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Abstract GPS measurements from sites within the Tibetan Plateau show not only east-southeast-west-
northwest extension but also, more importantly, horizontal dilation throughout the interior of the plateau.
Assuming conservation of volume, vertical (thinning) strain rates equal horizontal dilation rates, and they, 8.9
+0.8nanostraina' and 74+ 1.2 nanostraina~' in northern and southern Tibet, and 12.0+ 3.2 nanostraina™"
in its southwestern part, suggest no measureable difference. Principal extensional strain rates also are similar in
magnitude and orientation. If crustal thinning began at 10-15 Ma and the current rates of horizontal dilation
applied both to the entire crust and to that period, the crust should have thinned by 5.5-8.5 km. If isostatic
equilibrium applied, the mean elevation of the plateau would have dropped ~1 km. The similar rates for
northern, southern, and southwestern Tibet suggest that the processes dictating crustal extension, normal
faulting, and crustal thinning in the three regions differ little from one another.

1. Introduction

Fault plane solutions of earthquakes, inferences based on satellite imagery, and field studies
demonstrate widespread normal faulting, and therefore crustal thinning, of the Tibetan Plateau [e.g.,
Armijo et al., 1986; Molnar and Tapponnier, 1978; Ni and York, 1978]. Because normal faulting extracts
gravitational potential energy from the lithosphere, and thrust faulting requires work be done against
gravity, neither the preponderance of normal faulting (where both elevations and gravitational
potential energy are high) nor the occurrence of thrust faulting and crustal thickening on the margins
of Tibet should be surprising. Yet perceptions of both the importance and the role of normal faulting
in northern Tibet differ. Specifically, Copley et al. [2011] considered the normal faulting in northern
Tibet to be minor, with strain accumulating largely by strike-slip faulting, whereas others [e.g., Elliott
et al., 2010; England and Houseman, 1989; Molnar et al., 1993] treated normal faulting in northern and
southern Tibet as differing little from one another. We exploit strain rate fields for different parts of
Tibet to compare the two views.

East-west extension in southern Tibet is part of an active strain rate field that includes overthrusting of
the Himalaya onto India in a direction perpendicular to the local strike of the range; the rigidity of the
Indian plate and the curvature of the range require such extension of southern Tibet [e.g., Armijo
et al., 1986; Copley and McKenzie, 2007; Jade et al., 2004; Molnar and Chen, 1982, 1983; Molnar and
Lyon-Caen, 1989; Styron et al, 2011]. Moreover, because gradients in horizontal normal stresses
should, in general, lie parallel to gradients in gravitational potential energy [e.g., England and Jackson,
1989; England and McKenzie, 1982], the radial overthrusting at the Himalaya is a likely consequence of
any rheological structure or vertical distribution of flow, whether that flow occurs without shear on
horizontal planes as in a thin viscous sheet [e.g., England and Molnar, 1997], as channel flow [e.g., Clark and
Royden, 2000; Royden, 1996], or as a gravity current [Copley, 2012; Copley and McKenzie, 2007]. Although
the mechanical processes responsible for the strain rate field of southern Tibet and the Himalaya, as well
as their dependence on gravitational potential energy and surface height, differ, the kinematics of the
strain rate fields at the Earth’s surface cannot discriminate among hypothesized mechanics without the
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Figure 1. Topographic map of Tibetan Plateau and its surrounding, showing GPS velocities relative to the India plate (with 95%
confidence ellipses), including some data from other published sources, e.g., Tien Shan [Zubovich et al., 2010], Pamir and Hindu
Kush regions [Ischuk et al,, 2013; Mohadjer et al,, 2010], Himalaya [Ader et al., 2012; Banerjee and Biirgmann, 2002; Banerjee et al.,
2008; Bettinelli et al,, 2006; Jouanne et al., 2014; Schiffman et al,, 2013], and Myanmar [Devachandra et al,, 2014; Gahalaut et al.,
2013; Maurin et al., 2010]. The India-Eurasia rotation pole for an India plate reference frame with respect to Eurasia lies at 27.46°
N, 16,12°E with a counterclockwise angular velocity of 0.37 Ma . These quantities are defined by GPS sites on the India plate
with in a region between 70°E and 88°E and 10°N and 25°N. The scale of magenta arrows in west and central Tibet is set twice
that of white arrows in eastern Tibet, and green arrows show the GPS velocities that we removed because of large outliers.

exploitation of subtle differences that will be lost in the noise of current velocity fields and likely hidden by
elastic strain.

