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Partitioning of localized and diffuse deformation in the

Tibetan Plateau from joint inversions of geologic and

geodetic observations

J. P. Loveless and B. J. Meade

Department of Earth and Planetary Sciences, Harvard University, 20 Oxford Street,
Cambridge, MA 02138 USA

Abstract

The spatial complexity of continental deformation in the greater Tibetan

Plateau region can be defined as the extent to which relative motion of the

Indian and Asian plates is partitioned between localized slip on major faults

and distributed deformation processes. Potency rates provide a quantitative

metric for determining the magnitudes of on-fault and diffuse crustal defor-

mation, which are proportional to fault slip rates and strain rates within

crustal micro-plates, respectively. We simultaneously estimate micro-plate

rotation rates, interseismic elastic strain accumulation, fault slip rates on ma-

jor structures, and strain rates within 24 tectonic micro-plates inferred from

active fault maps in the greater Tibetan Plateau region using quasi-static

block models constrained by interseismic surface velocities at 608 GPS sites

and 9 Late Quaternary geologic fault slip rates. The joint geodetic-geologic

inversion indicates that geologic slip rates are kinematically consistent with

and result from differential micro-plate motions. Estimated left-lateral slip

rates on the Altyn Tagh, west-central Kunlun, and Xianshuihe faults are rel-

atively homogeneous along strike (∼11.5, 10.5, and 12 mm/yr, respectively)
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while segmentation of the eastern Kunlun fault by the intersecting Elashan

and Riyueshan faults results in a decreased slip rate, consistent with geo-

logic observations. The fraction, φ, of total potency rate associated with

intrablock strain, uncorrected for observational noise, ranges from 0.28 in

the Himalayan Range block to 0.90 in the Aksai Chin block. Monte Carlo

simulations are used to quantify the likelihood that internal deformation

is statistically distinguishable from the uncertainties in geodetic velocities.

These simulations show that internal block deformation is statistically sig-

nificant only within the Himalayan Range Front (where internal deformation

accounts for φID = 0.10 of block potency rate budget), west-central plateau

(φID = 0.73), Ganzi-Yushu/Xianshuihe (0.53), Burma (0.06), and Aksai Chin

(0.64) blocks. In the other 19 tectonic micro-plates within the plateau re-

gion, estimated internal block potency is not currently distinguishable from

the expected contribution of observational noise to residual velocities. Of the

total potency budget within the Tibetan Plateau, 87% is taken up by slip on

major faults, with the remaining 13% accommodated by internal processes

at sub-block scale distinguishable from observational noise. The localization

of the majority of plate boundary activity is also supported by the spatial

distribution of modern and historical crustal earthquakes. Sixty-six percent

of the total moment released by earthquakes in the CMT catalog and 89%

of historical moment since 1900 has been released within 25 km of the major

faults included in the block model, representing only 10% of the characteristic

half-block length scale of ∼250 km. The localization of deformation inferred

from geologic, geodetic, and seismic observations suggests that forces applied

to tectonic micro-plates drive fault system activity at the India-Asia collision
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zone over decadal to Quaternary time scales.

Keywords:

1. Introduction1

Deformation at active continental plate boundaries has been approxi-2

mated using the micro-plate and continuum end-member hypotheses. The3

former assumes that the majority of deformation is localized on an effec-4

tively countable number of major faults forming the boundaries of tectonic5

micro-plates (Avouac and Tapponnier, 1993; Shen et al., 2005; Meade, 2007;6

Thatcher, 2007), while the latter (Molnar, 1988; Flesch et al., 2001; England7

and Molnar, 2005) approximates the kinematics of continental deformation8

as diffusely distributed across active plate boundaries. The two concepts9

are linked by the idea that as more faults are introduced, individual micro-10

plate sizes decrease and, if fault slip rates become more homogeneous, the11

bulk behavior of a micro-plate system might approach the predictions of the12

continuum approximation (e.g., Thatcher, 2003, 2009). Debate about the13

adequacy of the two end-member approximations has been focused on the14

Tibetan Plateau (Molnar, 1988; Avouac and Tapponnier, 1993; Jade et al.,15

2004; Zhang et al., 2004; England and Molnar, 2005; Meade, 2007; Thatcher,16

2007), which deforms to accommodate the relative motion between the Indian17

and Asian plates. Recent field-based investigations of slip rates on the Altyn18

Tagh fault have suggested upper crustal behavior that shows both strong lo-19

calization on indentifiable faults and an unquantified amount of distributed20

deformation across wider shear zones (Cowgill et al., 2009). At a regional21

scale, wide aperture geodetic networks provide decadal surface velocity es-22
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timates that can contribute to the determination of where on the spectrum23

