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Key Points:
e Thick Tibetan lithosphere defines the longitudinally variable northern extent of

the Indian plate.
e The ‘North Tibet Anomaly’ with a hot mantle marks the junction of the Indian
and Asian slabs.

e Tethyan paleo-slabs explain variable lithosphere thickness in eastern Tibet.

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2022JB026213.

This article is protected by copyright. All rights reserved.

85UB17 SUOLULUOD BAIES.D) 3|edl|dde 8Ly Ag pausenob a1e Saa1Le YO ‘BSN J0 SaJNJ 10J Areiq 18Ul UO 8|1 U (SUONIPUOD-PUE-SWLB) D" A3 | 1M A1 1[BuIUO//STL) SUONIPUOD PUe SWIB 1 3y} 835 *[E202/E0/ST] U0 ARigiTauIuO AB]1M ‘UESD0 0 811UBD ZOYWRH ¥V INOID J9H Ad £129208r2202/620T 0T/10p/wod A8 | AReiqputjuosgndnbe//sdny wouy papeojumoq ‘ef ‘95866912


https://doi.org/10.1029/2022JB026213
https://doi.org/10.1029/2022JB026213
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JB026213&domain=pdf&date_stamp=2023-03-03

Abstract

We present a model of thermal lithospheric thickness (the depth where the
geotherm reaches a temperature of 1300°C) and surface heat flow in Tibet and
adjacent regions based on a new thermal-isostasy method. The method accounts
for crustal density heterogeneity, is free from any assumption of a steady-state
lithosphere thermal regime, and assumes that deviations from crustal Airy-type
isostasy are caused by lithosphere thermal heterogeneity. We observe a highly
variable lithospheric thermal structure which we interpret as representing
longitudinal variations in the northern extent of the subducting Indian plate,
southward subduction of the Asian plate beneath central Tibet, and possible
preservation of fragmented Tethyan paleo-slabs. Cratonic-type cold and thick
lithosphere (200-240 km) with a predicted surface heat flow of 40-50 mW/m?
typifies the Tarim Craton, the northwest Yangtze Craton, and most of the Lhasa
Block that is likely refrigerated by underthrusting Indian lithosphere. We identify a
‘North Tibet anomaly’ with thin (<80 km) lithosphere and high surface heat flow
(>80-100 mW/m?). We interpret this anomaly as the result of removal of
lithospheric mantle and asthenospheric upwelling at the junction of the Indian and
Asian slabs with opposite subduction polarities. Other parts of Tibet typically have
intermediate lithosphere thickness of 120-160 km and a surface heat flow of 45-60
mW/m?2, with patchy anomalies in eastern Tibet. While different uplift mechanisms
for Tibet predict different lithospheric thermal regimes, our results in terms of a
highly variable thermal structure beneath Tibet suggest that topographic uplift is

caused by an interplay of several mechanisms.
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Plain Language Summary

The world’s highest and largest plateau in Tibet has a unique topography with an
average elevation of >4 km and is often named “the Roof of the world”. Continental
collision between the Indian and Eurasian plates created Tibet and the Himalaya,
and the dynamics of plateau growth and related large-scale regional geological
processes present a series of intriguing geoscience problems. Several
geodynamic models involving modification of the entire lithosphere have been
proposed as mechanisms for the Tibetan uplift. Two end-member models involve
either a “cold” or a “hot” Tibetan lithosphere. As different uplift mechanisms predict
different lithospheric thermal regimes, knowledge of the thermal structure is key to
understanding the driving forces of the Tibetan uplift. However, the thermal regime
of Tibet is poorly known from surface heat-flow measurements as high-quality
observations are almost absent. To bypass the problem of limited geophysical data
coverage, we use a new thermal isostasy method to constrain the lithospheric
thermal structure of Tibet and adjacent areas. Our results show a strongly variable
lithospheric thermal structure beneath Tibet and suggest that topographic uplift is

caused by an interplay of several mechanisms.
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1 Introduction

Continental collision between the Indian and Eurasian Plates created the high
Tibet Plateau and the Himalayas (Figure 1a). The dynamics of plateau growth and
related large-scale regional geological processes operating during orogenesis
present a series of intriguing geoscience problems (England and Houseman, 1988;
Klemperer, 2006; Tapponnier et al., 2001; Yin and Harrison, 2000; Hou et al., 2004,
Li and Song., 2018). Several geodynamic models involving modification of the
entire lithosphere have been proposed as mechanisms for the Tibetan uplift. The
end-member models involve either a “cold” or a “hot” Tibetan lithosphere: while
plateau uplift caused by successive terrane collision/accretion events suggests a
rigid and cold lithosphere (Tapponnier et al., 2001), continuous thickening of the
lithosphere followed by its partial or complete removal and upwelling of
asthenosphere material results in a hot Tibetan lithosphere (England and
Houseman, 1988). Recent geological and seismic studies indicate that the
subducting Indian plate may be fragmented (Hou et al., 2004, Li and Song., 2018),
which forms hot, thin lithosphere around slab windows of asthenosphere upwelling,
and maintains cold, thick lithosphere where the subducting slab is intact.

As different uplift mechanisms predict different lithospheric thermal regimes,
knowledge of the thermal structure is key to understanding the driving forces of the
Tibetan uplift. However, the thermal regime of Tibet is poorly known from surface
heat-flow measurements as high-quality (class A and B with depth of
measurement >300 m) observations are almost absent and are largely limited to

the Eastern Kunlun-Qaidam Block in northern Tibet (Figure 1b and Supporting
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Figure S1; Jiang et al., 2019). The few existing heat-flow measurements in inner
Tibet are along roads that usually follow major faults and, therefore, may be
severely affected by groundwater circulation; and further most of the
measurements in inner Tibet were made at depths of <10 meters and in areas with
hot springs (e.g. Francheteau et al., 1984; Supporting Figure S1). Therefore, the
heat-flow measurements in Tibet have much larger uncertainties than the typical
value of 10-15% on continents (Jaupart and Mareschal, 2011). The true uncertainty
cannot be assessed because of the non-steady state thermal regime affecting
borehole measurements, which is often the case in industrial wells, either due to
groundwater circulation or to non-equilibrium temperatures due to drilling.

Despite international efforts, the lithospheric thermal structure of Tibet is
largely unconstrained in most of the region (Figure 1b) due to extremely
complicated logistics for data acquisition, while global thermal models (e.g.
Artemieva, 2006; McKenzie and Priestley, 2008) have low resolution and can
resolve only major features of the lithospheric thermal structure (e.g. Supporting
Figure S2). To bypass the problem of limited geophysical data coverage, we use
the new thermal isostasy method (Artemieva, 2019a,b, 2022; Artemieva and
Shulgin, 2019) to constrain the lithospheric thermal structure of Tibet and adjacent
areas from 74-110° E and 26-42° N. The method requires knowledge of topography,
which is available globally in high resolution, and Moho depth, which we have
compiled from published regional seismic studies (see section 4.3 and Figure 2).

In this study our interpretations of lithospheric thickness always refer to

“thermal lithosphere”, i.e., the layer characterized by conductive heat transport
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above the asthenospheric mantle with a designated potential temperature, here
1300°C (e.g. Artemieva, 2006). We use the terms “thick” and “thin” thermal
lithosphere, while recognizing that, by definition, our thick lithosphere is always
colder than thin lithosphere at the same depth (Pollack et al., 1993; Rudnick et al.,
1998). In contrast, xenolith and seismic-velocity interpretations reported here refer
to temperature (or temperature contrasts), and therefore are described in terms of
“hot” and “cold” lithosphere.

In the following we first provide an overview of the geology and tectonics of
Tibet, details of previous studies of the thermal lithosphere structure of Tibet, and
the geophysical data used in this study. This is followed by a short description of
the methodology applied and results with sensitivity analysis. Finally, we present a
discussion of the resulting heterogeneous thermal lithosphere structure and

conclusions.

