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Intraplate strain generally focuses in discrete zones, but despite the profound impact of this partitioning 
on global tectonics, geodynamics, and seismic hazard, the processes by which deformation becomes 
localized are not well understood. Such heterogeneous intraplate strain is exemplified in central Asia, 
where the Indo-Eurasian collision has caused widespread deformation while the Tarim block has 
experienced minimal Cenozoic shortening. The apparent stability of Tarim may arise either because 
strain is dominantly accommodated by pre-existing faults in the continental suture zones that bound it—
essentially discretizing Eurasia into microplates—or because the lithospheric-scale strength (i.e., viscosity) 
of the Tarim block is greater than its surroundings. Here, we jointly analyze seismic velocity, gravity, 
topography, and temperature to develop a 3-D density model of the crust and upper mantle in this region. 
The Tarim crust is characterized by high density, vs , v p , and v p/vs , consistent with a dominantly mafic 
composition and with the presence of an oceanic plateau beneath Tarim. Low-density but high-velocity 
mantle lithosphere beneath southern (southwestern) Tarim underlies a suite of Permian plume-related 
mafic intrusions and A-type granites sourced in previously depleted mantle lithosphere; we posit that this 
region was further depleted, dehydrated, and strengthened by Permian plume magmatism. The actively 
deforming western and southern margins of Tarim—the Tien Shan, Kunlun Shan, and Altyn Tagh fault—
are underlain by buoyant upper mantle with low velocity; we hypothesize that this material has been 
hydrated by mantle-derived fluids that have preferentially migrated along Paleozoic continental sutures. 
Such hydrous material should be weak, and herein strain focuses there because of lithospheric-scale 
variations in rheology rather than the pre-existence of faults in the brittle crust. Thus this world-class 
example of strain partitioning arises not simply from the pre-existence of brittle faults but from the 
thermo-chemical and therefore rheological variations inherited from prior tectonism.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

How and why intraplate strain becomes focused in discrete 
zones is a first-order problem in geodynamics, and the mélange 
of lithospheric fragments that constitute central Asia provide one 
of the best examples in the world of such strain partitioning. In-
dividual terranes separated by Paleozoic continental suture zones 
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exhibit disparate rates and styles of deformation, with the Tarim 
block in particular apparently remaining stable and essentially un-
deformed amidst widespread tectonism.

Having previously been attached to the Rodinian superconti-
nent, Tarim was an isolated block of multiply deformed Archean 
lithosphere until Paleozoic collisions with the Qaidam terrane on 
its southern margin and then the Yili block on its northern mar-
gin (Zhang et al., 2013). Boreholes and seismic reflection pro-
files reveal that these accretionary events created up to ∼5 km 
of throw on fault-cored anticlines in north-central Tarim (Liu et 
al., 2016). Shortly thereafter (early Permian), a mantle plume im-
pinged upon the base of the lithosphere beneath Tarim, melt-
ing already refractory mantle lithosphere and emplacing mafic–
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Fig. 1. (a) Topography (Etopo1, www.ngdc.noaa.goc/mgg/global/global.html) and (b) 
Bouguer gravity (EGM2008, Pavlis et al., 2012) in the Tarim block and surrounding 
regions. The red lines indicate the faults; the solid brown lines in Tibet indicate 
the tectonic boundaries. The dotted brown contour indicates the region of Permian 
basalt; the black solid contour indicates the region of Bachu. The black box indicates 
our study region. ATF: Altyn Tagh Fault. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

ultramafic intrusions and A-type granites over 250,000 km2 in 
the southern and western parts of the block (Zhang et al., 2013;
Xu et al., 2014) (Fig. 1).

The Cenozoic collision of India with Eurasia has reactivated de-
formation in the Kunlun Shan to the southwest of the Tarim block, 
the Tibetan Plateau to the south, the Altyn Tagh fault to the south-
east, and the Tien Shan to the north. Yet Tarim is characterized 
by low heat flow (Feng et al., 2009), few earthquakes (Teng et al., 
2014), and little Cenozoic deformation (e.g., Guo et al., 2005) in 
its interior. As such, deformation in central Asia resembles a kine-
matic block model in which slip is mostly confined to the fault 
zones that separate a number of discrete, stable microplates (e.g., 
Tapponnier and Molnar, 1976). Hypothesized causes of this parti-
tioned strain can be broadly categorized as those that suggest that 
the pre-existence and frictional properties of faults decouple dis-
tinct terranes (e.g., Tapponnier et al., 2001) or those that invoke 
anomalous strength of the Tarim lithosphere as a whole (e.g., Neil 
and Houseman, 1997; Calignano et al., 2015). Insofar as weakness 
is most often ascribed to faults in the brittle crust but strength 
is ascribed to a high-viscosity mantle, these two classes of hy-
potheses implicitly make predictions and/or assumptions about the 
relative importance of the brittle and ductile regimes to intraplate 
seismicity. Nevertheless, up to 15 km of Paleozoic–Cenozoic sedi-
ments (e.g., Guo et al., 2005) obscure the geologic and geodynamic 
underpinnings of Tarim’s apparent stability, complicating efforts to 
distinguish between the two classes of hypotheses.