between the two end-member deformation models present-day crustal activ-24

ity lies. Global Positioning System (GPS) velocity fields in Tibet have been25

acquired through the interseismic phase of the earthquake cycle to avoid in-26

cluding the displacements from large earthquakes (Wang et al., 2001; Zhang27

et al., 2004; Gan et al., 2007). During the interseismic phase of the seis-28

mic cycle, elastic strain accumulation produces smoothly varying geodetic29

velocities near faults (e.g., Savage and Burford, 1973), which may extend30

as much as 500 km from active faults in Tibet (Bilham et al., 1997; Hilley31

et al., 2005; Feldl and Bilham, 2006). Because of the smooth velocity gradi-32

ent across faults, as well as sparse geologic slip rate constraints on the most33

active faults in Tibet, GPS data have been interpreted either as reflecting34

diffuse deformation neglecting elastic strain accumulation (Jade et al., 2004;35

Zhang et al., 2004), or as consistent with block models that formally com-36

bine micro-plate rotations and earthquake cycle processes (Chen et al., 2004;37

Meade, 2007; Hilley et al., 2009).38

Here we integrate the two end-member points of view, quantifying the39

spatial complexity of upper crustal deformation in Tibet using potency (ge-40

ometric moment) rates to describe the partitioning of localized and diffuse41

processes. We simultaneously solve for micro-plate rotations, earthquake cy-42

cle effects, and internal block deformation with a quasi-static block model43

(Figure 1) constrained by both interseismic GPS velocities (Figure 2) and44

geologic fault slip rates (Table S1; Figure 3), allowing for analysis of recent45

deformation of the Tibetan Plateau region in a way that is consistent with46

decadal to Late Quaternary observations. Internal block strain rate estimates47
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include a combination of unmodeled processes (e.g., other faults, folding) and48

observational noise. In order to isolate the proportion of the internal potency49

rate that is likely due to deformation, we estimate and remove the contribu-50

tion to the residuals from observational noise using Monte Carlo simulations.51

Estimates of internal potency rates define quantitative bounds on the par-52

titioning of continental deformation in the Tibetan Plateau region that are53

tested against earthquake spatial distribution and moment release estimates54

from historical and instrumental catalogs.55

2. Deformation partitioning analysis56

For a given fault system geometry and set of geodetic and geologic ob-57

servations, the partitioning of localized and diffuse deformation can be de-58

termined from a comparison of potency rates, quantifying the magnitude of59

deformation associated with each process. The potency rate accommodated60

by on-fault processes, Pf , is given by the product of fault area, A, and slip rate61

magnitude, |s|: Pf = A |s| (e.g., Aki and Richards, 1980). The potency rate62

associated with deformation processes occurring within crustal micro-plates,63

Pb, can be derived from Kostrov’s moment summation approach (Kostrov64

and Das, 1988) as twice the product of the internal block strain rate magni-65

tude, |ε|, and the block volume, Vb: Pb = 2Vb |ε|. Given Pf and Pb for each66

micro-plate, we calculate the potency rate partitioning value, φ, as67

φ =
Pb

Pf + Pb

. (1)

In the limiting case where all deformation is localized as slip on faults68

included in a model, Pb = 0 and φ = 0. Conversely, if no deformation69
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occurs on the included faults and internal micro-plate strain accounts for all70

potency, Pf = 0 and φ = 1. The quantity φ may be applied to any kinematic71

model of crustal motions to evaluate the partitioning of localized and diffuse72

deformation.73

Both localized and diffuse potency rates can be determined from a joint74

block model analysis of geodetic and geologic data. Block models combine75

the assumption that fault slip rates result from differential micro-plate rota-76

tions with quasi-static earthquake cycle models to estimate fault slip rates77

and micro-plate rotation vectors using observations of interseismic deforma-78

tion (e.g., Matsu’ura et al., 1986; Bennett et al., 1996; Prawirodirdjo et al.,79