For northern Tibet, citing Taylor et al. [2003], Copley et al. [2011] inferred that deformation occurs largely by
strike-slip faulting “with some minor normal faulting also occurring at fault bends and junctions.” Copley et al.
[2011] then appealed to basal tractions induced by shear on the base of the Tibetan crust by the
underthrusting of the Indian plate beneath southern Tibet (as do Styron et al. [2015]). Although they do
not ignore the great height of Tibet, Copley et al. [2011] ignore its large gravitational potential energy. This
view contrasts with the alternative that the gravitational potential energy of northern Tibet should, in fact,
be greater than that of southern Tibet. Crust beneath northern Tibet is thinner by 10-15km than that
beneath southern Tibet [e.g., Owens and Zandt, 1997; Tseng et al, 2009], but elevations are virtually the
same. Consequently, the gravitational potential energy per unit area is larger by a few TN/m (10'*N/m), a
difference comparable to that between lithosphere at mid-ocean ridges and at old oceanic lithosphere
[e.g., Molnar and Stock, 2009]. Thus, all else equal, we might expect that horizontal extension and crustal
thinning to be more rapid in northern than southern Tibet.

Summations of seismic moments do not show different rates of extension in northern and southern Tibet
[e.g., Elliott et al., 2010; Molnar and Chen, 1983; Molnar and Lyon-Caen, 1989], but because the few largest
earthquakes dominate such summations, they are not definitive. Although coverage is sparse in some
parts of Tibet (Figure 1), GPS velocities, however, can be used to infer strain rates across the region, and
we exploit them here to make such a comparison.
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2, GPS Velocity Field and Its Implications

The horizontal GPS velocity field covering the Tibetan Plateau and its surroundings consists mainly of
measurements from the Crustal Movement Observation Network of China (CMONOC). The CMONOC |
control points were installed in 1999 and measured in 1999, 2001, 2004, 2007, 2009, and 2011, and the
CMONOC I control points were installed in 2009 and measured in 2009 and 2011. Processing of the
CMONOC | data yielded the velocity fields of Zhang et al. [2004], Shen et al. [2005], and Gan et al. [2007].
Li et al. [2012] updated previous GPS results and produced a velocity solution by processing both the
CMONOC | and Il data sets using the GAMIT/GLOBK software package [Herring et al., 2010; McClusky, 2010].

Besides the CMONOC data, we include velocities from other published sources. The data set of He et al. [2013]
contains 16 campaign-mode sites located in a localized dense network across central segment of Altyn Tagh
Fault from the Tarim Basin to northern Tibet and measured twice in the period of 2009-2011. In addition, we
show published velocities for surrounding regions (Figure 1): from the Nepal Himalaya [e.g., Banerjee et al,
2008; Bettinelli et al., 2006; Bilham et al., 1997; Feldl and Bilham, 2006], northwest Himalaya [Banerjee and
Biirgmann, 2002], Pamir-Hindu Kush [Ischuk et al, 2013; Mohadjer et al., 2010], Kashmir and Ladakh
Himalaya [e.g., Jade et al.,, 2004; Schiffman et al, 2013], eastern Himalaya, Naga Hills, and Shillong Plateau
[Devachandra et al., 2014; Vernant et al., 2014].