2 Geological and tectonic background

The Himalayan - Tibetan Plateau (Figure 1a) of the eastern Tethys tectonic
belt includes from south to north the Himalayan orogenic belt, the Lhasa Block, the
Qiangtang Block, the Songpan-Ganzi Block, the Eastern Kunlun-Qaidam Block,
and the Qilian Block. These tectonic blocks are separated by major faults and
sutures that possibly extend to the base of the lithosphere. The Himalayan -
Tibetan Plateau region continues westward in the Tethyan Belt and is otherwise

bordered by (Figure 1a):
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- the Tarim Craton (2.5 - 0.8 Ga (Zhao et al., 2013) and possibly older (Ge et
al., 2018)) in the north at the Altyn-Tagh strike-slip Fault (ATF),
- the North China Craton (3.8 — 2.5 Ga, Zhao et al., 2013) in the northeast at
the North Qinling strike-slip Fault (NQF),
- the Yangtze Craton (3.5 - 2.5 Ga; Zhao et al., 2013 and references therein)
in the east at the Longmenshan strike-slip Fault (LMF),
- and the Indian Plate (>1.8 Ga; Chardon et al., 2008) in the south at
the Main Boundary Thrust (MBT) at the southern edge of the

Himalayas.

The formation of Tibet records the closure of the Tethys oceans since the early
Paleozoic and particularly the collision between the Indian and Eurasian Plates
since ~55 Ma (Yin and Harrison, 2000). The northern part of Tibet (the Eastern
Kunlun-Qaidam and Qilian Blocks) consists of early Paleozoic blocks that record
the closure of the Paleo-Tethys Ocean.

The Songpan-Ganzi Block, the Qiangtang Block, and the Lhasa Block were
assembled during the closure of the Paleo-Tethys Ocean in Mesozoic time (Roger
etal., 2010). The triangular Songpan-Ganzi Block is interpreted as a Middle to Late
Triassic (230-200 Ma) basin. The northern Qiangtang Block is characterized by
widespread 8-0 Ma volcanism with several occurrences of deep-seated crustal
xenoliths (Ding et al., 2007; Hacker et al., 2000).

Detailed geochemical studies of volcanic rocks and granites indicate different
tectonic origins for the southern and northern Lhasa Block, with an unusual crustal

block in the middle Lhasa terrane (Wang et al., 2021). Neoproterozoic basement
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has been found in the eastern Lhasa Block (Zhu et al., 2013) but not in the western
Lhasa Block, which is characterized by widespread 25-8 Ma volcanism (Guo and
Wilson, 2019). In the southern Lhasa Block, high-pressure metamorphic rocks (in
eclogite facies) mark the closure of the Neo-Tethys Ocean.

The Himalayan belt formed by collision between the Indian and Eurasian
plates at 55-0 Ma. It is composed of thick sediments from the Neo-Tethys Ocean,
which are intruded by Cenozoic granites, above the Neoproterozoic basement

(Zhu et al., 2013).

3 Previous geophysical and geochemical interpretations of

the Tibetan thermal regime

The thermal structure of Tibetan lithosphere has been analysed in several
geophysical experiments, illustrated in Figure 1b and detailed in Table 1. Seismic
studies in north-central Tibet (No. 1 in Figure 1b) show low Pn velocity and a zone
with inefficient Sn propagation which suggests a relatively high sub-Moho
temperature (Ni and Barazangi, 1983; McNamara et al., 1997). Seismic and MT
studies constrain lithospheric temperature along the INDEPTH Il profile (Nos. 2-5
in Figure 1b) and along SW-NE trending profiles (Nos. 6-12 in Figure 1b).

Several studies along the INDEPTH Il profile indicate that the central Lhasa
Block has mostly cold lithosphere, with a sharp transition to a hot lithosphere in the
Qiangtang Block. An integrated geophysical-petrological analysis based on

electromagnetic and seismic data along the INDEPTH Il profile (No. 4 in Figure
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1b) suggests that the surface heat flow is up to 80 mW/m? in the Qiangtang Block
in central Tibet and down to 65 m\W/m? in the central Lhasa Block (Vozar et al.,
2014). Similarly, seismic tomography (profile No. 2 in Figure 1b) shows that the
lithosphere is >300 km thick (and therefore cold) in the central Lhasa Block and
<100 km (and therefore hot) in the Qiangtang Block (Tilmann, 2003) in the same
region where crustal xenoliths also indicate high crustal temperatures (Nos. 13-14
in Figure 1b). Earthquake thermometry along the same profile (No. 5 in Figure 1b)
indicates a relatively cold lithosphere down to 200 km depth in the Lhasa Block
and thin lithosphere (<80 km thick) beneath the Qiangtang Block (Wang et al.,
2013). In contrast, an estimate based on the a— quartz transition (No. 3 in Figure
1b) indicates a temperature of 700 °C in the upper-middle crust (depth of 20-40
km) of the central Lhasa Block (Mechie et al., 2004) and thus implies a lithosphere
thickness of less than 100 km for an equilibrium geotherm.

A number of seismic, MT and gravity studies along a SW—-NE trending profile
from the Indian plate in the south towards the North China Craton in the north (Nos.
6-9 in Figure 1b, Table 1) provide constraints on the lithospheric thermal structure
in several tectonic blocks of central-eastern Tibet. P-wave tomography (No. 6 in
Figure 1b) suggests the presence of a cold lithosphere beneath the eastern Lhasa
Block, a hot lithosphere below the eastern Qiangtang Block, and an intermediate
(“warm”) thermal regime at the NE end of the profile (Liang et al., 2012). Similarly,
a gravity study (No. 7 in Figure 1b) indicates a very thick (>300 km) lithosphere in
the eastern Lhasa Block, a thin (120 km) and hot lithosphere in the central part of

the profile beneath the Qiangtang Block, and an intermediate lithosphere thickness
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(~160 km) in the north (the Qaidam and Songpan-Ganzi Blocks) (Jiménez-Munt et
al., 2008). These results are consistent with an S-receiver function study (No. 8 in
Figure 1b) which concludes that the lithosphere is 180 - 220 km thick in the eastern
Lhasa Block, ~100 km thick in the eastern Qiangtang Block and 120-160 km thick
in the central Songpan-Ganzi Block (Zhao et al., 2011). Similarly, a magnetotelluric
study (No. 9 in Figure 1b) indicates that the Qiangtang and Songpan-Ganzi Blocks
in the central part of the profile have hot lithosphere and that the lithosphere of the
eastern Lhasa Block is cold (Unsworth et al., 2004; Wei et al., 2001).

In eastern Tibet, joint interpretation of seismic Vp, Vs and attenuation along a
ca. 400 km long profile (No. 10 in Figure 1b) indicates huge temperature variations
in the lower crust (at a depth of 40-70 km) from 900 °C in the northern Qiangtang
Block to 500 °C in the Songpan-Ganzi Block (Galvé et al., 2006). In western Tibet
(No. 11 in Figure 1b), earthquakes deeper than 50 km which implies that Indian
crust underthrusts northwestern Tibet close to the Tarim Craton (Wang and
Klemperer, 2021). A similar study in south-central Tibet (No. 12 in Figure 1b)
reports contrasting thermal regimes with the transition between a cold subducting
Indian lithosphere in the south and a hot thin lithosphere in the central Qiangtang
Block located around the Bangong—Nujiang suture (Craig et al., 2020).

Geochemical studies of crustal xenoliths in ~3 Ma volcanics (No. 13 in Figure
1b, Table 1) show that the crust of northern Tibet (the central Qiangtang Block) is
very hot with temperatures of up to 800-1100 °C at a depth of 30-50 km (Hacker
et al., 2000) in an area, where geophysical studies also indicate the presence of

hot lithosphere. Similarly, crustal xenoliths from southernmost Qiangtang indicate
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temperatures of >980-1080 °C at depths <50 km at 28 Ma (Ding et al., 2007; No.
14 in Figure 1b), and in the western Lhasa Block (No. 15 in Figure 1b) ~17 Ma
mantle xenoliths constrain the middle Miocene temperatures of 1050-1250 °C at
50-65 km depth (Liu et al., 2011). These three sites all indicate an unusually hot,
moderately thickened crust with temperatures reaching 1000 - 1100 °C at the Moho
at less than ca. 60 km depth.