The first class of models offers a relatively simple explana-
tion for the lack of deformation in the Tarim block: Strain focuses 
on pre-existing faults in the continental suture zones that bound 
this once-isolated terrane, and little stress is transmitted across 
them into the interior of Tarim block. Indeed, Neogene-ongoing 
reactivation of the Tien Shan (Hendrix et al., 1994) exploits the 
faults inherited from Paleozoic accretion, with Tarim again un-
derthrusting beneath the range (e.g., Windley et al., 1990). Simi-
larly, the modern Altyn Tagh fault occupies the boundary between 
Tarim and the Qaidam block (Yin et al., 2002) and remains a pro-
found lithospheric-scale feature, focusing sinistral shear in a zone 
less than 40 km wide (Wittlinger et al., 1998). Despite explain-
ing the Cenozoic stability of Tarim, such models generally require 
slip rates higher than those observed geodetically (e.g., Bendick et 
al., 2000) or geomorphologically (e.g., Cowgill et al., 2009). They 
also do not explain why the reverse faults active in the Paleo-
zoic in central Tarim are now quiescent (e.g., Guo et al., 2005;
Liu et al., 2016), and do not easily unify crustal deformation, to-
pographic growth, and geodynamic evolution (e.g., England and 
McKenzie, 1982).

If instead the Tarim block remains stable because it is stronger 
than its surroundings, a mechanism for this strength must be iden-
tified. Proposed causes of such cratonization generally call upon an 
oceanic affinity of the Tarim lithosphere, either a remnant oceanic 
basin (Hsü, 1988) or a trapped Precambrian oceanic plateau (Kusky 
and Mooney, 2015) similar in geophysical character to that be-
neath the Caspian Sea (e.g., Sengor, 1979). Indeed there is seis-
mic evidence for lithosphere thicker than 160 km beneath Tarim 
(e.g., Bao et al., 2015), which is more characteristic of oceanic 
plateaus—with crustal thicknesses of 30–40 km and sub-crustal 
lithospheric thicknesses exceeding 100 km—than of trapped ocean 
basins, which would have significantly thinner crustal and mantle 
lithosphere (e.g., Kusky and Mooney, 2015). Nevertheless, a deep 
drill-core sample of Neoproterozoic diorite beneath central Tarim 
is unusual for oceanic crust (Guo et al., 2005), although dioritic to 
tonalitic rocks are known from several oceanic plateaus (Kusky and 
Mooney, 2015). Additionally, widespread Paleozoic unconformities 
within the Tarim block (Liu et al., 2016) suggest that the Ceno-
zoic stability of the Tarim block cannot be ascribed to lithospheric 
strength inherited from prior to the latest Paleozoic.

Alternatively, processes since the late Paleozoic may have led 
to cratonization in at least some parts of the Tarim block. Specif-
ically, the high-temperature extraction of melts from the mantle 
lithosphere that is documented in the voluminous plume-related 
Permian intrusions (Zhang et al., 2013; Xu et al., 2014) in southern 
and western Tarim (Fig. 1) may have removed hydrous, alumi-
nous, and iron-rich phases, leaving behind a residue with increased 
modal Mg and olivine but decreased garnet and clinopyroxene and 
therefore decreased density (e.g., Schutt and Lesher, 2010) and in-
creased viscosity (e.g., Lee et al., 2001).

These three possibilities—that Tarim is not underlain by mate-
rial with anomalous strength and therefore stability results from 
decoupling of discrete terranes by faults in the continental sutures 
zones that bound it; that Tarim overlies ancient, thick, mafic–
intermediate lithosphere; and that the lower mantle has been de-
pleted and dehydrated by plume magmatism specifically beneath 
the known extent of Permian intrusions—imply different predic-
tions about the velocity and density structure of the crust and up-
per mantle beneath the basin relative to its surroundings. Broadly 
homogeneous mantle lithosphere is most consistent with domi-
nant control by pre-existing faults in the brittle regime. A thick, 
ancient thermal root would have high velocity and high density. 
Finally, cold and depleted mantle lithosphere should have high ve-
locity in accordance with its temperature but comparatively lower 
density because of its compositional buoyancy.

To this end, we combine the S-velocity model of Bao et al.
(2015), the crustal thermal model of Sun et al. (2013), gravity, and 
topography to develop a 3D density model of the crust and upper 
mantle (to 200 km depth) beneath the Tarim block and its sur-
roundings. In turn, we discuss the rheologic variations suggested 
by this structure and explore their implications for the origin of 
the Tarim block and for regional seismotectonics.

http://www.ngdc.noaa.goc/mgg/global/global.html
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Fig. 2. Initial density variations estimated from seismic velocity and temperature (the mean is removed from each layer for ease of comparison) at 0–5 km, 10–15 km, 
30–40 km, 50–60 km, 85–100 km, 160–180 km depth. (For interpretation of the colors in this figure, the reader is referred to the web version of this article.)
2. Density modeling

