at least 26 Ma suggests that any flow of lower crust from
beneath central Tibet must have been balanced by coeval northward insertion of Indian crust beneath the Plateau.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction ral models of plateau formation (compare [1-8]) and

global and regional climate change [9—11]. Our know-

The timing of attainment of regional high elevation (4
to 5 km) in the Tibetan Plateau (Fig. 1) is a significant
problem in continental tectonics because elevation
strongly influences the force distribution in and adjacent
to orogenic plateaux [1,2], and the timing and mechan-
isms of elevation gain are important in competing gene-
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ledge of the uplift history of the Tibetan Plateau remains
poor, however, because of the scarcity of well-dated
ancient sediments containing unambiguous indicators of
paleoelevation. The pursuit of paleoaltimetry data from
Tibet is motivated in part by the need to better constrain
the initial development of high elevation in this region as
a means of testing tectonic models for Tibet. For exam-
ple, models that infer uplift of the Plateau in response to
removal of a convective instability in the upper mantle
call for rapid, regional uplift during Late Miocene time
[1], whereas models that build the Plateau by addition of
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Fig. 1. (A) Elevation and generalized tectonic map of the Tibetan Plateau. Open squares represent localities in Oiyug basin (OB), Lunpola basin (LB), and
Hoh Xil (HX), as reported in [21-23]. Open circles represent sampled localities reported in [24]. Filled diamond in central Himalaya shows location of
samples collected in Thakkhola graben (TG) reported by [13,14]. (B) Geological map of the southern portion of the Nima basin, showing locations of
measured sections. Samples for this study were collected primarily from section 4DC (see Fig. 3). Tuffs were sampled in sections 1DC, 2DC, and 2NM.

Indian crustal material from the south predict a prog-
ressive northward increase of elevation from Late
Eocene time onward [3,7,8]. Other models call for
gravitationally driven north- and northeastward expan-
sion of the Plateau by ductile flow of lower to middle
crustal material [2,5], a process that demands an
explanation for the origin of thick crust in central Tibet
at the onset of crustal flow.

Oxygen isotopic values from carbonates (expressed
as 0'®0, in %o) and the waters from which they
precipitate (8'®0,,) decrease with increasing elevation,
making them potentially useful paleoaltimeters. Ancient
carbonates in the geologic record have been analyzed
as paleoelevation indicators in a variety of orogenic
belts [12—26]. Paleobotanic [27] and oxygen isotopic
data from southern Tibet suggest that high (>4 km)
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paleoelevations were attained at Thakkhola [14] and in
the Oiyug Basin [22] (Fig. 1) by the Middle to Late
Miocene (roughly 15—10 Ma). The picture is less clear
further back in the geologic record. Oxygen isotopic
analysis of carbonates from Hoh Xil in northern Tibet
(Fig. 1) suggests that paleoelevation during the Late
Eocene was ~ 2000 m, significantly lower than the
modern elevation of 4700—5300 m in this region [21].
This reconstruction of paleoelevation depends critically
on the choice of isotopic lapse rate, which differs
dramatically between northern and southern Tibet. In
the Hoh Xil study, modern 8'®0,,, versus elevation
relationships established in the distant Nepalese Hima-
laya [13,18,30] — where monsoon-dominated isotopic
lapse rates are very steep — were used to reconstruct
paleoelevation [21], instead of the more modest lapse
rates characteristic of northern Tibet (encompassing
Xoh Xil) today. In fact, reconstructed 0"80,,w values
from Hoh Xil are very similar to 6'%0,,,, values of
modern precipitation in the northern Tibetan Plateau,
which is derived from recycled continental moisture
with 6'%0 (SMOW) values of —9%o to — 10%o [28,29].
The use of the gentler lapse rate currently in place for
northern Tibet implies that elevation has not changed
substantially in this region since the Late Eocene.

At Lunpola basin in central Tibet (Fig. 1), isotopic
evidence points to Late Eocene paleoelevations compa-
rable to the present ~ 4500 m elevation [23]. However,
the age of the Lunpola basin deposits is based on paly-
nological biozonation without geochronological control
(see [23]). In general, age control is lacking for putative
Cenozoic deposits in the Plateau interior, and adjacent
successions of lithologically similar nonmarine deposits
can range in age from Early Cretaceous to Miocene.
Previous age assignments based largely on biostratigra-
phy and lithostratigraphic correlation are highly suspect
(e.g., [30,31]). Coupled with the potential underesti-
mates of Eocene paleoelevation at Hoh Xil discussed
above, the imprecise age control on the Lunpola basin
deposits raises concern about the inference of progres-
sive northward growth of the Tibetan Plateau from
Eocene time forward during the Indo—Asian collision
[21,23,32]. Adding to the complexity of Tibetan
paleoelevation records during the Cenozoic are data
from a large sector of the northern margin of the Plateau,
which indicate a major positive shift in §'*0 values from
Eocene to Oligocene time [24]. This isotopic shift north
of the Tibetan Plateau was interpreted to result from
climate change associated with the rise of the Tibetan—
Himalayan region to high elevations [24].