1997; Souter, 1998; Murray and Segall, 2001; McCaffrey, 2002; Meade and80

Loveless, 2009). The linear forward problem can be written as Gm = d,81

where d = [v sg]T is a vector comprising the nominally interseismic, geodet-82

ically observed surface velocity field, v, and a set of geologically constrained83

fault slip rates, sg; m is a vector of Cartesian rotation vector components84

for all crustal micro-plates; and G is the Jacobian relating surface veloci-85

ties and slip rate constraints to micro-plate rotation vectors and interseismic86

earthquake cycle deformation near locked (e.g., Savage and Burford, 1973),87

finite length (Okada, 1985), block-bounding faults (Matsu’ura et al., 1986).88

The estimated coupled micro-plate rotation vectors, m̂, are found using a89

weighted least-squares inversion, m̂=(GTWG)−1GTWd, where W is a diag-90

onal data weighting matrix with non-zero entries proportional to the inverse91

square of the reported geodetic velocity and geologic slip rate uncertainties.92

Kinematically consistent slip rate estimates, ŝ, are determined by project-93

ing the rotation vectors, m̂, describing relative micro-plate motions onto the94
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three-dimensional fault system geometry.95

Fault slip rates and geometry provide the information necessary to cal-96

culate the on-fault potency rate, Pf , for each block,97

Pf =

Nf∑
k=1

∣∣s{k}∣∣L{k}D{k}
2 sin δ{k}

, (2)

where
∣∣s{k}∣∣ is the magnitude of the estimated slip rate for fault segment98

k, L{k} is the segment length, D{k} is the locking depth, sin δ{k} is the seg-99

ment dip, and the summation is made over all Nf segments that bound the100

block. The division by 2 is required so that fault slip rates are not counted101

twice, corresponding to the two blocks that each fault segment bounds, when102

calculating potency rates.103

Using the set of estimated micro-plate rotation vectors and the Jacobian,104

we calculate the predicted data vector, Gm̂ = [v̂ ŝg]T, where v̂ is the pre-105

dicted velocity field and ŝg are the slip rate estimates on the geologically106

constrained segments. We carry out a Delaunay triangulation of GPS sta-107

tions within each crustal block and, for each triangle, calculate the horizontal108

displacement rate gradient tensor, D, of the residual velocity field, r̂= v− v̂109

(Figure 4a), with components Dij = ∂r̂i/∂xj, where r̂i is the residual velocity110

in the i direction and xi is the station coordinate in the j direction. We dis-111

card triangular elements whose edges intersect block boundaries, yielding a112

set of elements entirely internal to each block, and assume that D is constant113

throughout each triangle (Figure 4b). We decompose D into a symmetric114

strain rate tensor, ε, and antisymmetric rotation rate tensor, ω, and use the115

strain rate magnitude, |ε|, and volumes of the triangular prisms, Vt (triangles116

at the surface extruded to a depth equivalent to the estimated block-bounding117
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fault locking depth), to calculate the potency rate, Pt = 2Vt |ε| .We calculate118

the total potency rate within each block, Pb, by summing the Pt values for119

all Nt triangular prisms, scaling the contribution of each prism by its volume120

relative to the total volume of the tessellation prism, VT, and multiplying by121

the block volume, Vb, given as the area inscribed by all block fault segments122

extruded to the fault locking depth depth and accounting for non-vertical123

fault dips,124

Pb = Vb

Nt∑
k=1

P
{k}
t

VT

. (3)

As an alternative to the residual velocity field gradient calculation of125

internal potency rate, we estimate the best-fitting homogeneous spherical126

strain rate tensor, ε̂h, for each micro-plate using an augmented Jacobian127

that explicitly includes a velocity field contribution from homogeneous strain128

(Savage et al., 2001; McCaffrey, 2005; Meade and Loveless, 2009) so that the129

intrablock potency rate, Ph, is130

Ph = 2Vb |ε̂h| . (4)