Gravity anomalies are often used to investigate lithospheric 
density, but solutions derived from gravity alone are inherently 
non-unique. Complementary constraints on the density structure 
such as flexurally modulated topography and supplemental con-
straints such as seismic velocity, however, allow for the genera-
tion of more robust density models (e.g., Sheehan and Solomon, 
1991). We derive a 3D starting model of crustal and upper man-
tle density (Fig. 2) from the seismic velocity of Bao et al. (2015), 
who combined ambient noise and earthquake data by measuring 
more than 700,000 dispersion curves to generate group and phase 
velocity maps at periods of 10–140 s. Nevertheless, because of 
the remoteness and scarcity of seismic stations within the Tarim 
basin, Bao et al. report lateral resolution of only ∼200 km in parts 
of our study area. Both in order to improve this resolution (e.g., 
Maceira and Ammon, 2009) and to explore the longer-wavelength 
relationship between velocity and density, which has implications 
for lithospheric rheology, we then employ the random-walk algo-
rithm of Levandowski et al. (2015) to iteratively refine this density 
model until it simultaneously reproduces gravity and topography 
to within 10 mGal and 100 m. In contrast to previous studies that 
generate only one density model (e.g., from gravity; Deng et al., 
2014), this method is capable of finding thousands of plausible 
solutions, embracing the non-uniqueness of the problem while si-
multaneously satisfying multiple complementary observables.
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2.1. The initial density model and sources of systematic error

2.1.1. Crustal density
An initial estimate of crustal density (Fig. 2) is derived from the 

seismic velocities reported by Bao et al. (2015) using the velocity-
density scaling (Brocher, 2005):

ρ = 1.6612 · v p − 0.4721 · v2
p + 0.0671 · v3

p − 0.0043 · v4
p

+ 0.000106 · v5
p (1)

We initially assume a constant v p/vs ratio of 1.78. This relation-
ship is well suited to intermediate compositions but broadly has 
the bias to overestimate the density of felsic rocks and underesti-
mate the density of mafic material (e.g., Levandowski et al., 2014).

Nevertheless, velocity and density are both sensitive to temper-
ature as well as to composition. Considering crustal material with 
a density of 2847 kg/m3, vs of 3.6 km/s, v p/vs of 1.78, coefficient 
of thermal expansion of 2.5 × 10−5/◦C, and ∂v p/∂T of 0.5 m/s per 
◦C (Christensen and Mooney, 1995), a 100 ◦C temperature increase 
would decrease density by 7 kg/m3 and velocity by 0.03 km/s. By 
contrast, a similar velocity decrease due to composition is modeled 
as a 13 kg/m3 density decrease (eq. (1)). That is, increasing tem-
perature leads to a density underestimate of 6 kg/m3 per 100 ◦C 
(0.06 kg/m3 per 1 ◦C). Therefore, hot material is denser than pre-
dicted by eq. (1), and cold material is less dense than predicted.

Consequently, after scaling crustal velocity to density using 
eq. (1), the estimated density is corrected for departures from an 
arbitrary reference crustal geotherm—15 ◦C/km (Levandowski et al., 
2015)—using the temperature model (T ) of the crust from Sun et 
al. (2013), who joined the 3D steady-state heat transfer equations 
with borehole heat flow data.

Hence the temperature anomaly relative to our arbitrary refer-
ence geotherm is:

�T (x, y, z) = T (x, y, z) − Tref (z)

= T (x, y, z) − 22.6 · (z + Elevation(x, y)), (2)

where z is the depth below sea level. The attendant density cor-
rection is

ρ(x, y, z) = ρ0(x, y, z) + 0.06 · �T (x, y, z) (3)

Melt also strongly affects velocity. The presence of 1% partial 
melt only decreases bulk density by 0.12% (Humphreys and Dueker, 
1994) but vs by 7.9% (Hammond and Humphreys, 2000). From 
eq. (1), the presence of 1% partial melt would cause us to under-
estimate density by some 120 kg/m3.

2.1.2. Mantle density
Mantle densities and velocities also vary laterally as functions 

of temperature and composition, but it is difficult to disentan-
gle their relative contributions from tomographic images alone 
(Mooney and Kaban, 2010). Therefore, we will first assume that 
the mantle is isochemical and that all lateral velocity variations 
reflect temperature variations (this assumption will subsequently 
be relaxed). We use published estimates of bulk and shear mod-
uli and their pressure- and temperature-derivatives along with 
temperature-dependent thermal expansivities for olivine, garnet, 
spinel, orthopyroxene, and clinopyroxene to estimate elastic S-
velocity as a function of temperature. Then, we account for anelas-
tic reductions of velocity by calculating the Laplace transform of 
the temperature-, pressure-, and seismic-period-dependent creep 
function (See more details in Levandowski et al., 2015).

Across a wide range of mineralogies (r2 > 0.9), the density vari-
ations relative to a reference (assumed to be the solidus) at which 
density = ρ0 and velocity = v0 are given by
�ρ = �vs ×
(

7.3 − z

100 km
+ �vs

4

)
; �vs ≤ 6% (4a)

�ρ = �vs ×
(

8.8 − z

100 km
− 7(�vs − 6)

40

)
; �vs ≥ 6% (4b)

Here, �vs is the anomaly (in %) relative to v0, which we assume 
to be 4.5 km/s (Sato et al., 1989 and therein).