In contrast, crustal xenoliths brought to the surface in western Lhasa Block
close to the Yarlung Zangbo suture zone at 13 Ma (No. 16 in Figure 1b) indicate a
much cooler crust with temperatures of only 750-900 °C at 50—-60 km depth and
<~1300 °C at the ~80 km deep Moho (Chan et al., 2009). These results are in
overall agreement with seismic receiver-function results and seismicity along the
Yarlung Zangbo suture zone (ca. 29.5° N, 88-92° E; Shi et al., 2020).

Overall, all geophysical and xenolith-based models of the thermal structure of
the Tibetan lithosphere are convincingly consistent. They show the presence of a
cold and thick lithosphere in the entire Lhasa Block, an intermediate lithosphere
thickness and temperature regime in north-eastern Tibet, and the presence of an

anomalously hot and thin lithosphere in north-central Tibet (Figure 1b).

4 Geophysical data

4.1 Free-air gravity anomalies

For our analysis it is important that the study region is close to isostatic

equilibrium. Free-air gravity anomalies (based on the high-resolution EGM2008
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model on a 5' x &' grid, Pavlis et al., 2012) are within £50 mGal in most of Tibet
and the adjacent regions (the west-central Tarim and North China Cratons) (Figure
1c), which suggests general near-isostatic equilibrium in most of the study area.
The Yangtze Craton is also close to isostatic equilibrium with free-air gravity
anomalies typically around -50 to -70 mGal, except for the narrow belt at the
western edge with anomalies of ca. -75 to -120 mGal.

Within the Tibetan Plateau, only the Eastern Kunlun Block is not in isostatic
equilibrium with relatively strong negative free-air anomalies of -50 to -120 mGal.
Otherwise major deviations from isostasy (possibly caused by lithosphere flexure)
occur mostly along its actively deforming margins. A positive free-air gravity
anomaly of up to +200 mGal is observed in the Himalaya and southeastern Tibet
(south of 30 °N in the Lhasa and Songpan-Ganzi Blocks), with a strong negative
free-air gravity anomaly of -100 mGal to -200 mGal further south at the northern
margin of Indian Plate.

The Tarim craton is close to isostatic equilibrium in its western-central part
(+20 to -80 mGal), and deviates from isostasy in the north-eastern part (-75 to -
100 mGal). Besides, the northern boundary of Tibet at the Tarim Craton is also in
disequilibrium with a narrow (<100 km wide) anomaly of ca. +120 mGal (locally ca.
+200 mGal) on the Tibetan side and -120 to -150 mGal on the Tarim side. This
characteristic pattern of positive and negative free-air gravity anomaly belts (cf.
Artemieva et al., 2016) indicates the presence of a south-dipping subducting slab
below the Altyn Tagh fault, as also inferred from some geochemical (Guo and

Wilson, 2019) and geophysical (Zhao et al., 2011) data. A similar pattern is
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observed at the Himalayan front with its north-dipping subduction.

4.2 Surface heat-flow measurements

We summarize here information on conventional borehole heat-flow
measurements, which we further use to compare the predicted heat flow with
observations. Surface heat-flow measurements are almost absent in Tibet, except
in the petroliferous Qaidam sedimentary basin (Figure 1b; Jiang et al., 2019). In
the Eastern Kunlun-Qaidam Block, surface heat-flow ranges from 40 mW/m? to 70
mW/m? with an average of 58+9 mW/m?2. Along the INDEPTH II profile, surface
heat flow measured close to hot springs (see Supporting Figure S1b) shows high
values up to 100-140 mW/m?. However, these shallow measurements are of
relatively low quality, and are probably significantly affected by groundwater
circulation.

In the Tarim Craton, surface heat-flow measurements are concentrated in the
north, while most of the central and southern parts have few measurements. The
average value of surface heat flow is 42+3 m\W/m? which corresponds to a typical
Precambrian lithosphere (Artemieva, 2006). The adjacent North China and
Yangtze Cratons have good coverage by surface heat-flow measurements of
variable quality (dots in Figure 1b show only high-quality data, all heat flow
measurements are shown in Supporting Figure S1). Compared to typical Archean
lithosphere, surface heat flow is relatively high in the western North China Craton
(with values of 64+10 mW/m? on average), possibly because of its post-Mesosoic
reworking (Xia et al., 2020 and references therein). In the north-western Yangtze

Craton, surface heat flow ranges from 40 m\W/m? to 65 mW/m? with an average of
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58+5 mW/m?, and most measurements are in the western part.

On the whole, reliable heat-flow data are absent for most of Tibet, and the
existing high-quality data are within the ranges expected for a thick and cold
cratonic lithosphere. Note that no high-quality heat-flow measurements exist at the

locations of geophysical profiles (Figure 1b).

4.3 Moho depth

Our calculations require information on the Moho depth, which we review in
brief here. The Moho depth in Tibet is constrained by seismic studies (Figure 2a)
which include both classic reflection/refraction profiles and receiver function (RF)
results (see Table 2 for references). In northeastern Tibet, the Yangtze Craton, and
the North China Craton, the Moho depth constrained by RF studies and refraction
profiles differs by <5 km (Figure 2d). In these provinces, the crust is thick (>50 km
in most regions), and therefore the uncertainty of <5 km is within <10% error and
is acceptable for our calculations (see Table 3 for sensitivity analysis).

However, in many parts of Tibet, the difference in the Moho depth between
results based on seismic reflection/refraction profiles and receiver function (RF)
studies is relatively large (Figure 2d). In southern Tibet and the Tarim Craton, there
are local >15 km differences in the Moho depth between the two methods. In the
Lhasa and Qiangtang Blocks, the crust is >60 km thick (Figure 2c), and most
refraction profiles in this region are ca. 400-500 km long which is too short to
properly study the >60 km deep Moho (Figure 2a; Zhang et al., 2011 and
references therein), except for one profile in the Central part of the Lhasa Block

(Wang et al., 2021). We therefore use only RF results for the Moho depth, also
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because they have a denser coverage.

The Moho depth is highly variable in Tibet and adjacent regions with values
ranging from 36 to 80 km locally (Figure 2b and references in Table 2). The
Himalayan belt, which has the highest elevations in the world (on average >6 km),
has a Moho depth of 40 to 50 km. The Moho is deepest (65 km—80 depth) in the
Lhasa Block (e.g. Shi et al., 2020) and >60 km in the Qiangtang Block. The Moho
in the Songpan-Ganzi Block is deep (60-70 km depth) in the east and shallower
(50-60 km depth) in the west. The Eastern Kunlun - Qaidam Block has the
shallowest Moho in Tibet with values of 40 - 56 km. Beneath the Qilian Block the
Moho is 55-60 km deep and regionally reaches 60-65 km depth. The adjacent
Precambrian Yangtze, North China and Tarim Cratons have Moho at 35 - 45 km

depth, similar to the Indian Plate.

5 Method and model parameters

5.1 Method overview

Our calculation of the lithospheric thermal structure is based on the thermal-
isostasy method (Artemieva, 2019a, b, 2022), further detailed and tested by
Artemieva and Shulgin (2019). It allows for calculation of the thickness of the
thermal lithosphere, lithospheric mantle geotherms (not calculated here), and
surface heat flow, which can be tested against borehole measurements. In
particular, the method was tested for the continental and oceanic lithosphere of

the European-North Atlantic region, where the predicted heat flow agrees with
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high-quality conventional heat-flow measurements (Artemieva, 2019a). The
method is fully independent and different in the approach, methodology,
assumptions, and implementation from an earlier approach focused on crustal
isostasy and crustal geotherms (Hasterok and Chapman, 2007).

Our calculations are constrained by analysis of the relationship between
topography and Moho depth, and therefore the method is well suited for regions
where Moho depth is known from seismic studies but with low density of heat-flow
data and/or transient thermal regime, such as most of Tibet (Figure 2). By
analyzing Airy-type correlation between topography and Moho depth (Figure 3),
we separate crustal and mantle components to topography where the crustal
component incorporates in situ crustal density variations associated with variable
lithology and temperature.