What is clearly needed are isotopic analyses of
carbonates from well-dated basins situated within the

interior of the Tibetan Plateau, and 6'%0,,,, values of
locally sampled, modern waters and soils in order to
calibrate the relationship between 6'*O,, and paleoele-
vation. In this paper we focus on modern and
radiometrically dated ancient paleosol carbonates,
ancient lacustrine marl deposits and fossils, and modern
stream waters and soil carbonates collected in the Nima
basin area in the heart of the Tibetan Plateau at
elevations of 4500—-4700 m. We show that paleoeleva-
tion at ~ 26 Ma in this region was not significantly
different from modern elevation, which in turn provides
strong constraints on tectonic models for the formation
of the Tibetan Plateau. In particular, models that call for
regional uplift of Tibet during Late Miocene time may
need to be revised.

2. Setting of Nima Basin

Nima basin is located ~ 240 km west of the Lunpola
basin and ~ 450 km northwest of Lhasa (Fig. 1). Like
the Lunpola basin, the Nima basin is located in the
southern part of the Bangong suture zone, which
separates the Qiangtang and Lhasa terranes in central
Tibet (Fig. 1). From mid-Cretaceous through Late
Miocene time a variety of nonmarine deposits accumu-
lated in the Nima basin, derived from high, thrust-fault-
bounded ranges to the south and north that were uplifted
during reactivation of the Bangong suture owing to
continued convergence between the Lhasa and Qiang-
tang terranes after they had collided during Early
Cretaceous time [6,30]. The southern Nima basin
contains more than 4 km of Tertiary alluvial, fluvial,
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Fig. 2. Chronostratigraphic chart of the southern Nima basin showing
the distribution and correlation of measured sections in the Nima
Redbed unit and locations of dated tuff samples. See Fig. 1 for
locations of measured sections.
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lacustrine, and lacustrine fan-delta deposits that accu-
mulated in close proximity to growing thrust-faulted
ranges [33]. Detailed geological maps and stratigraphic
sections of the Nima basin are presented in [34] and
[35]. Lacustrine marl beds and well-developed Calcisols
(paleosols with abundant pedogenic carbonate nodules)
are common in the informally designated Nima Redbed
unit (Figs. 1, 2), which is exposed in a roughly 50 km
long outcrop belt along the southern margin of the Nima
basin in the proximal footwall of the Nima thrust fault

(Fig. 1).
3. Geochronology

For age control, *°Ar/*° Ar geochronology on biotite
separates from samples of six reworked tuffs in the Nima
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Redbed unit securely places the age of the analyzed
deposits between 25 and 26 Ma (Late Oligocene; Fig. 2).
“OAr/*°Ar ages on biotites were determined by
M. Heizler at the New Mexico Geochronology Research
Laboratory. Single-crystal laser and step-heating age
results are summarized in [34]. The tuffs consist of fine-
grained sand, silt, and abundant coarse-grained, euhe-
dral, pseudo-hexagonal biotite crystals. Lithofacies
indicate that the tuffs were deposited in shallow ponds
and lakes and subsequently were mixed with terrigenous
clastic sediments. Biotite ages from six tuffaceous
horizons range from 26.1+0.1 Ma to 23.5£0.1 Ma
(lo) (Fig. 2). Our stable isotopic analyses were
conducted on samples at the same stratigraphic levels
as the 26—25 Ma tuffs and stratigraphically below the
~ 23.5 Ma tuff (Figs. 2, 3).
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Fig. 3. (A) Stratigraphic section 4DC from which most of the samples reported here were collected (see Fig. 1 for location, and Fig. 2 for
chronostratigraphic context). (B) Schematic diagram illustrating the sequence of events that led to the deposition of marine limestone clasts analyzed
in this study: (1) clasts of Lower Cretaceous marine limestone are eroded from highlands in hanging wall of the Gaize-Silling Tso thrust (GST) and
deposited in the unnamed Upper Cretaceous conglomerate. (2) Clasts of the Upper Cretaceous conglomerate, including pebbles of the previously
deposited Lower Cretaceous marine limestone, are eroded and deposited in the mid-Tertiary Nima basin, along with paleosol carbonate and lacustrine

marl. The section illustrated in (A) is located in the Nima basin fill.
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4. Approach and methods

Key questions for paleoelevation reconstructions using
oxygen isotopes include (1) the sensitivity, past and
present, of 8'%0,. values to elevation; (2) whether burial
in deep sedimentary basins has led to diagenetic alteration
of primary 6'*O, values; and (3) whether evaporation has
increased the 8' 0, values of paleowaters, and therefore
also the values of carbonates precipitated from those
waters, producing underestimates of paleoelevation. In
this paper, we take a fresh approach to these questions by
presenting data from modern surficial carbonates in the
study region, using both the oxygen and carbon isotopic
systems, combined with a novel approach to assessing
potential diagenetic effects in ancient carbonates. Oxygen
and stable carbon isotopic analyses were conducted on
reworked and in situ Tertiary paleosol carbonate nodules,
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lacustrine marls, and calcareous fossils, and on reworked
clasts of Lower Cretaceous (~ 115-105 Ma) Langshan
Formation marine limestone in the Nima basin deposits.
We also use carbon isotopes from modern soils and
paleosols to assess aridity in the past, providing an
additional tool for evaluating regional elevation insofar as
current aridity in Tibet is produced by orographic
blockage of monsoonal moisture from the south [36].