�vs = 100 ∗ (vs − v0)/v0 (4c)

Since the reference is meant to be the solidus (i.e., assum-
ing that the adiabatic temperature in the asthenosphere is quite 
near the solidus), velocities below v0 may reflect increasing melt 
content, which does not affect density. Therefore, there is a final 
implicit segment of the piecewise-continuous velocity-density re-
lationship:

�ρ = 0; �vs ≤ 0% (4d)

This velocity-density scaling ignores compositional variations, the 
most important of which is likely to be differences between fertile 
and depleted upper mantle (e.g., Godey et al., 2004). Specifically, 
extraction of melt preferentially removes iron, volatiles, and alu-
minous phases such as garnet and spinel, leaving behind a dry 
residue enriched in olivine and magnesium. Empirical correlations 
among Mg# (Mg# == [Mg]/[Mg + Fe]), seismic velocity, and den-
sity suggest that a unit increase in Mg# correlates with a ∼0.4% 
(∼13 kg/m3) decrease in density and a ∼0.25% (∼0.01 km/s) in-
crease in velocity (Schutt and Lesher, 2010). Since the latter would 
be modeled as a 2 kg/m3 increase in density, a unit increase in 
Mg# leads to a density overestimate of 15 kg/m3 using eqs. (4).

Similarly, the introduction of water into peridotite lowers ve-
locity but drastically lowers density (Christensen, 2004). A den-
sity decrease of 0.5% (∼16 kg/m3) accompanies each 1% de-
crease in velocity. The decrease in density associated with 1% 
hydration-induced slowing is twice as great as the density de-
crease associated with 1% heating-induced slowing (Christensen, 
2004; Levandowski et al., 2015). Therefore, scaling seismic velocity 
to density under the assumption that mantle wavespeed-variations 
solely reflect lateral temperature heterogeneity should lead to un-
derpredicted elevations in areas of hydrous mantle lithosphere. 
Although the seismic model of Bao et al. (2015) has a lateral 
resolution of only 200 km in some parts of our study area, we 
note that mantle temperature variations are generally of similar 
or greater lengthscales. Thus, both seismic velocity itself and the 
input seismic velocity model should be sensitive to mantle tem-
perature, but either or both may be blind to mantle compositional 
variations.

2.2. Refining the density model

The initial density model predicts local isostatic topography, 
E (Lachenbruch and Morgan, 1990):

E = H − H0; H =
za∫

0

ρa − ρ (z)

ρa
dz. (5)

H0 is a correction term of 2.4 km to achieve isostatic equilibrium 
with an asthenospheric column (water-stripped mid-ocean ridges).

Lithospheric flexural strength modulates local buoyancy. Convo-
lution of E with the flexural filter of the lithosphere, F , accounts 
for such flexural smoothing and yields the smoothed surface ele-
vation field εpredicted that is predicted by the 3D density model:

εpredicted = E · F . (6)

F is a system of zero-order Kelvin–Bessel functions (Watts, 
2001, equations (3.54)–(3.55)). We estimate the elastic thickness 
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Fig. 3. Residual topography and gravity attendant to the initial, seismically derived model. Negative residual topography (warm colors) denotes regions in which the densities 
estimated from seismic velocity and temperature are too high: the Kunlun Shan and western Tien Shan. Negative residual gravity denotes regions in which the initial densities 
are too low. Note, for example, the ∼100 km-wide anomaly coincident with the Altyn Tagh Fault. Features of this scale are below the resolution of the seismic velocity model 
and therefore may reflect sharp boundaries in crustal structure that are smeared horizontally in the starting model rather than locally anomalous lithologies (compare the 
smooth crustal structure in Fig. 2 and the sharp gravity gradient shown in Fig. 1b). (For interpretation of the colors in this figure, the reader is referred to the web version 
of this article.)
in two-dimensions across the region by the multitaper spectral es-
timation method (Pérez-Gussinyé et al., 2004).

Similarly, the convolution of observed surface elevations with 
F produces a smoothed elevation field, εobserved . For the estimated 
lithospheric density structure to be plausible, εpredicted must match 
εobserved within some tolerance (again, we choose 0.1 km).

Our gravity calculations are quite similar to the approach of 
Maceira and Ammon (2009), with two exceptions. First, our grid 
is laterally uniform–comprising 31 × 31 km horizontal grids (ver-
tical dimensions of 5–10 km in the crust and 10–20 km in the 
mantle)–rather than 1◦ × 1◦ . Second, our gravity kernel at a given 
surface node considers the effects of all cells in the model (as op-
posed to only considering cells within a certain radius). Following 
Bao et al., we assign the 4.0 km/s iso-velocity contour as the Moho. 
Because our parameterization features 10 km-thick layers in the 
lower crust and upper mantle, however, we find in sensitivity tests 
(not shown) that minor changes in this value do not strongly affect 
our results apart from moving the predicted elevation all across 
the study area up or down.