The potency rate partitioning, φ, for the homogeneous internal micro-plate131

strain rate case is calculated with Equation 1, replacing Pb with Ph.132

The residual velocity field, r̂, used to calculate the internal block potency133

rates, Pb, includes contributions from unmodeled deformation processes and134

observational noise. To estimate the noise contribution to intrablock potency135

rates, we carry out Monte Carlo simulations using 1000 realizations of a136

synthetic observational noise velocity field. In each trial, a synthetic velocity137

field is realized as the sum of the velocity field predicted by the joint inversion138
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reference model, v̂, and Gaussian noise, n, v̂′ = v̂ + n. The predicted139

velocities v̂ are a function only of micro-plate rotations and earthquake cycle140

effects, with no contribution from observational noise (i.e., Pb = 0). For the141

north and east velocity components of each station, we generate noise with142

zero mean and standard deviation equal to the reported velocity component143

1σ (67%) uncertainties. We invert the noisy synthetic velocity field using144

the same block model and estimate the intrablock potency rate from the145

gradient of the resulting residual velocity field, r̂′. In this case, the residual146

velocity field is due entirely to observational noise, with no contribution147

from intrablock deformation. For each block, we calculate the proportion of148

trial internal block potency rates from the noise perturbation analysis, Pn
b ,149

that are less than the rate from the standard residual velocity field analysis150

(equation 3) or homogeneous strain rate tensor estimation (equation 4) and151

term this quantity the internal deformation likelihood (IDL):152

IDL =
N(Pn

b < Pb)

Ntrials

. (5)

The IDL gives the likelihood that a fraction of Pb reflects deformation dis-153

tinguishable from observational noise. We interpret blocks with high IDL154

as those that likely deform through physical mechanisms and processes not155

parametrized in the block model geometry. Conversely, the estimated inter-156

nal potency rate of blocks with a zero (low) IDL can be explained exclusively157

(primarily) by the data noise contribution to the residual velocity field with-158

out unmodeled deformation sources.159

The minimum magnitude of internal block deformation potency rate,160

PID = Pb − P̃n
b , that is likely to be distinguishable from that associated161
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with observational noise can be determined by subtracting the median value162

from all Monte Carlo trials, P̃n
b , from the potency rate calculated from the163

joint inversion residual velocity field, Pb. We use these noise-corrected in-164

ternal potency rates to determine the partitioning ratios, φID (equation 1,165

substituting PID for PB), that represent the amount of total deformation166

likely to be associated with intrablock deformation.167

The joint geodetic-geologic inversion allows testing of basic block model168

assumptions. First, we evaluate whether or not sparse geologic slip rates169

on faults across the Tibetan Plateau can be predicted by a kinematically170

consistent block model with interconnected fault geometry. In general, each171

geologic slip rate estimate used to constrain the joint block model inver-172

sion is presented for an independent fault, without incorporating slip rates173

along-strike or on other structures. As possible explanations for the eastward174

decline in slip rate along the Kunlun fault, Kirby et al. (2007) suggested that175

slip may be transferred to adjacent structures and/or explained by differen-176

tial rotation of crustal blocks north of the eastern Kunlun. The block model177

applies this concept to the entire plateau region, defining fault slip rates by178

projecting relative block rotations onto the three-dimensional fault system179

geometry. In a joint inversion, the rotations of adjacent blocks are coupled in180

two ways. Geologic observations define the slip rates on segments shared by181

two adjacent blocks, thereby constraining the relative rotational motion be-182

tween them. Additionally, earthquake cycle effects across each fault segment183

contribute to GPS velocities at sites on the blocks sharing the boundary.184

The interseismic elastic deformation signal is a function of fault geometry185

and slip rate (e.g., Okada, 1985), and so velocities at GPS sites on adja-186
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cent blocks spanning a boundary fault place constraints on the slip rate and187

hence the rotational motion of the blocks. As a second test of block model188

assumptions, we assess the kinematic compatibility between the sparse ge-189

ologic data, which describe fault slip averaged over thousands of years, and190

spatially denser GPS observations measuring surface deformation on decadal191

time scales. The fit to each constraining data set depends on the weighting192

applied in the least squares inversion: lower weighting of the geologic slip193

rates results in improved fits to GPS at the expense of poorer fits to the slip194

rates. A model that achieves a good fit to both data sets simultaneously in-195

dicates both kinematic and temporal compatibility of geologic and geodetic196

observations.197

3. Kinematically consistent fault slip rates in the Tibetan Plateau198

A reference block model geometry (Figure 1) based on fault network con-199

nectivity suggested by the Taylor and Yin (2009) active fault map defines 29200

micro-plates of which 24 comprise the greater Tibetan Plateau region. The201

plateau blocks range in size from 1.1×104 km2 to 3.4×106 km2, the smallest202

located between the Anninghe and Daliangshan segments of the Xianshuihe-203

Xiaojiang (XS on Figure 1) fault system (27–29◦N) and the largest making204

up much of southeast China. (See description of block geometry in Ap-205

pendix A.) All fault segments are assumed to dip vertically, except the Main206

Frontal Thrust (MFT) and Longmenshan fold-and-thrust belt (LM), which207

have dips of 7◦N and 30◦W, respectively. Observations used to constrain208

the reference block model are nominally interseismic GPS velocities at 608209

stations derived from three networks (Figure 2, Table S2; Vigny et al., 2003;210
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Calais et al., 2006; Gan et al., 2007), combined by minimizing the residual211