In order to assess the potential for diagenetic resetting
of'the isotopic paleoelevation signal [37], we employed an
“isotopic conglomerate test” analogous to a standard
technique in paleomagnetic studies used to evaluate
potential secondary remagnetization of original paleo-
magnetic signals [38]. We analyzed limestone clasts in
cobbles of reworked conglomerate that were recycled
at least twice from the Lower Cretaceous Langshan
Formation marine limestone and ultimately were

Table 1
Analyses of in situ and reworked paleosol carbonate nodules from section shown in Fig. 3
Sample # Raw Corrected Description

8¢ 8”0 s c 80 GPS location

PDB PDB PDB PDB Longitude Latitude
4DC16-5 -3.7 -16.9 -29 —144 45R 0554010 3515476 In situ paleosol nodule
4DC16-6 -2.9 -16.9 -2.2 —144 45R 0554010 3515476 In situ paleosol nodule
4DC16-7 —4.4 —16.8 -3.7 —143 45R 0554010 3515476 In situ paleosol nodule
4DC16-8 —-4.4 -17.1 -3.7 —14.6 45R 0554010 3515476 In situ paleosol nodule
4DC16-9 -23 -16.9 -1.5 —14.4 45R 0554010 3515476 In situ paleosol nodule
4DC16-1 -2.8 -17.0 -2.1 —14.5 45R 0554010 3515476 In situ paleosol nodule
4DC16-3 -3.8 -16.4 -3.0 -13.9 45R 0554010 3515476 In situ paleosol nodule
JQI12C-3 -2.9 -17.1 -2.2 —14.6 45R 0554010 3515476 In situ paleosol nodule
JQI12C-4 -3.8 -17.1 -3.1 —14.6 45R 0554010 3515476 In situ paleosol nodule
4DC16-1 -2.8 -17.0 -2.1 —14.5 45R 0554010 3515476 In situ paleosol nodule
4DC16-3 -3.8 -16.4 -3.0 -13.9 45R 0554010 3515476 In situ paleosol nodule
4DC16-4 -33 -17.2 -2.6 —14.7 45R 0554010 3515476 In situ paleosol nodule
4DC16/11 -3.7 -16.9 -3.0 —14.4 45R 0554010 3515476 In situ paleosol nodule
4DC16/13 -3.8 -16.8 -3.1 -14.3 45R 0554010 3515476 In situ paleosol nodule
JQI12C-1 -4.0 -17.4 -33 —14.9 45R 0554010 3515476 In situ paleosol nodule
JQl12C-4 -39 -17.2 -3.2 -14.7 45R 0554010 3515476 In situ paleosol nodule
JQI12C-5 -3.8 -17.5 -3.1 -15.0 45R 0554010 3515476 In situ paleosol nodule
JQI12C B -3.6 -17.1 -29 —14.6 45R 0554010 3515476 In situ paleosol nodule
JQ12Cc C —4.6 -17.3 -39 —14.8 45R 0554010 3515476 In situ paleosol nodule
JQ12C D =37 -17.4 -29 —14.9 45R 0554010 3515476 In situ paleosol nodule
JQI2CF -3.4 —16.6 =27 —14.1 45R 0554010 3515476 In situ paleosol nodule
JQI2A1 -2.6 -16.5 -1.9 -14.0 45R 0554010 3515476 Reworked paleosol nodule
JQI2A1-2 -2.9 -16.8 -2.2 —14.3 45R 0554010 3515476 Reworked paleosol nodule
JQI2A1-4 -3.1 -16.4 -24 -13.9 45R 0554010 3515476 Reworked paleosol nodule
JQI2A1-5 -3.6 -17.5 -2.9 -15.0 45R 0554010 3515476 Reworked paleosol nodule
JQI2A1-6 -3.5 -17.3 -2.8 -14.8 45R 0554010 3515476 Reworked paleosol nodule
JQI2A1-7 -33 -16.5 -2.6 -14.0 45R 0554010 3515476 Reworked paleosol nodule
JQ12A2-1 —4.6 -17.1 -39 —14.6 45R 0554010 3515476 Reworked paleosol nodule
JQI2A2-3 -4.0 -16.9 -33 -14.4 45R 0554010 3515476 Reworked paleosol nodule
JQI2A2-4 -3.6 -16.6 -2.9 —14.1 45R 0554010 3515476 Reworked paleosol nodule
JQI12A2-5 —4.2 -16.3 -3.5 -13.8 45R 0554010 3515476 Reworked paleosol nodule
Average =35 -17.0 =29 —14.4
Standard Deviation 0.6 0.3 0.6 0.3
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Fig. 4. 6'%0, (PDB) versus 6'°C,. (PDB) of modern soil carbonate
compared to both corrected and uncorrected (raw) values from Nima
basin paleosol carbonates. Corrections made to isotope values of
paleosol carbonates are discussed in text. Error bars on the corrected
soil carbonate values reflect uncertainties in the paleotemperature
estimate of £5 °C.