The gravity and topography predicted by the initial density 
model are imperfect matches to observations. The residual topog-
raphy (Hr ) and gravity (Gr ) highlight these discrepancies (Fig. 3):

Gr = Gpredicted − Gobserved; Hr = εpredicted − εobserved (7)

Refining the density model to reconcile these residuals can pro-
duce acceptable estimates of the density of Tarim and its surround-
ings. To do so, we employ the random-walk Monte Carlo algorithm 
of Levandowski et al. (2015), which iteratively refines the 3D start-
ing model until gravity and flexurally modulated topography are 
simultaneously reproduced to within 10 mGal and 100 m at all 
points in the study area. At short wavelengths, these adjustments 
may simply represent features below the resolution of the sur-
face wave model (e.g., Maceira and Ammon, 2009). More spatially 
extensive adjustments (Fig. 4) plausibly reflect compositional vari-
ations in the mantle lithosphere and anomalous v p/vs ratios in 
the crust (e.g., the density of mafic material is systematically un-
derestimated by such a starting model).

Because gravity and topography are inherently non-unique 
functions of the 3-D density structure, we conduct 1000 Monte 
Carlo simulations–beginning from the density model derived from 
the velocities of Bao et al. and equations (1)–(4) and stochasti-
cally adjusting it until gravity and topography are reproduced to 
within 10 mGal and 100 m at all points in the study area, ulti-
mately creating a 1000-member posterior distribution of plausible 
3-D density structures. We discuss the mean across those 1000 
plausible densities at any given point (Fig. 5). Because of the large 
number of models, the uncertainty of that mean value is univer-
sally small (Levandowski et al., 2015). One synthetic test is shown 
in the supplement to assess the method used in this region.

3. Results

3.1. Tarim

The Tarim basin hosts sediments and metasedimentary rocks to 
depths of 5–15 km (Guo et al., 2005; Liu et al., 2016), and both vs
and density at 0–5 km reflect this material (Figs. 2a, 5a). Yet be-
neath the Bachu Uplift, where the sedimentary cover is thinnest 
(Yang and Liu, 2002), we image denser material than anywhere 
else in the basin (Fig. 5b). This material is not captured in the 
seismic velocity model (Fig. 2b), likely because of its small lateral 
dimension, so its appearance in the density highlights the effec-
tiveness of considering gravity and topography in imaging crustal 
structure. This result is similar to the finding of Maceira and Am-
mon (2009) that joint inversion of gravity and surface wave dis-
persion for shear-velocities improves resolution of shallow velocity
structure.

Dense lower crust appears from 20–40 km beneath Tarim, and 
the highest densities coincide closely with the extent of Permian 
magmatism (Figs. 2c, 5c). This material is slightly denser than es-
timated from seismic velocity alone, also consistent with the ele-
vated v p/vs expected with an abundance of mafic material (e.g., 
Levandowski et al., 2015).

High-density mantle bounds Tarim to the north from 60 to 
200 km depth (Figs. 2e–f, 5e–f). This body manifests in both seis-
mic velocity and density, and it dips steeply northward (Fig. 6), 
consistent with previous seismological evidence that the Tarim 
lithosphere was partially subducted beneath the Tien Shan in 
the Paleozoic (Windley et al., 1990) and/or is currently under-
thrusting the range (e.g., Vinnik et al., 2006; Lei and Zhao, 2007;
Li et al., 2009).

By stark contrast, the mantle lithosphere beneath southern 
(southwestern) Tarim is less dense than the relatively high ve-
locity suggests (Figs. 4e–f) and achieves buoyancy similar to the 
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Fig. 4. Density adjustments required to reproduce gravity and topography, relative to the density model shown in Fig. 2. (For interpretation of the colors in this figure, the 
reader is referred to the web version of this article.)
upper mantle beneath the tectonically active Kunlun Shan and Tien 
Shan (Figs. 5e–f, 6). This anomaly appears as a linear, NW-SE band 
that partly underlies the extent of Permian magmatism (Figs. 4e–f, 
5e–f, 6), supporting the hypothesis that the mantle lithosphere was 
melt-depleted by a mantle plume.

3.2. The Tien Shan

The Tien Shan is variably underthrust by the northern margin 
of the Tarim block, and the overriding mantle has low velocity 
(Figs. 2e–f). Yet especially at the boundary between Tarim and 
the Yili block (western Tien Shan), this upper mantle material is 
less dense than predicted by eq. (4) (Figs. 4e–f, 6). Although litho-
spheric thinning (and replacement by asthenosphere) would cause 
a higher temperature and thus lower velocity, this couldn’t ex-
plain the negative density adjustment (e.g., Lee et al., 2001; Schutt 
and Lesher, 2010). We therefore suggest that this buoyant material 
is intact mantle lithosphere with a source of chemical (i.e., non-
thermal) buoyancy.