GPS data are scarce in northern Tibet, but observations in that region are essential for this study. To fill the
data gap, we include velocities of two control points at the southwest end of a transect of continuous GPS
stations. The transect, installed in 2011 [Ge et al,, 2014], spans the southern Tarim Basin, the central Altyn
Tagh fault, and a region of west-northwest trending fold and thrust faults. We processed the data from
these sites together with the regional CMONOC continuous sites for reference using the
GAMIT/GLOBK software.

Because some of these sets of velocities are referenced to different reference frames, combining them
requires an application of the rigid body rotation to each set, in order to express all site velocities in a
common geodetic reference frame, International Terrestrial Reference Frame 2005 (ITRF2005) [Altamimi
et al, 2007]. We use the data set of Li et al. [2012] as our reference data set and transferred all the other
data sets to this reference frame through rigid body rotation about an axis passing through the center of
the Earth. This is done by solving for appropriate angular velocities through a least squares procedure,
minimizing the velocity postfit residuals of GPS control points common to the data sets of Li et al. and to
be rotated. Having transferred all the velocity data sets, we take a mean for those control points that have
multiple data entries. We also screened out velocity outliers by visual coherency inspection. We obtain GPS
velocities in a Eurasia-fixed reference frame, and through a rigid body rotation, we present velocities in an
India-fixed frame (Figure 1, data are provided in the supporting information).

The India-fixed GPS velocity field (Figure 1) shows more clearly how velocities across Tibet vary than if Eurasia
defines the reference frame, as is more common. The GPS velocity field shows convergence between Tibetan
Plateau and Indian subcontinent, east-west extension of Tibet, and clockwise rotations around the eastern
end of the Himalaya.

Most convergence occurs in a narrow belt along the Himalayan arc [e.g., Banerjee and Biirgmann, 2002;
Bilham et al.,, 1997; Feldl and Bilham, 2006]. In addition, however, approximately north-south convergence
also occurs across the Plateau, with velocities relative to India decreasing from southern Tibet to central
Tibet [e.g., Zhang et al, 2004], but such that north-south compression is accommodated by east-west
extension and is associated with strike-slip faulting on northeast and northwest trending planes [e.g.,
Armijo et al., 1989; Elliott et al, 2010; Molnar and Chen, 1983; Molnar and Lyon-Caen, 1989; Taylor et al.,
2003]. The rate of east-west extension is enhanced by normal faulting, as discussed above; and
consequently, north-south shortening occurs at a lower rate than does the east-west extension.

3. Strain Rates Calculation of the Tibetan Plateau

We determined a present-day velocity field using the relatively dense and extensive GPS data and from those
velocities a strain rate field (Figure 1). Although only a few GPS sites lie in central Tibet, velocities of them
allow us to address strain rates of crustal deformation across the inaccessible, highest-altitude regions,
with a large smoothing constant.
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We calculated a smooth and continuous strain rate field for the Tibetan Plateau and surroundings from
combined GPS data, which is similar to results of Allmendinger et al. [2007], England and Molnar [2005], and
Gan et al. [2007], by employing an updated code for interpolation of strain rate [Shen et al, 2015]. At a
given site, the horizontal velocity field in its vicinity was approximated by a bilinear function and
represented by translation, rotation, and strain rates. The weighted GPS velocities in the neighborhood
were used to estimate the parameters through a least squares inversion procedure by minimizing the GPS
velocity postfit residuals. For the optimal weightings, we used a distance dependent weighting, L;

AR?
D2

the area of the Voronoi cell, in which AR; is the distance between the point in question and a GPS site. The
spatial smoothing parameter D is optimally determined with different values for each evaluation site [Shen
et al, 2015]. To determine the optimal smoothing distance D, we introduce a quantity Wt to denote the
threshold of sum of the reweighting coefficients (W=Z; L*V)) of the data and set W(D) = Wt. We present
results using Wt=24, 36, and 48, which yield increasing larger estimated values of D, because as Wt
increases, more GPS data are included, albeit at greater distance from the point than with smaller Wt. In
Figure 2, we show the interpolated strain rate fields, including principal horizontal shortening, horizontal
extensional, and dilatational strain rates, derived from Gaussian/Voronoi cell weighting functions and an
example of the smoothing parameter D map, for Wt =36.