deposited, along with locally reworked paleosol carbonate
nodules, in Nima basin fluvial channels during Late
Oligocene time (Fig. 3). The marine limestone is in the
hanging wall of the Gaize-Silling Tso thrust fault (Fig. 1),
which provided much of the Tertiary sediment that fills
the southern Nima basin [35]. Clasts of limestone were
eroded during the Late Cretaceous and deposited in a
thick succession of coarse-grained Upper Cretaceous
conglomerate along the southern fringe of the Nima basin
(the Upper Conglomerate Unit in Fig. 1). During middle
Tertiary time, this Upper Cretaceous conglomerate was
uplifted and partly recycled into the Tertiary deposits of
the Nima basin. Recycled clasts of the Upper Cretaceous
conglomerate commonly contain pebbles of the Lower
Cretaceous marine limestone (Fig. 3). The Nima basin
also contains in situ lacustrine marl and argillic Calcisols
[39], and these deposits were locally reworked into
conglomeratic fluvial channel deposits, along with clasts
of the Lower Cretaceous marine limestone and reworked
clasts of the Upper Cretaceous conglomerate (Fig. 3).
Therefore, if resetting by diagenesis has occurred in the
Nima basin, carbonates of all types should exhibit similar
and generally very negative 6'*O, values, and clasts of
Lower Cretaceous marine limestone should not retain
their primary marine 6'%0,, values owing to diagenetic
interaction with isotopically very negative meteoric water
that is characteristic of recharge in the region today.

Samples of paleosol carbonate and marl were
collected from detailed measured sections in the
southern part of Nima basin (Fig. 3; Table 1). We also
analyzed well-preserved samples of gastropods, ostra-
codes, and Chara in micritic marl beds. Pedogenic
carbonate nodules were broken to reveal their internal
structure and to avoid analysis of any nonpedogenic spar
in vugs and small veinlets. Thin sections were studied to
locate areas of pristine micritic carbonate, which were
microsampled under a binocular microscope with a
0.5 mm drill bit at 2 mm intervals along an interior cross-
section. All carbonate samples were heated at 150 °C for
3 h in vacuo and processed using an automated sample
preparation device (Kiel III) attached directly to a
Finnigan MAT 252 mass spectrometer at the University
of Arizona. 6'%0 and 6'*C values were normalized to
NBS-19 based on internal lab standards. Precision of
repeated standards is £0.1%o for "0 and £0.06%. for
6"3C (1o).

The 6'%0,. values of paleosol carbonates must be
adjusted in order to compare with modern 6'*Oy, values
of soil carbonate from the area. Soil carbonates from
south of the Himalaya (the source region for most
southern and central Tibetan rainfall today [29]) were 2—
3%o lower in 6'®0,, values during the Early Miocene, a
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Fig. 5. 8'%0 (PDB) versus §'*C (PDB) of carbonates from Nima basin.
Carbonate nodules were sampled in sifu from buried paleosol shown in
measured section format on the left, and from stratigraphically
overlying reworked Oligocene channel deposits, where nodules
(black pebbles in diagram) are mixed with clasts of Cretaceous
limestone (light gray pebbles in diagram). Clasts of limestone come
from both this outcrop and from three other conglomerates in the
section. Gray box defining primary marine isotopic values for the mid-
Cretaceous is from [44].
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Table 2
Analyses of reworked Cretaceous marine limestone clasts in Nima basin
Sample # s o0 Description GPS location