One possibility is that the plume responsible for Permian vol-
canism spread along the base of the thick Tarim lithosphere until 
it reached the margins of the craton, where it caused the mantle 
lithosphere melted further, incorporating fractions of the adjacent 
lithosphere. As such, this buoyant material on the flanks of the 
Tarim block may be melt-depleted mantle lithosphere. However, 
melt-depleted and therefore higher-viscosity mantle beneath the 
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Fig. 5. Final density model averaged over the 1000 simulations. The mean has been removed from each layer. Cross sections (A–A′, B–B′) are shown in Fig. 6f. (For interpre-
tation of the colors in this figure, the reader is referred to the web version of this article.)
Tien Shan would be more resistant to deformation than its sur-
roundings, so the observed focusing of strain in these zones would 
be even more puzzling. Furthermore, the occurrence of Permian 
basalts over a region extending more than 1000 km across the 
Tarim basin (rather than sequestered along its edges) is at odds 
with this hypothesized edge-driven convection.

Alternatively, an influx of fluid from the subducting Tarim 
lithosphere could generate paragasite/antigorite in the uppermost 
mantle, and amphibole and phlogopite at greater depths. Such 
hydration-induced retrogression decreases velocity but drastically 
decreases density: approximately 16 kg/m3 for each corresponding 
1% velocity reduction (e.g., Christensen, 2004; Hacker and Abers, 
2004), roughly twice the slope given by eq. (4) (∼7 kg/m3 per 1% 
vs perturbation). Since we find that the density of this material is 
indeed less than we initially estimated with eq. (4), the anomalous 
upper mantle beneath the Tarim–Tien Shan boundary most plausi-
bly reflects preferential migration of fluids along the lithospheric-
scale fracture network where the Yili block abuts Tarim above the 
subducting material.

The crust of the Tien Shan is thicker than its surroundings (e.g., 
Bao et al., 2015), and this buoyancy is manifest in low densities 
from 50–60 km (Fig. 5d). Additionally, a negative velocity gradient 
in the upper crust (vs at 15 km is greater than at 30 km) resem-
bles the signature of melt in the mid-crust, but the fact that the 
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Fig. 6. Cross sections through the mean final density model. Locations are shown on Fig. 5. The lines at 60 km are used to divide the density anomaly into two parts with 
different color-scales (−100 ∼ +100 kg/m3 for the upper part, −40 ∼ +40 kg/m3 for the lower part). The dotted gray lines in the lower panels indicate Moho depth. (For 
interpretation of the colors in this figure, the reader is referred to the web version of this article.)
modeled density in this depth range is less than the starting value 
(Fig. 2c) indicates low v p/vs , which is inconsistent with the pres-
ence of partial melt.

Instead, two possible explanations for this feature are negative 
anisotropy and felsic rocks in the middle-lower crust. Xie et al.
(2013) report ∼3% negative radial anisotropy (vsv > vsh) in the 
mid-crust of the Longmenshan region; if steeply dipping foliation 
is similarly present in the mid to lower crust beneath the Tien 
Shan, it would lead to an overestimate of the isotropic vs and 
thus of density. Alternatively, an imbricate wedge of felsic mate-
rial could explain the negative velocity gradient, low density, and 
low v p/vs inferred in the middle-lower crust of the Tien Shan. We 
cannot distinguish between these two possibilities with the data 
and models at hand.

3.3. The Pamir and Kunlun Shan

Similar to the Tien Shan, the Pamir and Kunlun Shan overlie 
buoyant upper mantle (Figs. 5e–f), and again this feature coincides 
with the juxtaposition of two distinct lithospheric blocks. Notably, 
the mantle beneath the Kunlun Shan is more buoyant than be-
neath topographically higher Tibet, farther south. Indeed, despite 
heterogeneous velocities, a nearly continuous band of buoyant up-
per mantle rings the western and southern margins of Tarim from 
the western Tien Shan to the Qaidam basin (i.e., the Altyn Tagh 
fault). This ring is generally less than 200 km-wide and so may 
not have been imaged seismically. Nevertheless, it is improbably 
narrow for a thermal anomaly (the densities imaged would re-
quire a +300 ◦C anomaly), and therefore—as discussed above—we 
favor the interpretation that fluids from material subducted during 
continental suturing have preferentially migrated along these su-
ture zones, causing hydration-induced retrograde metamorphism 
and attendant density loss.

Unlike the upper mantle, the crust beneath the Kunlun Shan is 
not anomalous compared with the rest of the region to the south 
(Figs. 5a–d). Although a narrow band of crust along the southern 
margin of Tarim is denser than the seismic velocity indicates, Bao 
et al. (2015) report lateral resolution of only 200 km in western 
China. Consequently, the starting model contains a smooth tran-
sition across these boundaries (Fig. 2), but the adjustments to this 
starting model (Fig. 4) generally serve to remove this gradient such 
that a sharp boundary is recovered (Fig. 5).