assumed to be a Gaussian function, L; = exp( ) , multiplied by another function V; that depends on

To calculate average strain rates in northern, southern, and southwestern Tibet, or the entire Tibet, we use an
unweighted analysis of variance (Wt =0) and a large smoothing distance D, ~5000 km on the 38, 48, and 22
GPS sites in northern, southern, and southwestern Tibet, respectively, as defined in Figure 3. To estimate
uncertainties for average extensional and shortening strain rate and azimuths of principal strain rate, we
employ a resampling procedure similar to Bootstrapping methods to determine probability density
functions that are approximately Gaussian. For each region, we calculated the strain rate tensor many
times, 10,000 for northern Tibet, 16,000 for southern Tibet, and 8000 for southwestern Tibet, by randomly
discarding four sites in each calculation for northern and southern Tibet, and three sites for southwestern
Tibet to obtain probability density functions (Figure 4). We chose these numbers to be approximately the
same fraction of the total number of sites used to estimate average strain rates. Then from the best fitting
normal distribution, we estimated means and standard deviations (10).

4. Results and Discussion

For the entire Tibetan Plateau, the average maximum extensional strain rate is 20.1 + 0.6 nanostraina ', oriented
N106 + 1.2°E, and exceeds the orthogonal principal convergence strain rate of —12.5+ 1.0 nanostraina™ '
(Table 1). Thus, dilatational straining occurs at their difference of 7.6+ 1.0 nanostraina™', which, if volume is
conserved, implies vertical contraction, or thinning, at the same rate. As noted above, we focus on the
difference between northern and southern Tibet. To define a boundary, we limit southern Tibet to the region
where north-south grabens and strike-slip faults connecting them are prominent (Figure 3) [e.g., Armijo et al.,
1986, 1989; Taylor et al., 2003].

Three specific areas, bounded by white, pink, and light (pea) green outlines that include normal faulting events
recorded in the Global Centroid Moment Tensor catalog 1976-2014 and fault plane solutions of earthquakes
within and on the margins of the Tibetan Plateau [Elliott et al, 2010; Molnar and Lyon-Caen, 1989], are
defined for northern, southern, and southwestern Tibet (Figure 3). We calculated average magnitudes of
extensional and shortening strain rates to quantify differences in rates of crustal deformation among the
regions. In particular, we also estimate vertical (thinning) strain rates from the average dilatational strain rate.

Average extensional rates (Table 1) occur at comparable rates, though that for southern Tibet is a bit slower
than those of northern and southwestern Tibet, and with comparable east-west to ESE-WNW orientations
(Figure 4). These orientations are consistent with kinematic analysis of Quaternary terraces and fans in the
Shuang Hu graben in northern Tibet, where the orientation of extension is ~120° [Blisniuk et al., 2001], and
agree with fault plane solutions [e.g., Elliott et al., 2010; Molnar and Lyon-Caen, 1989] and with numerous
studies of normal faulting and east-west extension in southern and northeast-southwest extension in
southwestern Tibet [e.g., Edwards and Harrison, 1997; Murphy et al.,, 2002; Garzione et al., 2003; Saylor et al.,
2010; Lee et al., 2011; Kali et al., 2010; McCallister et al., 2014; Ryder et al,, 2012].
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Figure 2. Interpolated strain rate results using Gaussian/Voronoi cell weighting functions [Shen et al., 2015] with the net reweighting thresholds set at Wt = 24, 36,
and 48, respectively, in subplots (1), (2), (3), which show principal strain rates (arrow pairs) on 1° x 1° grids and dilatational strain rate as continuous background color
patterns. The largest negative dilatational strain rates lie in the eastern Himalayan syntaxis and in eastern segment of Himalayan Range, —80 to 90 nanostrain a_1,
and the largest positive dilatational strain rates are close to the epicentral areas of earthquakes in recent decades, approximately 30-50 nanostrain a . Subplot
(4) shows smoothing constant D (Wt = 36), and dark triangles denote location of GPS sites used in this study.