PDB PDB Longitude Latitude
2A1/NIMA 33 -58 Limestone clast 45R 0537714 3515090
2A2/NIMA 32 =55 Limestone clast 45R 0537714 3515090
2A3/NIMA 33 -3.2 Limestone clast 45R 0537714 3515090
2A4/NIMA 33 —4.1 Limestone clast 45R 0537714 3515090
2A5/NIMA 3.5 -33 Limestone clast 45R 0537714 3515090
2B1/NIMA 1.9 -5.1 Limestone clast 45R 0537714 3515090
2B2/NIMA 3.0 =52 Limestone clast 45R 0537714 3515090
2B4/NIMA 3.0 =79 Limestone clast 45R 0537714 3515090
2C3/NIMA 1.5 -11.1 Limestone clast 45R 0537714 3515090
2C4/NIMA 2.9 -9.7 Limestone clast 45R 0537714 3515090
2C5/NIMA -2.1 —10.5 Limestone clast 45R 0537714 3515090
2C6/NIMA 3.8 -7.6 Limestone clast 45R 0537714 3515090
2C7A/NIMA 1.8 —-10.7 Limestone clast 45R 0537714 3515090
2C7B/NIMA 1.4 -11.4 Limestone clast 45R 0537714 3515090
2D/NIMA 2.5 -5.9 Limestone clast 45R 0537714 3515090
2E/NIMA 1.9 -6.6 Limestone clast 45R 0537714 3515090
2F/NIMA 3.9 -8.2 Limestone clast 45R 0537714 3515090
2G/NIMA 3.8 -3.8 Limestone clast 45R 0537714 3515090
2H/NIMA 3.1 -6.6 Limestone clast 45R 0537714 3515090
2I/NIMA 2.4 -9.6 Limestone clast 45R 0537714 3515090
2J/NIMA 3.7 —-10.4 Limestone clast 45R 0537714 3515090
TA/NIMA -0.6 —10.3 Limestone clast Section 4DC
7B/NIMA 2.1 -44 Limestone clast Section 4DC
7C/NIMA 4.3 -4.8 Limestone clast Section 4DC
7D/NIMA 0.6 -9.3 Limestone clast Section 4DC
TE/NIMA 2.2 —13.8 Limestone clast Section 4DC
7G/NIMA 2.0 -3.6 Limestone clast Section 4DC
TH/NIMA 2.8 -4.7 Limestone clast Section 4DC
TI/NIMA 3.0 -9.0 Limestone clast Section 4DC
7J/NIMA 4.3 -6.2 Limestone clast Section 4DC
9B/NIMA -0.6 -16.9 Limestone clast Section 4DC
9C/NIMA -1.6 —18.3 Limestone clast Section 4DC
9D/NIMA -2.5 -17.0 Limestone clast Section 4DC
9k/NIMA -1.8 —16.1 Limestone clast Section 4DC
9G/NIMA -0.3 -10.8 Limestone clast Section 4DC
9H/NIMA 0.3 —15.7 Limestone clast Section 4DC
9I/NIMA -14 -16.4 Limestone clast Section 4DC
JQ 12B A1/JQ 1.9 -6.0 Limestone clast Section 4DC
JQ12B B /1Q -2.8 -15.7 Limestone clast Section 4DC
JQ12B C /JQ 0.3 -9.9 Limestone clast Section 4DC
JQ-12B D1/JQ -0.4 -14.8 Limestone clast Section 4DC
JQ-12B E1/JQ 2.4 -6.0 Limestone clast Section 4DC

shift that subsumes changes in the 6'°0 values of
seawater (~ + 0.4%o; [40]), increased global temperature
(+6 °C, [40,41]), increased rainfall amount [11], and
lower paleolatitude (~ 5° change or —0.6%o; [42]).
Therefore, we added 2.5%o to the 6'°0,. values of
paleosol carbonates for comparison purposes. Soil
carbonate at soil depths >1.0 m forms at or near mean
annual temperature, thus reducing the effects of diurnal
and seasonal temperature fluctuations. To be conserva-
tive, we assign an additional +5 °C uncertainty to the
paleotemperature shift estimate in Fig. 4.

5. Oxygen and carbon isotope results

Texturally, the Lower Cretaceous limestone clasts

are a mix of micrite and sparite and commonly contain
obviously recrystallized marine fossils [43], whereas
the Tertiary lacustrine marls and nodular paleosol
carbonates are dense, well-indurated micrite containing
well-preserved gastropod, ostracode, and Chara fos-
sils. Analysis of the reworked Cretaceous marine
limestone pebbles and cobbles yielded several 6'*O,,
values between —3%o0 and —5%o (Fig. 5; Table 2), in
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Table 3
Analyses of modern soil carbonate from Nima area
Sample # s 5'"%0 Depth Elevation GPS location Description’
PDB PDB (cm) (m) Longitude Latitude
NIMA 1 B -0.5 —11.6 50 4495 45R 0537714 3515090 Stage [
NIMA 1 D -3.2 -13.4 50 4495 45R 0537715 3515091 Stage |
NIMA 1 F 0.1 —-11.7 50 4495 45R 0537716 3515092 Stage [
NIMA 1 H =25 —13.0 50 4495 45R 0537717 3515093 Stage [
NIMA 4 A -2.7 —13.8 120 4500 45R 0554041 3515591 Stage 11
NIMA 4 B 7.7 —6.1 120 4500 45R 0554042 3515592 Stage 11
NIMA 4 C 4.7 -9.1 120 4500 45R 0554043 3515593 Stage IT
NIMA 4 D 2.3 —10.1 120 4500 45R 0554044 3515594 Stage 11
NIMA 4 E -2.0 -13.0 120 4500 45R 0554045 3515595 Stage IT
NIMA 4 F -34 —13.5 120 4500 45R 0554046 3515596 Stage 11
NIMA 4 G -1.8 -13.0 120 4500 45R 0554047 3515597 Stage 11
NIMA 4 H =25 —13.6 120 4500 45R 0554048 3515598 Stage 11