The mantle component of the topography (termed here the anomalous
topography) is assumed to originate only from lateral thermal variation
(compositional heterogeneity plays a minor role, see analysis by Artemieva,
2019a). It constrains the thermal structure of the lithosphere with respect to a
location where the anomalous topography is zero and where the lithosphere
thermal thickness is known from independent data. The strength of the method is
that it is free from an assumption on a steady-state equilibrium geotherm and
therefore is well suited to study tectonically active regions (Artemieva, 2022), like
Tibet and Himalayas, given that the Moho depth is well constrained. Another
advantage of the method is that it constrains the present-day lithosphere thermal

structure, in contrast to thermal modeling based on heat flow which reflects a past
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thermal regime.

In the rest of this section (Subsections 5.2-5.4) we present a step-by-step
explanation of the method together with the assumptions, which we discuss and
test by the sensitivity analysis (subsection 5.5). We refer the reader to the original
papers for further details of the method, sensitivity analysis, and comparison to
actual heat-flow measurements (Artemieva, 2019a, b, 2022; Artemieva and

Shulgin, 2019).

5.2 Crustal contribution to isostasy

The method assumes that (1) topography is maintained by isostatic
contributions from the crust and the lithospheric mantle, and that (2) isostatic
compensation is achieved at the lithosphere-asthenosphere boundary (LAB).
Therefore, it is important that most of the region be close to isostatic equilibrium
(Section 4.1). The results are poorly constrained for regions with strong deviations
from isostatic equilibrium (much of Himalaya and the deformed margins of Tibet).

For Airy-type crustal isostasy, the slope of the linear correlation between Moho
depth and topography (Figure 3a) constrains the in-situ density contrast across the
Moho. Crustal and mantle densities both include compositional and thermal
components, and we estimate crustal densities from linear correlation between
topography and Moho Depth (Artemieva, 2019a, b, 2022). As some regions in our
study area are out of equilibrium (i.e. have very large free-air anomalies, Figure 1c
and 3b), we calculate the correlation between Moho depth and topography using
only areas with free air gravity anomalies < +80 mGal (Figure 3c). This choice

yields a reference Moho depth of 36 km (Moho depth at zero topography defined
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by the best-fit line in Figure 3a) and a slope of 5.24 km/km (Figure 3a).

The slope is controlled by the in-situ density contrast between the crust and
the mantle, and the two densities cannot be uniquely determined from the slope.
For geophysically plausible values, the slope of 5.24 km/km allows average in-situ
crustal densities between 2.70 x 10% and 2.80 x 10% kg/m® and average in-situ
mantle densities between 3.22 x 103 and 3.37 x 103 kg/m? (Fig. 5 in Artemieva and
Shulgin, 2019). We adopt a reference crustal in-situ density of 2.75 x 103 kg/m?,
which yields 2.78 x 103 kg/m?3 at STP condition (i.e. at standard (room) temperature
and pressure, T=20 °C, P=1 atm). To fit the slope value of 5.24 km/km (Figure 3a),
we use an in-situ reference density of lithospheric mantle of 3.27 x 103 kg/m?3,
corresponding to 3.38 x 103 kg/m® at STP condition (i.e. to reworked cratonic or
Phanerozoic fertile mantle; Poudjom Djomani et al., 2001). Our conversion of in-
situ to SPT densities assumes a temperature of 600 °C at the Moho and 1300 °C
at the LAB, and a coefficient of thermal expansion of 3.5 x 10-° K-'. The choice of
the reference density values has little effect on the results (Artemieva, 2019a,b),
which instead depend on the density contrast across the Moho (the slope of the
best-fit line in Airy-type crustal isostasy, Figure 3). We analyse uncertainties arising
from the choice of reference crustal and mantle densities by sensitivity analysis in

Section 5.5, Table 3, and Supporting Figures S4-S8.

5.3 Lithospheric mantle contribution to isostasy

If isostatic equilibrium were achieved at the Moho, the data in Figure 3 would
plot around the best-fit line. Since this is not the case, there should also be a mantle

contribution to isostasy, which justifies our assumption that isostasy is achieved at
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the LAB. To estimate the contribution of the lithospheric mantle to isostasy, we
calculate anomalous topography (Figure 4) as the deviation of the actual elevation
(ETOPO1, Figure 1a) from the isostatically-predicted elevation (the best-fit line
between the Moho depth and elevation, Figure 3). Therefore, anomalous
topography reflects deviations from crustal isostasy (with the compensation depth
at the Moho) and shows the presence of anomalous density masses between the
Moho and the LAB (where isostatic equilibrium is achieved). Cold and dense sub-
Moho material suppresses the topography, leading to negative anomalous
topography values, and low-density (hot) sub-Moho material has the opposite
effect.

In most of Tibet, the anomalous topography is weakly negative (- 0.4 £ 0.9 km
and around -1 km in the Lhasa Block), suggesting the presence of cold and thick
lithosphere. There are also areas with positive anomalous topography, so that the
regional average for the entire study region is close to zero (-0.1 £ 1.1 km) (Figure
4).

The eastern Songpan-Ganzi Block, most of the Eastern Kunlun-Qaidam
Block, the entire Qilian Block, and the adjacent part of the North China Craton have
anomalous topography in the range of £ 1 km and close to zero on average. The
Yangtze craton, the entire Lhasa Block, and most of the Qiangtang Block, except
for its central part, have negative anomalous topography of -1.5 to 0 km; similar
values are typical of the Tarim craton where the Moho depth is known.

One of the strongest positive topography anomalies of +2 to +3 km is observed

in western Songpan-Ganzi and some parts of the Qiangtang and Qaidam-Eastern
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Kunlun Blocks, suggesting the presence of an anomalously buoyant mantle.
However, we note that the Eastern Kunlun Block is in disequilibrium (Fig. 1c). In
the Himalayan belt, which is not in isostatic equilibrium and where the model
therefore is poorly constrained, the anomalous elevation is typically -2 to +2 km,

but locally reaches -4 to +3 km.

5.4 Lithosphere thermal structure

We next assume that all regional deviations of topography from crustal
isostasy predictions (anomalous topography) are caused by (1) variation in
lithospheric mantle thickness and (2) in-situ density anomalies in the lithospheric
mantle, and that (3) mantle density anomalies are caused only by thermal
expansion due to lithosphere thermal anomalies. Sensitivity analysis (Artemieva,
2019a, b) demonstrates that compositional variation in the lithospheric mantle can
be ignored within model uncertainty. While removal of a possible dynamic
contribution to topography from the mantle (Melosh and Raefsky, 1980) requires
additional assumptions (Artemieva and Shulgin, 2019) and its effect is minor for
areas with near-zero free-air anomalies, short wavelength lithosphere flexural
deformation (Sandwell and Schubert, 1982) is effectively excluded by using spatial
data averaging, which works as a low pass filter of the topography and Moho depth
data (Supporting Figure S3).The role of lithosphere deformation (Sandwell and
Schubert, 1982) is difficult to quantify, and we expect that it may be important in
those parts of the region that deviate from isostatic equilibrium (Figure 1c) and

where the results are poorly constrained.
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Under these assumptions, anomalous topography can be used to infer
lithospheric temperature anomalies (averaged over the entire lithospheric column)
relative to locations with zero anomalous topography. Therefore, the calculation
procedure requires a priori information on lithosphere thickness in a selected
location with zero anomalous topography, which is used as a reference value for
the calculations of lithosphere thickness anomalies for the entire region and for
conversion of the LAB depth anomalies to absolute values (Figure 5a). We present
results for a reference lithosphere thickness of 150 km (at locations with zero
anomalous topography, Figure 4); the choice of other values will systematically
shift the results (see Section 5.5 and Table 3 for sensitivity tests).

Thermal-lithosphere thickness is controlled by the lithospheric geotherm,
which, in turn, correlates with surface heat flow (Pollack and Chapman, 1977;
Pollack et al., 1993; Rudnick et al., 1998; Artemieva, 2006). This long-recognized
global correlation allows us to predict heat-flow values, which can be tested against
existing heat-flow data, where available. In our calculations of predicted surface
heat flow, we adopt geotherms by Pollack and co-authors (1993) and limit our
model to the lithospheric mantle. This way we avoid making any assumptions on
the poorly known crustal heat production. For the European continent, the North
Atlantic ocean and Greenland the method predicts heat-flow values in tight

agreement with borehole measurements (Artemieva, 2019a,b).