Corresponding average principal horizontal shortening strain rates in the three regions again are comparable,
with that in the north somewhat more rapid (Table 1). Again assuming conservation of volume, the sum of
the three principal strain rates should be zero, and the dilatational rate should equal the vertical strain
rate. The larger shortening rate in northern than southern or southwestern Tibet therefore suggests that
the strike-slip component of strain is 35-40% greater in northern than southern Tibet, as Copley et al.
[2011] inferred.

The average extensional and dilatational strain rates in southwestern Tibet are larger than those in northern
and southern Tibet, but with larger uncertainties for each component, differences are not significant. More
important, however, average rates of dilatational strain, 8.9+ 0.8 nanostraina' in northern Tibet, 7.4
+1.2 nanostraina™ " in southern Tibet, and 12.0+ 3.2 nanostraina™' (Table 1 and Figure 4), differ little from
one another, or from the average for the entire plateau, —7.6 + 1.0 nanostraina™'. These essentially similar
thinning rates for the three regions are not consistent with the extension in northern Tibet being the
result of accommodation of strike slip at the ends of such faults but are consistent with an outward
spreading of the plateau in response to greater potential energy per unit area than in the surroundings.
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Figure 3. Earthquake focal mechanisms from the Global CMT (Centroid Moment Tensor) catalogue from 1 January 1976 to
1 December 2014 and outlines of northern, southern, and southwestern Tibet. Red beach balls indicate earthquakes with
7.9>M,,>7.0: the 2008 Yutian earthquake in western Tibet, the 1997 Manyi and 2001 Kunlun earthquakes in central and
northern Tibet, and the 1988 M,, 7.2 Myanmar earthquake. Yellow beach balls are for earthquakes with 6.9>M,,,>6, and
gray beach balls for 5.9 >M,, > 5. Blue belts in Tibet show ~7 rifts and grabens in southern Tibet and ~11 rifts and grabens in
central and northern Tibet, marked with a number for each rift or graben.

Although fault plane solutions of earthquakes show little difference in normal faulting between northern and
southern Tibet, geologic evidence for normal faulting is much stronger in southern than northern Tibet,
surely in part because the southern part is the more accessible and also because topographic relief
associated with northerly trending grabens in southern Tibet is greater than that in most of northern Tibet
[e.g., Armijo et al, 1986]. Dating of grabens throughout Tibet, but mostly in southern Tibet, has yielded
onsets of such normal faulting since 15Ma, and in some cases closer to 10 Ma. For southernmost Tibet near
the Himalaya, dates for different grabens from west to east are 9 Ma [Murphy et al,, 2002; Saylor et al.,, 2010],
14-13 Ma [McCallister et al., 2014], ~11 Ma [Garzione et al., 2003], ~13-12 Ma [Lee et al., 2011], 13-12 Ma
[Kali et al., 2010], and <12.5 Ma [Edwards and Harrison, 1997]. Farther north but still in southern Tibet,
similar ages include 11-8 Ma [Woodruff et al,, 2013], 16-12 Ma [Styron et al., 2013], and ~8 Ma [Harrison
et al., 1995; Pan and Kidd, 1992]. To the best of our knowledge, only one graben from northern Tibet has
been dated, at ~13.5 Ma by Blisniuk et al. [2001].