velocities at collocated stations using a 6-parameter (rotation and transla-212

tion) transformation, and 10 geologically constrained Late Quaternary slip213

rates. The slip rates used in this study include Late Quaternary rates with214

reported uncertainties on individual faults (Figure 3, Table S1; Allen et al.,215

1984; Lavé and Avouac, 2000; Brown et al., 2002; Van der Woerd et al., 2002;216

Wen et al., 2003; Haibing et al., 2005; Cowgill, 2007; Kirby et al., 2007; Li217

et al., 2009). We weight the geologic slip rate constraints 100 times more218

than the geodetic data, which results in approximately equal influence on219

the solution from the 9 geological data and the 1216 GPS observations (east220

and north velocity components at 608 stations, with uncertainties ranging221

from 0.1 to 4.8 mm/yr). Divergence-minimizing constraints are applied to222

all vertical faults within the plateau region to damp tensile motion; these223

constraints are weighted equally to the GPS data. We find an optimal uni-224

form locking depth of 14 km for all faults, based on analysis of locking depth225

versus velocity residual statistics (Figure 5), which is broadly consistent with226

coseismic slip models for the 2001 Kokoxili (Kunlun) earthquake (Lasserre227

et al., 2005). The weighted least squares inversion yields a fit to the GPS228

data with a mean residual velocity magnitude of 2.50 mm/yr and χ2 per229

degree-of-freedom of 2.35. These results indicate that geologic slip rates and230

their reported uncertainties, which range from 0.4–2 mm/yr are kinemati-231

cally consistent with micro-plate rotations and interseismic GPS velocities232

(see discussion; Figure 6).233

Combining sparse geologic data with the denser GPS velocity fields, we234

estimate left-lateral slip of 9.1± 0.7− 9.5± 0.6 mm/yr on the multiple seg-235
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ments representing the Karakax fault (KX), 10.8 ± 0.2 − 11.3 ± 0.2 mm/yr236

on the central Altyn Tagh (AT) system, and 4.4± 0.7 mm/yr on the north-237

easternmost AT segment bounding the Qilian Shan block (G, Figure 3). The238

central AT is constrained by an 11.7±1.6 mm/yr rate (Cowgill, 2007; Cowgill239

et al., 2009), which lies between the minimum and maximum latest Quater-240

nary (ca. 6 ka) slip rate estimates of 9.4±0.9 and 13.7±1.3 mm/yr (Cowgill241

et al., 2009). Left-lateral slip rates are similarly constant along much of the242

Kunlun fault (KN), ranging from 10.1 ± 0.1 to 11.3 ± 0.6 mm/yr between243

the junctions with the AT and Elashan faults (∼ 100◦E longitude) as con-244

strained by two geologic rates (Van der Woerd et al., 2002; Haibing et al.,245

2005). Segmentation of the eastern KN by the intersections with the Elashan246

and Riyueshan faults permits the slow slip constraints of Kirby et al. (2007)247

to be met (5.0 ± 0.4 and 2.0 ± 0.4 mm/yr): estimated left-lateral slip rates248

on the easternmost KN are 1.7 ± 0.1 − 5.7 ± 0.1 mm/yr. In northeastern249

Tibet, we estimate 7.0±0.4−7.6±0.4 mm/yr of left-lateral slip on the West250

Qinling fault, and on the Haiyuan fault (HY), we estimate left-lateral slip251

of 4.6± 0.1− 4.8± 0.4 mm/yr, constrained by the average Quaternary rate252

of 4.5 ± 1.1 mm/yr estimated by Li et al. (2009). The faster estimated slip253

rates on the West Qinling and HY faults than on the eastern KN is consistent254

with the model of Duvall and Clark (2010) in which left-lateral slip is shifted255

north off of KN near its eastern extent. Our results suggest that the slip rate256