5.5 Sensitivity analysis

The major uncertainty in our results originates from the uncertainty of the input

parameters, including: i) Moho depth constrained by receiver function studies; ii)
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density contrast across the Moho controlled by the slope of the best fit line in Figure
3a, and iii) reference lithosphere thickness in areas with zero anomalous
topography (Figure 4) which is assumed to be known from independent data. Here
we analyze the uncertainty of our results by calculating the dependence of the
calculated lithosphere thermal thickness and predicted heat flow on the various
input parameters. We present results of the sensitivity tests as values averaged
for the entire study region shown in Figure 1 (Table 3) and in a series of maps
(Supporting Figures S4-S8).

1) We present two tests for the effect of Moho depth: (a) for local and (b) for
systematic regional Moho depth uncertainty. (a) For a location with an average
regional elevation of ~2.7 km, corresponding to an average regional Moho depth
of 52 km (Figure 3a), a change in local Moho depth by +3 km will change
anomalous topography by ca. 0.3 km. This will result in a change of lithosphere
thickness by ca. £30 km (19%) and a change of predicted surface heat flow by +8
mW/m? (<16%). (b) If the reference value of the Moho depth (i.e. Moho depth at
zero topography) is increased by 2 km (a regional systematic shift in the reference
Moho depth, purple line in Figure 3a), the calculated lithosphere thickness
decreases by 10-30 km (for the whole study region by 13 km on average) with an
average increase in the predicted heat flow by 5 mW/m? (Supporting Figure S7 and
Table 3).

i) We expect regional variation in the density contrast across the Moho due
to variation in the bulk composition of the crust (Wang et al., 2021) and the

lithospheric mantle (Xia et al., 2020). The slope of the best-fit line between
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topography and Moho depth (Figure 3a), which links the average in-situ densities
of the crust and the lithospheric mantle, determines the calculated anomalous
topography and, thereby, controls the lithosphere thermal model.

We test the case with an increase in reference crustal density (which controls
the slope of the best-fit line in Figure 3a) from 2.75 x 103 kg/m? to 2.85 x 103 kg/m?
(Table 3). Maintaining the best-fit slope of 5.24 km/km (black line in Figure 3a)
leads to a change in in-situ mantle density from 3.27 x 102 kg/m? to an unrealistic
in-situ value of 3.39 x 103 kg/m3. We, therefore, keep the reference mantle density
unchanged by changing the slope of the Moho depth-topography relation to 6.79
km/km and adjusting the reference Moho depth to 30 km; the latter choice ensures
that the crustal isostasy Moho-topography line still crosses through most of the
data points (blue dotted line in Figure 3a, test results in Supporting Figure S4). We
also test the effects of reducing the reference crustal density to 2.70 x 103 kg/m3
where we, similarly, adjust the reference Moho depth to 40 km (red dotted line in
Figure 3a, test results in Supporting Figure S5). Finally, we test the effect of
reducing the in-situ reference mantle density to 3.20 x 103 kg/m3 where we adjust
the reference crustal density to 2.80 x103 kg/m?® in order to maintain a realistic
topography-Moho depth relation (turquoise dotted line in Figure 3a, test results in
Supporting Figure S6). These tests correspond to laterally variable changes in the
in-situ average crustal and/or average mantle densities and we calculate the
anomalous topography, LAB depth and heat flow throughout the whole study area
for different fixed lines relating Moho depth and topography for the three cases

(Figure 3a).
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The test for an increase in reference crustal density (Supporting Figure S4)
leads to changes in anomalous topography with opposite signs in high- and low-
elevation areas, leading to changes in the predicted LAB depth and heat flow with
opposite signs throughout the region. Therefore, regionally averaged values of the
LAB depth and heat flow remain largely unchanged as compared to our main
results (Table 3), while local variations typically are within +/-20 km for the LAB
depth and +/-5 mW/m? for heat flow. In the two other tests (Supporting Figures S5-
S6), changes in anomalous topography have the same sign everywhere with an
asymmetric effect in high- and low-elevation areas. Therefore, in both tests, the
resultant changes in the LAB depth and the predicted heat flow are also
asymmetric in high- and low-elevation areas and within 10% on average, with
locally higher and smaller values (Table 3).

iii) The calculation procedure requires a priori information on lithosphere
thickness at a reference location where the anomalous topography is zero (Figure
4). We adopt a reference lithosphere thickness of 150 km. The choice of a different
value will systematically shift the results for lithosphere thermal thickness without
changing the general pattern. A change (increase or decrease) of the reference
value by 50 km will cause a corresponding change (increase or decrease) of the
lithosphere thermal thickness by 20-40 km (on average 26%) and a change of
predicted surface heat flow by ~5-10 mW/m? (on average 20%) (Supporting Figure

S8 and Table 3).
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6 Major patterns of lithosphere thermal thickness and heat

flow variations

Our results show that Tibet has a strongly heterogeneous lithospheric
structure at both long and short wavelengths (Figure 5a). High-quality surface
heat-flow measurements are practically absent in Tibet from the Himalayan front
to the Kunlun fault (Figures 1 and S1). However, heat flow predicted by our regional
thermal model is in good agreement with the surface heat-flow measurements
where they exist, as also found in regions with very good dense coverage of high-
quality heat-flow measurements (Artemieva, 2019a). The predicted surface heat
flow differs from the few available borehole measurements on average by 5.5
mW/m? + 15.1 mW/m? (Figure 5b), that is within the expected accuracy (uncertainty)
of the regional heat flow data (section 4.2). For example, in the Qaidam Block of
NE Tibet, where the thermal-lithosphere thickness varies from 120 to 200 km, our
model predicts a heat flow of 40-60 mW/m?, so that the difference between the
calculated and measured surface heat flow is 2.2 + 19.1 mW/m?2,

Based on our lithosphere thermal model (Figure 5), we subdivide the region
into several distinct domains (Figure 6):

1) The Lhasa Block has the thickest thermal lithosphere (>200 km thick) and
a low surface heat flow of ca. 30-50 mW/m? (Figure 5). Such cold and thick
lithosphere is typical of Archean cratons (Artemieva, 2006). However, there is only
fragmentary evidence for the presence of Precambrian basement in the Lhasa
terrane (Guynn et al., 2006) and, alternatively, we interpret that this thick thermal

lithosphere is caused by the underthrusting of the Indian plate, which may have
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placed cratonic lithosphere beneath this part of Tibet and “refrigerated” the
lithosphere of the Lhasa Block. Our conclusion is along the lines of an earlier study
of post-collisional magmatism in Tibet at 26-10 Ma in the Lhasa Block, which is
interpreted to be caused by removal of pre-existing lithosphere at ~26 Ma, followed
by underthrusting of the Indian lithosphere below southern Tibet (Chung et al.,
2005).

2) In central-eastern Tibet south of the Kunlun fault (centered around 97° E/33°
N), the thermal lithosphere is very thick (>200 km) with a surface heat flow of <50
mW/m?, similar to the Lhasa Block (Figure 5). Since this domain cuts across the
Bangong—Nujiang and Jinsha River sutures, this thick lithosphere may be
associated with Tethyan paleo-slabs. Alternatively, it may mark a far northern
extent of the underthrusting Indian plate, as previously suggested based on high
Pn velocity (Liang & Song, 2006).

3) In northern Tibet (the western part of the Qiangtang and Songpan-Ganzi
Blocks, in the area centered around 88° E/35° N), the lithosphere is very thin (<80
km) with inferred heat flow larger than 80-100 mW/m? (Figure 5). This region
roughly corresponds to a zone of low Pn-velocity (Li and Song, 2018; McNamara
et al., 1997) and inefficient Sn propagation (Ni & Barazangi, 1983) (Figure 7). The
extent of this “North Tibet Anomaly” (Figure 6) cannot be well constrained due to
the lack of seismic data on Moho depth (Figure 2a), such that information is
available only at the margins of the anomalous area.

4) The Eastern Kunlun-Qaidam and Qilian Blocks of north-eastern Tibet,

which represent Paleozoic orogenic belts, have a strongly heterogeneous

This article is protected by copyright. All rights reserved.