Obviously, with an onset date for only one graben in the north, the timing of normal faulting there is
constrained less well than in the south. Nevertheless, suppose that most of the normal faulting and crustal
thinning have occurred since 15 (or 10) Ma. Then, with rates of thinning of ~8 nanostraina™' since 15 (or
10) Ma, total vertical strains would be 0.12 (or 0.8); and if such strains reflected thinning of the entire crust
70 km thick, the thinning would be 8.4 (or 5.6) km. If Airy isostasy applied, the surface would have dropped
~1km. Obviously, if only the upper crust underwent thinning, the elevation drop would be smaller than
1km. The occurrence of earthquakes within the mantle beneath southern Tibet and showing normal
faulting, however, suggests that the mantle there undergoes straining similar to that in the overlying crust
[e.g., Chen et al, 1981; de la Torre et al., 2007; Molnar and Chen, 1983]. Moreover, radial anisotropy beneath
most of the Tibetan Plateau is consistent with crustal thinning through most of the crust [Shapiro et al,, 2004;
Xie et al,, 2013]. A more recent onset of thinning in the north than south would lead to less thinning in the
north and might account for the less well developed grabens in the north than south.

GE ET AL.

CRUSTAL THINNING IN THE TIBETAN PLATEAU 5232



@AG U Geophysical Research Letters 10.1002/2015GL064347

A. Northern Tibet B. Southern Tibet C. Southwestern Tibet
20 T 20 T T 20 T T
Extensional rate: 21.9+0.4 Extensional rate: 16.9+0.2 Extensional rate: 22.2+1.8

Percent(%)

W

15 20 25 14 16 18 20 10 15 20 25 30 35
Extensional rate (nanostrain/yr.) Extensional rate (nanostrain/yr.) Extensional rate (nanostrain/yr.)
e . 20 e e 20 . R
Compressional rate: —13.1+0.5 Compressional rate: =9.5+1.0 Compressional rate: —=9.5+1.2

3 3
2 2]
S S
20 -18 -16 —-14 12 ~10 20 15 10 5 0 —20 15 -10 5 0
Compressional rate (nanostrain/yr) Compressional rate (nanostrain/yr) Compressional rate (nanostrain/yr)
20 T T 20 T T T 20 T T
Dilatational rate: 8.9+0.8 Dilatational rate: 7.4+1.2 - Dilatational rate: 12.0+3.2
151 1 15F -
5 10 2 £
3] o
o S
sl ]

0 5 10 15 0 5 10 15 0 5 10 15 20 25
Dilatational rate (nanostrain/yr) Dilatational rate (nanostrain/yr) Dilatational rate (nanostrain/yr)
20 g T g g 20 g T g T 20 — T T
Azimuth: 24.3+0.7 Azimuth: 2.6+1.2 Azimuth: —16.0+3.0
151 1 151 1
10f | £ 10f ] g
3] O
o o
5F 4 5F -
0 0
15 20 25 30 =5 0 5 10 =30 =25 -20 =15 -10 -5

Azimuth of Compressional principal component Azimuth of Compressional principal component Azimuth of Compressional principal component

o

Figure 4. Uncertainty calculations of strain rates in northern, southern, and southwestern Tibet, with normal distribution fits using a Bootstrapping resampling sta-
tistical method. The error range is 10, ~67% confidence interval.

Table 1. Principle Components of Strain Rates for Tibet

Horizontal Extension Rate Horizontal Extension Horizontal Shortening Rate Vertical Shortening Rate
Region (nanostrain a71) Orientation (nanostrain aq) (nanostrain a71)
All 20.1+£0.6 N106 + 1.2°E —125+1.0 —76+1.0
Northern 21.9+04 N114+0.7°E —13.1£05 —89+0.38
Southern 16.9+0.2 N93 +1.2°E —95+1.0 —74+1.2
Southwestern 222+1.8 N74 + 3.0°E —95+1.2 —12.0+3.2
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In summary, the present-day strain rates suggest that northern and southern Tibet behave similarly, and
therefore presumably respond to the same overall geodynamic processes. An extrapolation of these strain
rates for the period since normal faulting associated with east-west extension began suggests that the
surface elevation of the plateau should have dropped ~1000 m since 10-15 Ma.
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