'Soil development stage after Gile et al. [57].

the range expected for unaltered Cretaceous marine
carbonates [44]. This indicates that some of the
limestone pebbles are not diagenetically reset despite
a long history of uplift, erosion, and at least two
episodes of recycling over a time period of approxi-
mately 80 million years. Other Cretaceous limestone
pebbles yielded §'%0,, values ranging between —5%o
and —15%o, suggesting that they have been diagenet-
ically reset by interaction with meteoric waters
(Fig. 5). However, the large spread in 6'*0,. values
of the marine limestone clasts, as contrasted with the
tight clustering of Nima basin in situ and reworked
paleosol carbonate 51805c values (Figs. 4, 5; Tables 1,
2) indicates that resetting must have occurred prior to
deposition in the Nima basin, probably on now-eroded
ancient outcrops or during previous burial events prior
to erosion and final deposition in the Nima basin
during the middle Tertiary. Therefore, the isotopic data
that we report from paleosol carbonate and marl in the
Nima basin may be interpreted to accurately represent

Table 4
Analyses of modern waters in the Nima basin

the original isotopic composition of meteoric water
during the Late Oligocene.

Paleosol carbonate nodules in Nima basin yielded
0'%0,. values (Table 1) that average —17.0+0.3%o
(range —16.3 to —17.5%0; n=31) and 6'3C,. values
with an average of —3.5+0.6%o (range —2.3 to —4.6%o).
Our analyses include both nodules in situ within
paleosols and nodules that were locally reworked into
fluvial channels soon after formation (Figs. 4, 5); 6'%O¢.
and 6'3C.. values for both are identical. Minor
corrections for a warmer Earth, decreased Cenozoic
ice volume, and lower latitude at 26 Ma yield a mean
paleosol carbonate 0'"80, value for Nima basin of
—14.4%o. Corresponding correction for temperature of
carbon isotopic values shifts the mean 6'°C,. value to
—2.9%o (Fig. 4).

For comparison, modern soil carbonate in the Nima
area (12 analyses from three local soil profiles; Table 3)
at 4500 m elevation ranges from — 13.8%o to —6.1%o for
0'%0,. (Fig. 4). Meteoric water samples from springs

Sample # Sample elevation 50 oH GPS location Description
(m) (SMOW) (SMOW) Longitude Latitude
H20JQ-44 4811 -14.2 —-103 44R 430417 3478283 Small creek
H20JQ-45 4836 -14.1 -97 44R 493102 3457492 Small creek
H20JQ-46 4582 -16.2 -119 44R 498795 3445387 Medium creek
H20JQ-48 4909 -15.0 —111 44R 595660 3410400 Small creek
H20JQ-49 4806 —-14.5 =109 44R 730405 3539677 Small creek
H20JQ-50 4265 -13.0 -118 44R 751505 3545191 Major river
H20JQ-51 4488 -15.8 -125 44R 760476 3541874 Small creek
H20JQ-52 4592 -14.9 -117 46R 236676 3484214 Small creek
H20JQ-53 4621 -12.6 -93 46R 296274 3435950 Medium creek
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Fig. 6. 6'%0 (PDB) versus 6'°C (PDB) of Late Oligocene fossils from
Nima basin. Fossils were collected from micritic marl beds and
sampled by microdrilling.

and small creeks in the Nima area at modern elevations
of 4500—5000 m yielded 6'%0,,,, values that range from
—12.6%0 to —16.2%o (Table 4; J. Quade, unpublished
data). 6'%0,. of soil carbonate forming in isotopic
equilibrium with these waters should be —11.7 to
—13.3%o, assuming local mean annual temperature of
3 °C [45]. Modern soil carbonate 6'*0,, values (—13.8
to —6.1%o) fully overlap the predicted range (—11.7 to
—13.3%o0) but also exhibit much more positive values.
This shows that much of, but not all, modern soil water
is highly evaporated compared to rainfall prior to soil
carbonate formation, which is consistent with the
modern arid setting of Nima basin (annual rainfall is
~ 200 mm/yr). The most negative (least evaporated)
6'80,. value of —13.8%o for modern soil carbonate is
comparable to the corrected 8'*O,, values from Nima
paleosol carbonates of —14.4%.. However, owing to
possible evaporation in paleosol water, paleo-6'%0
may have been lower, and paleoelevation correspond-
ingly higher. Thus, from the oxygen isotope perspective,
the elevation of the Nima basin sample sites (4500—
4700 m) was at least as high during the Late Oligocene.