85U8017 SUOWWOD BAIea1D 3ot dde aup Aq pausenob afe saolfe YO @SN JO S8InJ 10} AeIq18UIUO 8|1 UO (SUOIPUOD-PUR-SLIBY WD A8 | Im" ARe.q Ul |Uo//Sdy) SUORIpuoD pue swie 1 8y} 8sS [£202/60/ST] Uo ArigTauljuo A8 (1M ‘Ueso0 J0 31usD Z)oywpH ¥YINO3D 49H Ad £12920802202/620T 0T/10p/Wod A8 |im Are.q1puluo'sqndnBe//sdny wo. pepeojumoq ‘el ‘956691



lithosphere thermal structure with a thickness of 100-150 km on average and
predicted surface heat flow of 60 — 80 m\W/m? (Figure 5). Small-scale anomalies
with local thinning of the lithosphere to the Moho and heat flow locally exceeding
100 mW/m? are also observed in the eastern Songpan-Ganzi Block and central
Himalaya. They are likely to be due to lithospheric deformation and local non-
equilibrium conditions in regions where free-air gravity anomalies exceed %80
mGal (Figure 1c). Alternatively, they may be caused by local short-wavelength
variations in the density contrast across the Moho, most likely caused by crustal
density anomalies, e.g. associated with mafic intrusions and underplating.

5) Stable blocks surrounding Tibet (the Tarim and Yangtze Cratons) have, in
general, a thick cratonic-type thermal lithosphere, whereas the lithosphere of the
western North China Craton is significantly thinner and warmer (Figures 5-7). Thick
(200-240 km) lithosphere with low surface heat flow (40-45 mW/m?), in close
agreement with borehole data (with an average difference of -2.7 + 10.0 mW/m?;
Figure 8), is present below the margins of the Tarim Craton where seismic data
exists. A similar lithosphere thermal structure is predicted for the north-western part
of the Yangtze Craton. However, in this area heat flow measurements from
petroleum wells (Jiang et al., 2019) are systematically higher than our predictions
(with an average difference of 7.8 + 11.8 mW/m?; Figure 8), possibly due to a
systematic bias of measurements in boreholes with a non-equilibrated heat flow.

Likewise, there is some discrepancy (of 13.5 + 10.5 mW/m? on average) in the
predicted and measured heat flow in the western North China Craton. The largest

difference (at around 108°E/35°N) is associated with the Cenozoic Weihe Graben.

This article is protected by copyright. All rights reserved.

95UBD17 SUOWIWOD SAIERID 3|ced! dde au Ag peusenob afe SapIe YO 8SN J0 SaINJ 10} Aeiq1T 8UIUO AS|IA UO (SUONIPLOI-PUR-SLLLIBYW0D A8 |1 ARe.q 1 |Bul|UO//SIY) SUONIPUOD pUe swie 1 8y} 88S *[€202/60/ST] Uo ArIqTauluo A8 ]I ‘Uead0 J0 a1usD Z)oyw pH HYINO3D 49H AQ £T2920902202/620T 0T/10p/wod A8 Afeiq 1uljuo'sgndnBey/sdny Wwouy papeojumod ‘el ‘95e669Te



In other parts of the western North China Craton our results predict surface heat
flow around 45 mW/m? in the westernmost part and 60-70 mW/m? further
eastwards, where the predicted and measured heat flow agree within the model
and data uncertainties (Figures 5b, 8). Our results indicate that the lithosphere of
the western North China Craton is only 120-180 km thick. East of 105° E, where
heat-flow data exist, the predicted values of 120-140 km are in overall agreement
with the lithosphere thermal thickness based on surface heat flow (Xia et al., 2020),
which constrains values of 90-140 km.

6) In general, topography is supported by the entire lithospheric column,
including the crust and the upper mantle, although dynamic contributions from the
mantle (Lithgow-Bertelloni and Silver, 1998) and lithosphere flexure (Watts, 2001)
may also contribute to topography. For Tibet there is a clear linear correlation
between topography and the fraction of crust in the lithosphere column (Figure 9),
and other orogens are consistent with this trend. Blocks with the highest
topography (the western parts of Qiangtang (W-QT) and Songpan-Ganzi (W-SGB),
west of the North Tibet Anomaly, and Eastern Kunlun-Qaidam (W-EK) Blocks) have
the largest fraction of the crust in the lithosphere column, 38-46% (Table 4). In
contrast, the crustal fraction is only 25-30% in low-elevation regions of the Qaidam
Block (QDB) and of the eastern parts of Qilian (E-QB) and Songpan-Ganzi (E-SGB)
(east of the North Tibet Anomaly) Blocks. In the North Tibet Anomaly, the
lithosphere may be thinned almost to the Moho, and so we exclude this anomalous
region from the analysis (in Table 4 and Figure 9).

The two regions furthest from the general Tibetan trend line have some of the
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thickest (>200 km) thermal lithosphere: the Lhasa Block (LB) and the eastern
Qiangtang Block (E-QT) have the same high topography (>4.5 km, on average) as
the western Qiangtang Block (W-QT), but the crustal fraction is only 33-34%, and
not 42% as the Tibetan linear trend predicts. Note that the Alps also have a smaller
fraction of crustal contribution than the trend prediction (Figure 9). A large
contribution of lithospheric mantle to topography may be a characteristic feature of
regions with thick lithosphere created by subducting slabs, as in the Lhasa Block
and the Alps. This observation supports our interpretation that thick lithosphere
beneath eastern Qiangtang Block (centered around 97° E/33° N) may correspond

to the northern extent of the underthrusting Indian plate.
7 Heterogeneous thermal lithosphere of Tibet

7.1 The northern limit of the Indian plate

A part of the heterogeneous thermal structure of the Tibetan lithosphere
(Figures 5) may reflect fragmentation of the underthrusting Indian plate, which may
remain intact beneath the cold, thick lithosphere of the Lhasa Block and the eastern
and western parts of the Qiangtang Block. The northern limit of the Indian plate
may be controlled by variations in the dip angle and slab tearing. In our
interpretation it may be marked by the northern extent of thick lithosphere, shown
by colored line in Figure 6.

In the western part of Tibet (~78-84° E), the northern limit of the thick thermal
lithosphere crudely follows the Jinsha River suture (~34-36° N). The thick

lithosphere may represent the sub-horizontal or gently dipping Indian plate
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extending up to almost ~36-38°N at ~74-77°E, where it adjoins the south-western
edge of the Tarim Craton (Kufner et al., 2016; Zhao et al., 2010).

In the central section of Tibet (~84-94° E), the front of the Indian plate may be
located at around 32-34° N at around the Bangong-Nujiang suture (Figure 6). This
location is similar to an earlier proposed lithosphere discontinuity at 31° N at 85°E
(Nabelek et al., 2009).

Further east (~ 94-100° E), the thick thermal lithosphere may extend further
north of the Jinsha River suture to ~ 35-36° N. The eastern extent of the thick
lithosphere block is not marked by any prominent faults or sutures. Instead, the
“Eastern Tibet” block with thick lithosphere crosses two major suture zones, the
Bangong—Nujiang and Jinsha River sutures.

In contrast, the Longmenshan fault is marked by a sharp change in the
lithosphere thickness of ca. 50 km. It separates a relatively thin (80-120 km)
lithosphere of the Songpan-Ganzi Block from the thick lithosphere of the Yangtze

Craton, suggesting that it is a lithosphere-scale fault.

7.2 Hot mantle of the North Tibet Anomaly

A remarkable feature of our results is the sharp decrease in lithosphere
thermal thickness from >180 km to <80 km in central Tibet (~84-92° E/~33-38° N),
across the Bangong—Nujiang suture (Figures 5a, 6). As previously mentioned, the
exact size of the anomaly cannot be resolved due to the absence of data on the
crustal thickness in this area. Note that most of the existing geophysical profiles
also do not constrain the size of the anomalous area, and image its margins only

(Figure 1b).
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The North Tibet Anomaly area (the north-central Qiangtang and central
Songpan-Ganzi Blocks) has an extremely thin lithosphere (<80 km and possibly
thinned to the Moho, such that lithospheric mantle is basically absent) and high
predicted heat flow (>90 mW/m?). These observations are consistent with seismic
evidence for a low Pn velocity (Li and Song, 2018; McNamara et al., 1997) and
inefficient Sn propagation (Ni and Barazangi, 1983) reported for the southern
margin of the anomalous area (Figure 1b), as well as Plio-Pleistocene volcanic
activity (Guo and Wilson, 2019). Crustal xenoliths from this area also indicate high
lower-crustal temperature of >800-1000 °C (Ding et al., 2007; Hacker et al., 2000;
Wang et al., 2016).