variations along strike KN can be explained by mechanical fault segmenta-257

tion and differential micro-plate rotations, similar to the model proposed by258

Kirby et al. (2007). Along the Elashan fault, we estimate right-lateral slip259

of 0.8± 0.9 mm/yr (north) to 4.0± 0.4 mm/yr (south). On the subparallel260
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Riyueshan fault, we estimate statistically insignificant left-lateral slip on the261

northern segment and 5.5±0.6 mm/yr right-lateral slip on the segment south262

of the intersection with the West Qinling fault.263

At the eastern margin of the Tibetan Plateau, the Xianshuihe-Xiaojiang264

fault system (XS) shows several branches and splays, including the Anninghe265

and Daliangshan segments, and Ganzi-Yushu fault (GY). Together, these266

faults accommodate a consistent rate of left-lateral slip from 23◦ − 35◦N.267

Slip on the segment south of the Anninghe-Daliangshan sliver is 11.3± 0.3−268

11.8± 0.3 mm/yr, similar to the 13–15 mm/yr rate across multiple branches269

of XS since the Late Pleistocene (Shen et al., 2003). To the north, slip is270

partitioned into 8.1 ± 1.2 − 8.9 ± 1.2 mm/yr on the Anninghe segment and271

4.2 ± 1.3 − 4.4 ± 1.3 mm/yr on the Daliangshan segment. Northwest of272

these segments, XS slips at 10.7 ± 0.6 − 12.3 ± 0.3 mm/yr. Slip is again273

partitioned northwest of the intersection between XS and GY, with central274

GY slipping 10.2 ± 0.2 − 13.3 ± 0.4 mm/yr as constrained by the 12.0 ±275

2.0 mm/yr constraint of Wen et al. (2003), and XS slipping more slowly,276

ranging from 0.3 ± 0.2 mm/yr right-lateral to 0.8 ± 0.3 mm/yr left-lateral,277

with many segment slip rates smaller than their estimated uncertainties.278

Northwest of the intersection with the fault between JI and GY, GY slips279

left laterally at 0.9 ± 0.5 − 1.5 ± 0.6 mm/yr, slower than the ∼7 mm/yr280

suggested by Wang et al. (2008), which we did not use as a constraint in281

the inversion owing to its lack of reported uncertainty. The along strike282

change in and partitioning of the XS/GY slip rate as a consequence of fault283

segmentation and branching is similar to the changes in slip rate on KN284

(Kirby et al., 2007) and the Big Bend region of the San Andreas fault in285
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southern California (e.g., Meade and Hager, 2005). Slip rates on segments in286

this region provide a clear illustration of the kinematic consistency and path287

integral constraints inherent in block models. Consider the slip rates acting288

in a NW-SE direction, roughly parallel to GY and XS, between a point in289

the southeast corner of block F and a point in the east corner of block D290

following two different paths: one crossing northwestern GY, northwestern291

XS, and KN near the Van der Woerd et al. (2002) constraint, and the other292

crossing into block E, then the central GY, XS, and KN. The first path293

sums left-lateral slip of ∼1.5 mm/yr on northwestern GY, ∼0 mm/yr on294

XS, and ∼11 mm/yr on KN to give ∼12.5 mm/yr total. The second path295

involves ∼8 mm/yr of opening on the boundary between blocks D and E,296

which is directed roughly perpendicular to the strike of GY, XS, and KN and297

acts in the opposite direction as left-lateral slip on those faults, ∼11 mm/yr298

on central GY, ∼0 mm/yr on XS, and ∼11 mm/yr on KN, summing to299

∼14 mm/yr.300

Along the southeast margin of the plateau, estimated right-lateral motion301

on the Red River fault (RR) is 5.4±0.4 mm/yr northwest of the intersection302

with XS, at the upper range of the 2–5 mm/yr Pliocene rate presented by303

Allen et al. (1984). Southeast of the XS intersection, RR slips right-laterally304

around 3 mm/yr. Estimated strike-slip on the Jiali fault (JI) is right-lateral,305

consistent with the sense of geologically recorded slip, but the estimated rates306

of 3.2± 0.6− 4.5± 0.6 mm/yr are considerably slower than the 10–100 kyr307

10–20 mm/yr right-lateral rates suggested by Armijo et al. (1989) across a308

suite of subparallel structures in this region on the basis of mapped offsets of309

inferred post-glacial landforms. However, we estimate faster right-lateral slip310
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rates on a subparallel fault south of JI, roughly coincident with the Indus311