3.4. The Altyn Tagh Fault

Because features with lateral extent less than ∼200 km are not 
well resolved by the seismic velocity model (Bao et al., 2015), the 
border between Tarim and Tibet is a smooth transition in our ini-
tial model (Fig. 2), inconsistent with the known juxtaposition of 
distinct terranes (e.g., Kao et al., 2001) and the structural hetero-
geneity seen in more focused seismic studies (e.g., Wittlinger et 
al., 1998). However, the smooth transition in the seismic veloc-
ity model is almost entirely erased by the density refinements, 
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exemplifying the utility of joint consideration of continental-scale 
seismic models, gravity, and topography.

In the final density models, the upper mantle beneath the Altyn 
Tagh Fault is anomalously buoyant (similar to the low velocities re-
ported by Wittlinger et al., 1998), marking the eastern extent of 
the buoyant material bounding west and south Tarim that we pro-
pose to be lithosphere hydrated by mantle-derived fluids that have 
preferentially migrated along lithospheric-scale fracture zones.

In addition to the steep topographic gradient across the fault 
(Fig. 1a), it juxtaposes sedimentary fill of the Tarim basin with 
bedrock of northern Tibet (Figs. 5, 6) and the thickened crust in 
Tibet from upper mantle beneath Tarim (Figs. 5, 6). Given the low 
resolution of the starting crustal models, we cannot at present 
discriminate between the possibilities that the positive density ad-
justment simply recovers the juxtaposition of discrete terranes or 
that it reflects focused partial melt in the crust (e.g., Wittlinger et 
al., 1998) that has a similar density to the material to the south.

4. Discussion

4.1. Origin of anomalous upper mantle

The two most compelling and novel features of our model are 
in the upper mantle: the nearly continuous ring of low-density but 
variable-velocity mantle along the western and southern margins 
of Tarim (the western Tien Shan, Pamir, Kunlun Shan, and Altyn 
Tagh Fault) and the linear trend of low density focused beneath 
the Bachu uplift in southern (southwestern) Tarim.

Although melt-depletion driven by the Permian plume would 
leave behind a buoyant residue along the craton margins, this ma-
terial would be stronger rather than weaker than its surroundings, 
at odds with the Cenozoic focusing of deformation along the mar-
gins of the Tarim block. More condemningly, Permian basalts occur 
over a region more than 1000 km long that cuts across the Tarim 
block rather than being focused along its edges. Therefore, we fa-
vor the interpretation that the lithospheric suture zones between 
Tarim and adjacent terranes serve as efficient conduits for mantle-
derived fluids such as subduction-related volatiles (as also posited 
by Luo et al., 2001). Since hydration decreases viscosity (Guillot et 
al., 2001), this material would be weaker than its surroundings and 
experience proportionally higher strain rates under Cenozoic com-
pression. Another possibility is the localized high temperature due 
to high shear stress (Wittlinger et al., 1998), which cannot be de-
tected from the used tomography model, but is highlighted in our 
refinements.

The NW-SE strip of buoyant upper mantle beneath south Tarim 
underlies the Permian basalts and specifically the Bachu Uplift. 
Because this magma was created by the melting of thick, refrac-
tory mantle lithosphere by a mantle plume (Zhang et al., 2013;
Xu et al., 2014), we hypothesize that the linear trend of low-
density mantle is the result of plume-lithosphere interaction and 
reflects melt-depletion: decrease in garnet and clinopyroxene, and 
increase in #Mg. Such a residue would then have lower density but 
higher viscosity than the rest of Tarim and thus be more resistant 
to modern compression (e.g., Neil and Houseman, 1997).

This hypothesis unifies kinematic block models and contin-
uum deformation models. As in the former, lithospheric-scale fault 
zones—Paleozoic continental sutures—do absorb most deformation, 
shunting strain away from Tarim. Nevertheless, this partitioning 
is not merely due to the pre-existence of faults; thermochemical 
processes (we hypothesize hydration) during or subsequent to ac-
cretion have weakened these suture zones. In addition, cratoniza-
tion of south Tarim by Permian melt-depletion lends additional 
strength and allows far-field compressional stress to be transferred 
northward. Consistent with geodynamic modeling, lithospheric-
scale variations play an important role in the localization of faults 
in this region (Cook and Royden, 2008), and the apparent dis-
cretization of central Asia into individual microplates is a pre-
dictable consequence of lithospheric-scale variations in rheology 
and density rather than the result of inherited fault geometry 
alone.