We interpret the North Tibet Anomaly as the junction of two subduction
systems with opposite polarities: the northward Indian subduction and the
southward Tarim (Asian) subduction. The interplay of two subducting systems may
have created slab windows and asthenosphere upwelling as inferred from
geochemical data (Guo and Wilson, 2019), and may have created a thin and hot

lithosphere as inferred from our modeling results.

8 Conclusions

We constrain the thermal lithosphere in Tibet and adjacent regions using the
thermal isostasy method (Artemieva, 2019a, b; Artemieva and Shulgin, 2019)
based on our compilation of seismic Moho depth in the region. We demonstrate
that the lithospheric thermal structure of Tibet is highly heterogeneous, likely due

to lateral variations in the northern extent of Indian subduction, the southward
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subduction of the Asian plate, and possible preservation of fragmented Tethyan

paleo-slabs.

¢ In most of the Lhasa Block, the thickness of the thermal lithosphere exceeds
200 km and surface heat flow is low, 40—-45 mW/m?2. A block with a similar
cratonic thermal structure is also present in eastern Tibet (beneath the eastern
segment of the Qiangtang and Songpan-Ganzi Blocks at ~96-98° E). Thick
thermal lithosphere in southern and eastern Tibet is likely to represent on-
going underthrusting of the Indian lithosphere; its northern limit may mark the
longitudinally variable northern extent of the Indian plate to 33-36° N.
Alternatively, in eastern Tibet, where thick lithosphere is observed beneath the
Bangong—Nujiang and Jinsha River sutures, it may be associated with
Tethyan paleo-slabs. In far-western Tibet (74-78° E), the thick lithosphere
continues northwards to the margin of the Tarim Craton.

e  We identify the North Tibet Anomaly (~84-92° E/~33-38° N) south of the Altyn-
Tag fault in the central Qiangtang and Songpan-Ganzi Blocks. In this North
Tibet Anomaly zone, the lithosphere is very thin (<80 km) and surface heat
flow is very high (>90 mW/m?) in a region with inefficient seismic Sn
propagation and low Pn velocity. The anomaly may be caused by lithosphere
delamination and asthenospheric upwelling in the area between the
northernmost extent of the northward subducting Indian plate and the
southernmost extent of the southward subducting the Asian plate.

e The Tarim Craton, where data on the Moho depth are available, and the north-

western part of the Yangtze Craton have typical cold and thick (200-240 km)
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cratonic lithosphere, whereas the lithosphere thickness is 120-180 km in
western North China Craton. In the Qaidam deep sedimentary basin the
lithosphere is 100-120 km thick.

e The strongly heterogeneous lithospheric thermal structure in Tibet and the
surrounding blocks suggests that an interplay of several mechanisms

maintains the high elevation of Tibet.
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Figure captions

Figure 1: (a) Topography and simplified tectonics of Tibet and adjacent regions.
Geological boundaries after Styron et al. (2010). Purple and yellow lines mark
sutures from closure of Paleo-Tethys and Neo-Tethys, respectably; black lines
are strike-slip faults (bold if slip > 8 mm/year); thin red lines are normal and
thrust faults. Abbreviations: AKMS: Anyemaqgen suture, ATF: Altyn Tagh fault;
BNS: Bangong—Nujiang suture, 1YS: Indus—Yarlung suture, JS: Jinsha River
suture, KLF: Kunlun fault, LMF: Longmenshan trust fault, NQF: North Qinling
fault. (b) Lithosphere thermal observations from previous studies. Colored
circles — high-quality surface heat-flow measurements (Jiang et al., 2019). Red,
green and blue lines — inferred thin, normal and thick lithosphere based on
geophysical observations (numbers 1-12, see Table 1 for details and
references); red ellipse (number 1) — region with low Pn velocity and inefficient
Sn propagation (Ni and Barazangi, 1983; McNamara et al., 1997); stars
(numbers 13-16, cf. Table 1) — xenolith-based thermal studies. (¢) Simplified
free-air gravity anomalies at sea level from EGM-2008 (Pavlis et al., 2012) and
major tectonic blocks. Shaded areas with high values of the anomalies are

poorly constrained by the present study.

Figure 2: Crustal-scale seismic studies of Tibet and adjacent regions (See Table
2 for references). (a) Receiver functions (yellow dots) and seismic wide-angle
reflection/refraction profiles (blue lines: recorded prior to 2000; green lines:

2000-2010; red lines: after 2010; dark gray: INDEPTH profiles). (b) Moho
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depth based on receiver function (RF) results. (c) Moho depth based on
seismic wide-angle reflection/refraction profiles. (d) Difference in Moho depth

between receiver-function studies and wide-angle reflection/refraction studies.

Figure 3: Moho depth versus topography for the whole region shown in Figure 2;
data are sampled on a 0.25° x 0.25° grid to filter out uncompensated short
wavelength deformation. (a) Data density with the parameters determined for
Airy-type crustal isostasy (only data points with free air gravity anomalies of <
1+ 80 mGal are used). Best fit line (thick, black) is: [Moho depth in km] = 36.0
km + 5.24* [Topography in km]; blue, red, cyan and purple lines are different
reference models used for sensitivity analyses presented in section 5.5 and
Table 3. (b) All data points color-coded by free-air gravity; (¢) Data points with
free-air gravity of < £ 80 mGal. Plots (b) and (c) have the same color scale as

Figure 1c.

Figure 4: Anomalous topography: positive values represent isostatically-predicted
topography higher than actual topography, indicating the presence of a
buoyant, low-density sub-Moho material; and vice-versa. Hatching — areas

where the results are poorly constrained.

Figure 5: (a) Thermal-lithosphere thickness calculated by thermal isostasy; (b)

Calculated surface heat flow overlain by measured values (colored dots); the
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color scales for predicted and measured heat flow are the same. Hatching —

areas where the results are poorly constrained.

Figure 6: Simplified sketch map of lithospheric thermal structure based on Figure
5. Thick color lines are our interpretations of the front of the subducted India

lithosphere and the edge of the southward Tarim subduction.

Figure 7: Lithospheric cross-sections based on receiver-functions for the Moho
depth and on our results for thermal-lithosphere thickness (LAB depth).
Abbreviations for faults and sutures are as in Figure 1a. Insert shows locations
of the cross-sections with abbreviated names of tectonic blocks. Profiles 2 and
4 cross the North Tibet Anomaly (Figure 6) with inefficient Sn propagation and
low Pn velocity (Li and Song, 2018; McNamara et al., 1997; Ni and Barazangi,

1983). LM: lithospheric mantle; AM: Asthenospheric mantle.

Figure 8: Histogram of the difference between measured and predicted surface
heat flow for various tectonic blocks. For most of the region, in particular within
Tibet, predicted and measured values are statistically similar. Predicted values
are statistically slightly smaller than measured values in two stable blocks,
which are western parts of the North China and Yangtze cratons. In the North
China craton most of the discrepancy is along the southern edge at the border

with the Qinling orogen.
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Figure 9: Relative fraction of the crust in the lithosphere versus topography for
various blocks in Tibet (see Table 4). Abbreviations: LB: Lhasa Block; QT:
Qiangtang Block; SGB: Songpan Ganzi Block; QDB: Qaidam Block; EK:
Eastern Kunlun Block; QB: Qilian Block; preceding E and W refer to eastern
and western parts of tectonic blocks, respectively. For the Qiangtang and
Songpan-Ganzi Blocks, the western and eastern parts are those parts outside
the North Tibet Anomaly, which is excluded from the analysis because the

lithosphere may be thinned almost to the Moho in this zone.