The carbon isotope results support this picture of
uniformity. Modern soil carbonates yielded 6'Ce.
values in the —3.4 to +7.7%o range (Fig. 4; Table 3).
The 6"*C,. value of soil carbonate is determined by the
local proportion of C; to C4 plants, and, where
conditions are dry, by the extent of local plant cover
[46]. Our analyses show that almost all of the local

plants are C; (Table 5); thus, the 6'3C,. values can be
used to interpret paleorespiration rates, provided
atmospheric pCO, has not changed substantially [47].
The relatively high 6'°C.. values for modern soils
clearly point to mixing of atmospheric CO, with plant-
derived CO, owing to low soil respiration rates, again
the result of the arid local climate. Temperature-
corrected 8'°C,. values of —2.9%o from paleosols in
the Nima area also indicate very low soil respiration
rates at 26-25 Ma (Fig. 4). Modern and ancient soil
respiration rates of 0.3 to 0.4 mmol/m*/h can be
calculated from the one-dimensional soil diffusion
model of [48] and modified in [46], assuming —25%o
is the average 6'>C value of plants (determined from our
analysis of local plants; Table 5), mean annual
temperature of 2.9 °C, pCO, <500 ppm [47], and an
average 0'°Cq value of —2.9%o. These respiration rates
are very low and typical of sparsely vegetated desert
settings in North America [46] that receive less than
~ 200 mm/yr of annual rainfall. Aridity in modern Tibet
is produced by orographic blockage of moisture arriving
from outside the plateau, as well as by orographically
induced stationary waves that tend to fix dry, descending
air over the plateau during most of the year [36]. The
implication of the high 6'*C,. values from Nima basin
paleosols is that orographic barriers to moisture also
existed during the Late Oligocene. The most likely
location of these orographic barriers is in the Himalaya,
which was actively growing during Oligocene time and
earlier (see summary in [49]).

Analyses of samples of Nima basin fossils and marls
provide additional information about the paleoelevation
of Nima basin (Table 6; Fig. 6). The marls are micritic
and massive to delicately laminated, and locally contain
abundant ostracodes, mollusks, and Chara that appear
petrologically and geochemically unaltered. Small
samples of fresh micritic marl from lacustrine intervals
throughout the section yielded 8'*0,. values ranging
between —8.9 and —16.5 (Table 6). Analysis of
microsamples of freshwater aquatic fossils and associ-
ated matrix produced 6'%0,. values of —4.7 to —18.1%o
(Fig. 6, Table 6). Values of §'®0 from individual
growth laminae in gastropod shells range between
—15.8%0 and —16.7%0. The most negative of these
6'%0,. values are consistent with similarly low values
from paleosol carbonates in the section, indicating high
elevations of catchment areas surrounding the Nima
basin. Moreover, the large spread of §'%0.. values
(—4.7 to —18.1) in lacustrine micrite and fossils suggests
substantial evaporation, the same pattern seen in modern
high-elevation lakes in Tibet, where 6'80,,,,, values are
strongly increased by evaporation [50]. Other evidence
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in the Nima basin deposits also supports the view of a
high and dry setting during the Late Oligocene.
Evaporites and mudcracks are common throughout the
stratigraphic succession, and eolian dune deposits are
common in palynologically dated Upper Cretaceous
deposits in the northern part of Nima basin [35].

6. Discussion

A key imponderable in any reconstruction of
paleoelevation using oxygen isotopes—especially in
deep time such as this case — is climate change related
to such factors as major air-mass reorganizations. As an
example, we noted in the Introduction that from the
perspective of oxygen isotopes, Tibet can be divided
into two regions: a southern region, including the Nima
and Lunpola basins, where oxygen isotope lapse rates
are steep (—2.8%o/km) and 8'*0,,, values for mean
annual rainfall are very negative (—15 to —20%o), and a
northern region, including Xoh Xil, where lapse rates
are half those of the south and the lowest 6180mw values
are around —8 to —10%o [28, 29]. These isotopic
contrasts reflect the sharp climate divisions of modern
Tibet, between a monsoon-dominated south and the
more interior air mass-dominated north. This is an
important caveat for those interested in paleoelevation
reconstruction using 6'%0,. values, and reminds us of
the fundamental role that climate plays in determining
lapse rates.

The question is: How might changes in past climate
and orography affect our paleoelevation reconstruction
for Nima during the Late Oligocene? The answer is that
several plausible scenarios would make our paleoeleva-
tion estimate for the Nima basin a minimum, whereas no
realistic scenario would make it an overestimate. One
obvious possibility is that the boundary between
southerly and northerly air masses, now positioned
well to the north of Nima, was farther south at 26 Ma,
the result of, for example, a weaker Asian Monsoon. In
this case, the lower lapse rates characteristic of northern
Tibet today would apply to Nima, sharply increasing,
not decreasing our estimate of paleoelevation. A second
interesting possibility is that the Himalaya to the south
was topographically subdued during the Late Oligocene.
Lower mountains to the south would have reduced the
average amount of rain-out from tropical moisture
parcels as they moved northward, thus lowering the
isotopic lapse rate and increasing the average 6'°0,
values of precipitation falling on southern Tibet. Again,
this would tend to make our estimate of paleoelevation a
minimum. The only reasonable way for our paleoeleva-
tion estimate to be an overestimate would be for the