4.2. A trapped oceanic plateau?

The original nature of the lithosphere beneath Tarim before 
it was melt-depleted during the Permian is in question, as dis-
cussed above. Archean mafic gneisses and TTG suites (tonalite, 
trondhjemite, granodiorite as well as granites) are exposed at the 
surface in NE and SW Tarim (Long et al., 2011), whereas a drill 
core intercepted dioritic gneisses (Guo et al., 2005). Based on the 
nature of the exposed rocks on the margin of the craton, most 
workers assume the whole block has similar attributes and is a 
“typical” Archean craton, but others such as Neil and Houseman
(1997) and Kusky and Mooney (2015) have suggested that it may 
be floored by oceanic plateau-type lithosphere at depth. Combin-
ing v p , vs , and geochronological information, Kusky and Mooney
(2015) proposed that the Ordos basin is floored by a trapped 
oceanic plateau. Deep seismic sounding profiles have been con-
ducted across the Tarim (Kunlun–Tarim profile, Li et al., 2001) and 
Ordos basins (Mandula–Yanchuan profile, Teng et al., 2010). The P-
wave velocities of the two sections are similar, about 6.2 km/s in 
the upper crust and 6.6 km/s in the lower crust, and there is a 
high-velocity zone at the base of lower crust. By contrast, both 
blocks have high reported Pn velocity (McNamara et al., 1997;
Xu et al., 2007). S-velocities (Bao et al., 2015) in these two basins 
show relatively slow upper crustal portions corresponding to the 
thick sedimentary basins but very fast velocities corresponding to 
cold rigid lithosphere extending deeper than 150 km. There are 
few earthquakes inside the Tarim and Ordos basins (Teng et al., 
2014), and the two basins have very low heat flow (Kusky and 
Mooney, 2015) and >40 km crustal thickness (Teng et al., 2014). 
These geophysical features not only support the hypothesis that 
the crystalline basement and upper mantle beneath these two cra-
tons are dominantly intermediate to mafic in composition but also 
suggest a similar origin for these two cratons.

The high-density lower crust and high v p/vs of the Tarim base-
ment is similar to oceanic crust and lithosphere, and the crust 
(with sedimentary section removed) is about 30 km thick, which 
is similar to other oceanic plateaus such as Ontong–Java (see re-
view by Kusky and Mooney, 2015). Additionally, the high-velocity 
mantle (thick sub-crustal mantle lithosphere, >100 km) is typi-
cal of oceanic plateaus (e.g., Mann and Taira, 2004; Kerr, 2014). 
Xenoliths in younger plutons show that the deep and old Archean 
rocks of the Tarim basin include gabbros that were derived from a 
metasomatized and depleted mantle reservoir (Zhang et al., 2012), 
then cut by potassic granites at 2.6–2.53 Ga, and metamorphosed 
at 1.85–1.80 Ga and 1.1–0.95 Ga (Zhang et al., 2012), events which 
would have significantly hydrated the oldest basement. Addition-
ally, the Permian basalts sampled a hydrous but refractory litho-
sphere (Wei et al., 2015). Thus, the Tarim block seems to have 
grown by a series of melt-depletion events from an originally 
mafic–ultramafic thick lithosphere, showing that progressive differ-
entiation of oceanic plateaus may be one way to form cratons (e.g., 
Kusky and Mooney, 2015). In general, it is thought that oceanic 
plateaus should have a refractory but anhydrous source, whereas 
continental flood basalts are derived from a hydrous but refrac-
tory source (e.g., Ernst, 2014). Although this may be true for ex-
tant oceanic plateaus that have not yet accreted and experienced 
subsequent melt-depletion and hydration events, the difference be-
comes blurred if cratons can form by multiple mechanisms, such 
as arc accretion and underplating of oceanic slabs (Kusky, 1993) or 
accretion of oceanic plateaus (e.g., Kusky and Kidd, 1992). The geo-
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physical evidence discussed above shows that the northern margin 
of Tarim is variably underthrusting beneath Tien Shan.

5. Conclusions

In order to understand the origin of the Tarim block’s stabil-
ity amidst widespread Cenozoic deformation, we have developed 
a 3-D image of lithospheric density in central Asia from seismic 
velocity, gravity, topography, and crustal thermal models. At the 
broadest scale, Tarim contrasts with the rest of the region in that 
it is underlain by a thick, cold, and mafic lithospheric root, the 
origin of which is most plausibly an oceanic plateau. Yet there 
are finer-scale variations in velocity and/or density from which 
rheologic/lithologic anomalies can be inferred, and these localized 
strong/weak zones also influence the style and spatial extent of 
deformation.

A nearly continuous band of low-density mantle lithosphere 
underlies the actively deforming western and southern margins of 
Tarim, including the western Tien Shan, Pamir, Kunlun Shan, and 
Altyn Tagh fault. We suggest that this buoyant material is the re-
sult of hydration by mantle-derived fluids that have preferentially 
migrated along these Paleozoic continental suture zones. Thus, we 
suggest that these zones are not simply more susceptible to defor-
mation than their surroundings because of the existence of faults 
but rather that thermochemical alterations from prior tectonism 
have reduced lithospheric viscosity.

In contrast to these weak zones, high-velocity but low-density 
upper mantle beneath the non-deforming southern (southwestern) 
Tarim underlies a region of Permian, plume-related basalts, from 
which we infer that the southern (southwestern) Tarim mantle 
lithosphere was further dehydrated and melt-depleted and thus its 
viscosity increased further. This strong region is capable of trans-
mitting stress from the ongoing Indo-Eurasian collision northward 
to where we image the less depleted, thermally dense North Tarim 
lithosphere subducting beneath the Tien Shan. As such, we ar-
gue that the apparent discretization of central Asia into separate 
microplates is the result of strain partitioning by lithospheric-
scale rheologic variations rather than the pre-existence or frictional 
properties of faults in the brittle crust.
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