Table Captions

Table 1: Previous studies of thermal structure of Tibet

Table 2. Seismic studies on the Moho depth used in the study

Table 3: Sensitivity analyses for input parameters in the modeling

Table 4: Topography, depths to the Moho (Figure 2b) and to thermal LAB (Figure
5a), and relative fractional thickness of the crust in the total lithospheric column

for different tectonic blocks of Tibet (the North Tibet Anomaly is excluded).
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a) Data coverage by seismic studles

b) Moho depth based on re receiver function results
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Table 1. Previous studies of thermal structure of Tibet

No. in Fig. 1b Method Reference
1 Pn and Sn results McNamara et al., 1997; Ni and Barazangi, 1983
2 P-wave mantle tomography (INDEPTH III) Tilmann et al., 2003
3 a-p quartz transformation (INDEPTH III) Mechie et al., 2004
4 Crustal-scale integrated geophysical-petrological Vozar et al., 2014
modeling (INDEPTH III)
5 Earthquake thermometry (INDEPTH III) Wang et al., 2013
6 P-wave mantle tomography Liang et al., 2012
7 Gravity modeling Jiménez-Munt et al., 2008
8 S-receiver function Zhao et al., 2011
9 MT Wei et al., 2001; Unsworth et al., 2004
10 Crustal Vp, Vs and Q Galvé et al., 2005
11 upper-mantle earthquakes Wang and Klemperer, 2021
12 thermal modeling Craig et al., 2020
13-15 Crustal xenoliths Hacker et al. 2000; Ding et al., 2007; Chan et al., 2009
16 Mantle xenoliths Liu et al, 2011

This article is protected by copyright. All rights reserved.

i Reaq U IO SCNANBe/SANY WOJJ PopRojUMOQ e '9SER69TE

0 PUB SWLB | 8L} 385 *[E202/E0/ST] UO AReiq1T8UIIUO A3]1/M ‘UBR00 J0 318D ZYOUWRH ¥V WOID 4OH Ad £TZ9208r2202/620T OT/0p/L0 A3

58011 SUOILID SATBBIO 3| U AQ PoLBAGB 3 SSPILE VO 88N J0 S3IN! 10} ARIGIT SUIIUO /BIAN U



Table 2. Seismic studies of the Moho depth used in the study

Receiver Function
studies

Reference

Receiver Function
Moho

Chen et al., 2015; He et al., 2014; Li et al., 2014; Murodov et al.,
2018; Pan and Niu, 2011; Tian et al., 2015; Wang et al., 2017; Xu
etal., 2018; Yue et al., 2012; Zhang et al., 2014; Zheng et al., 2015

Reflection/refraction
Reference
profiles
INDEPTH _III Mechie et al., 2012
INDEPTH_IV Karplus et al., 2011

Yadong-Dangxiong

Institute of Geophysics and Academia Sinica, 1981;
Teng et al., 1983a

Peigutso—Pumoyongtso

Teng et al., 1983b; Zhang et al., 2002; Zhang and Klemperer,
2010

Selintso—Yaanduo

Liu et al., 1990; Zhang et al. 2001

Cuogin—Sangehu

Xiong and Liu, 1997

Cuogin—Zhangmu

Zheng et al., 2004

LT-TH

Wang et al., 2021

Daichaidan-Baicheng

Zhao et al., 2006

Xiji-Zhongwei

Lietal., 2001

Lingtai-Amuquhu

Min et al., 1991

Menyuan-Weinan

Zhang et al., 1985

Chengxian-Xiji

Lietal., 1991

Altyn—Altai

Wang et al., 2005; Wang et al., 2013

Tuotuohe—Golmud

Lu and Wang, 1990; Li et al., 2003

Golmud-FEjinaqi

Cui et al., 1995

Magqin—Jingbian

Liet al., 2002; Liu et al., 2006

Yushu—Gonghe

Galve et al., 2002; Jiang et al., 2006

Markang—Gulang

Zhang et al., 2008

Moba-Guide

Zhang et al., 2011

Hezuo-Jingtai

Zhang et al., 2013

Geermu-Huahaizi

Zhao et al., 2013
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Ordos-Liupanshan

Lietal., 2017

Nanggian-Huashixia

Zhang et al., 2014

Xigu-Yulin Wang et al., 2018
Fuping-Alax Wang et al., 2018
Chongqing-Yulin Teng et al., 2014
Longnan-Shiyan Lietal., 2015

Maduo-Yabulai Jia et al., 2019

Zhubalong—Zizhong Wang et al., 2007
Tangke—Benzilan Wang et al., 2007

Aba-Suining

Jia et al., 2014; Zhang et al., 2017

Jinchuan-Leshan

Wang et al., 2015a

Lijiang—Zhehai

Xiong et al., 1993

Lijiang-Qingzhen

Xu et al., 2015

Zhongdian-Simao

Zhang et al., 2006

Zhefang-Binchuan

Hu et al., 1986; Zhang et al., 2005a

Menglian-Malong

Hu et al., 1986; Zhang et al., 2005b

Eryuan-Jiangchuan

Hu et al., 1986; Zhang et al., 2007

Changheba-Lazha

Cuietal., 1987

Lijiang-Xinzhen

Cui et al., 1987

Xichang-Mouding

Yin and Xiong, 1992

Dima-Lushui

Wang et al., 2015b

Yunxian-Ningliang

Chen et al., 2016

Three Gorges

Zhang et al., 2009

MANAS

Makarov et al., 2010

Quanshuigou-Dushanzi | Li et al., 2001
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Table 3. Sensitivity analysis of input parameters in the modeling

Input model parameter for the final results (Fig. 5a)

Modeling results averaged for the entire

study region

Reference Reference
Reference . .
. mantle in lithosphere Calculated
crustal in situ . Reference . . .
. situ thickness, km lithosphere Predicted heat flow,
density, . Moho )
3 density, thermal mwW/m
kg/cm 3 depth, km .
(x 10%) kg/cm thickness, km
(x 10%)
2.75* 3.27* 36** 150%*** 166 5Q****
. - .
Tegii] FEETETES DRI Correspondmg results (ar_wd change (in %) Supportlng
with respect to the final results) figures
2.85 30 173 (+4%) 52 (-4%) Figure S4
2.70 40 152 (-8%) 56 (+11%) Figure S5
2.80 3.20 153 (-7%) 55 (+10%) Figure S6
38 153 (-7%) 55 (+10%) Figure S7
100 123 (-26%) 60 (+20%) Figure S8

* Determined from the regional best-fit in Figure 3a for Airy-type isostasy, see section 5.2 for details.

** Moho depth at zero topography (Figure 3a)

*#* Assumed for locations with AT=0 km in Fig. 4, see section 5.3 for details.
##%% Method cannot constrain values >120 mW/m? (Artemieva, 2019b, 2022).
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Table 4. Topography, depths to the Moho (Fig. 2b) and to thermal LAB (Fig. 5a), and relative fractional thickness of the crust in the total

lithospheric column for different tectonic blocks of Tibet (the North Tibet Anomaly is excluded).

Topography (km) Moho depth (km) LAB depth* (km) Percent of crust (%)

Mean c Mean c Mean c Mean c
Lhasa Block 4.78 0.64 65 6 189 29 35 5
W-Qiangtang Block 4.83 0.72 59 5 134 28 46 12
E-Qiangtang Block 4.87 0.47 66 3 198 17 34 3
W-Songpan-Ganzi Block 4.34 0.57 58 6 163 39 38 9
E-Songpan-Ganzi Block 2.03 0.61 48 4 163 23 30 6
Qaidam Block 1.22 0.40 43 4 172 33 26 3
W-Eastern Kunlun Block 4.49 0.35 53 3 129 29 43 10
E-Eastern Kunlun Block 3.13 0.44 52 5 162 32 33 6
W-Qinlian Block 3.81 0.48 54 3 154 29 37 8
E-Qinlian Block 2.17 0.40 49 4 172 18 28 3
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E- eastern part; W- western part; the western and eastern parts of the Qiangtang and Songpan-Ganzi Blocks are respectively west of and east of
the North Tibet Anomaly, which is not considered here.
* Lithosphere thermal thickness (LAB depth) is defined as the depth where the geotherm reaches a potential temperature of 1300 °C.
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