paleolapse rate to have been greater, a situation that
could have existed if the region was significantly cooler
than today or if the Oligocene Himalaya was much
higher than it is today. Significantly cooler regional
temperatures would increase rain-out from air masses
due to enhanced condensation (similar to winter
precipitation in temperate climates), leading to more
negative 6'%0,,,, values and a greater isotopic lapse rate.
However, given the Cenozoic history of cooling since
the Eocene, it is much more likely that temperatures
were warmer than today at 26 Ma in the Nima Basin.
Although geological records of Himalayan thrusting and
erosional unroofing have not, to date, been shown to be
consistent with a diminishing Himalaya since the Late
Oligocene [14,51,52], these hypotheses remain largely
untested. A decline in elevation in the Himalaya since
Middle Miocene could be consistent with widespread
north-striking normal faults and Late Miocene exten-
sional basins in southern Tibet and the northern
Himalayan thrust belt [49,53]. In any case, this analysis
underscores the basic observation that §'%0,,, values in
the Himalaya and southern Tibet today are much more
negative than in any other low to mid-latitude setting. In
essence, we have no other modern setting in which
6'%0,, values are as negative as they are today at these
latitudes and elevations.

Further work is needed to test the conclusions that we
draw from an admittedly limited data set, which is
derived from a local region over a brief timespan (only a
few million years). Given the data we have in hand from
both modern and Late Oligocene Tibet, the conservative
view is that no significant elevation change has occurred
in central Tibet since ~ 26 Ma. This conclusion is
consistent with recent findings based on palynologically
dated Eocene deposits in Lunpola basin [23], but in our
view more data are required from securely dated Tertiary
basin fills all across Tibet before a regional progression
of elevation gain, such as that proposed by [23,32], is
demonstrated. Existing paleoelevation data in Tibet
come from only a handful of sites spread across a region
roughly half the size of the United States [12,23,54].
Our results do not preclude even earlier attainment of
high elevation in central and southern Tibet, where Late
Cretaceous—Paleocene crustal shortening was signifi-
cant (>40-50%), erosional denudation was minimal,
and development of a significant fraction of the present-
day crustal thickness (~ 70 km) could have produced
high regional elevation before the Indo—Asian collision
[30,55]. Like the results from Lunpola basin [23], our
data are not consistent with models that call for
significant uplift of the entire Tibetan Plateau during
Late Miocene or Pliocene time [1,56], but we cannot
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eliminate the possibility that the region north of Nima
experienced significant surface uplift after the Late
Oligocene. If we accept the palynological ages from
Lunpola basin at face value, one could argue that the
northern Lhasa terrane had achieved a high (>4 km)
elevation by late Middle Eocene time (ca. 39 Ma
according to [23]) and that this elevation remained
constant through Late Oligocene to the present. This is
consistent with models that suggest that the elevation of
the Plateau interior reached a maximum value and
subsequently remained constant while the Plateau
expanded laterally [2]. In any case, the maintenance of
uniform elevation in the central part of the Plateau since
at least the Late Oligocene requires that any flow of
lower crust from beneath central Tibet [2,5] must have
been balanced by an influx of lower crust from
elsewhere. It is plausible that central Tibetan crust was
largely thickened and at least partly elevated during
shortening prior to the Indo—Asian collision [6,30,55],
and that the volume of central Tibetan lower crust
removed by subduction [4] and/or eastward flow to
uplift the eastern Tibetan Plateau [2,5] was balanced and
partly driven by the northward insertion of Indian crust
along the Himalayan margin [3,7,8].

7. Conclusions

Comparison of oxygen isotope ratios in well-dated
paleosol carbonates with ratios from modern soils in
central Tibet indicates that paleoelevation was ~ 4500—
5000 m during Late Oligocene time. Oxygen isotope
ratios in unaltered aquatic fossils also support the
conclusion that the Nima basin has been at high
elevation since the Late Oligocene. Oxygen isotope
ratios from Oligocene lacustrine marl and 0Crw
values from paleosol carbonate indicate high rates of
evaporation and low soil respiration rates, respectively,
both consistent with arid paleoclimate. Abundant arid-
climate lithofacies, including evaporites and eolian
deposits, indicate that this part of Tibet has been arid
since Late Cretaceous time. Thus the present elevation
and climatic conditions in central Tibet have not
changed significantly since at least as long ago as the
Late Oligocene. The presence of thickened crust in
central Tibet by Late Oligocene, and perhaps even Late
Cretaceous, time can be reasonably inferred on the basis
of regional crustal shortening estimates (~ 50%).
Underthrusting Indian crust and lithosphere beneath
the Tibetan Plateau since Eocene time most likely would
have encountered previously thickened Tibetan lower
crust and would have driven east-southeastward crustal
flow into marginal regions.
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