Yalu suture zone (3.6±0.5−7.1±0.5 mm/yr), and on the continuation of JI312

around the eastern syntaxis (17.1±0.4−18.7±0.5 mm/yr). Right-lateral slip313

rates on the Karakorum fault (KM) are 3.0±0.1−5.4±0.3 mm/yr, while the314

subparallel fault to its north slips right-laterally at 1.3±0.7−3.6±0.7 mm/yr.315

Taylor and Peltzer (2006) used satellite radar interferometry to estimate316

right-lateral slip of 2.1–4.1 mm/yr on the Lamu Co fault, located about317

100 km southwest of the subparallel fault that we include in our model. On318

KM between the Longmu-Gozha (LG) and KX intersections, we estimate319

statistically negligible right-lateral slip, but to the northwest, between the320

KX and Tien Shan (TS) intersections, we estimate left-lateral slip of 3.7 ±321

0.5 − 6.9 ± 0.5 mm/yr. This is inconsistent with the geologically recorded322

sense of slip but is mechanically consistent with the clockwise rotation of the323

Tarim Basin, which rotates about an Euler pole located in the Qilian Shan324

(98.4◦E, 37.9◦N), predicting left-lateral slip on nearly all bounding faults.325

We estimate left-lateral slip of 13.2 ± 1.0 mm/yr on northeast LG (Gozha326

segment) and 2.3± 0.9− 2.8± 0.9 on southwest LG (Longmu segment). The327

Gozha segment rate is similar to the Quaternary rate of 8.3 ± 2.7 mm/yr328

estimated by Raterman et al. (2007) based on a kinematic analysis of slip329

rates on AT, KX, and KM. We estimate left-lateral slip on the fault between330

western JI and GY of 8.4± 0.6− 9.9± 0.6 mm/yr.331

Along the MFT, we estimate 6.6±0.6−22.4±0.3 mm/yr of reverse motion,332

from west to east, constrained by the 21.0 ± 1.5 mm/yr rate of Lavé and333

Avouac (2000) around 85◦E longitude (Figure 3b). The gradient in slip rates334

results from a local Euler pole of the Indo-Australian plate (62.57± 0.79◦E,335
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35.17 ± 1.05◦N, 0.53 ± 0.01◦/Myr relative to the Himalayan Range Front336

block, and 31.84 ± 1.44◦E, 31.73 ± 0.37◦N, 0.47 ± 0.01◦/Myr relative to the337

stable Eurasian GPS reference frame). The India-Eurasia pole is located338

closer to the Himalaya than the also disparate previous geodetic estimates339

of 11.62◦E, 28.56◦N, 0.36◦/Myr (Sella et al., 2002) and 17.65◦W, 24.22◦N,340

0.32± 0.02◦/Myr (Prawirodirdjo and Bock, 2004). Across the Longmenshan341

fold-and-thrust belt, where there are no known geologic slip rate constraints,342

we estimate 3.0±0.6−3.9±0.5 mm/yr of reverse motion, along with 2.1±0.4−343

2.8 ± 0.4 mm/yr of right-lateral slip, consistent with the oblique coseismic344

slip that characterized the 2007 Wenchuan earthquake both at depth (e.g.,345

Feng et al., 2010) and at the surface (e.g., Xu et al., 2009).346

4. Deformation partitioning in the Tibetan Plateau347

The kinematically consistent slip rates presented above reflect recent de-348

formation of the Tibetan Plateau region occurring on the major structures in-349

cluded in the model under the assumption that decadal and Quaternary rates350

are consistent through time. The block model formulation is predicated on351

the idea that interseismic deformation as recorded by the constraining GPS352

data is the result of micro-plate rotations and earthquake cycle processes353

along major faults. Residual GPS velocities, therefore, reflect deformation354

associated with unparametrized processes. By comparing the potency rates355

on major faults (Equation 2) to those calculated using the residual velocity356

field within each block (Equation 3) through calculation of the potency rate357

partitioning value, φ (Equation 1), the magnitude of deformation sources not358

associated with the block model geometry can be determined.359
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Potency rate partitioning values for the joint geodetic-geologic inversion,360

assuming no observational noise, range from φ = 0.28 in the Himalayan361

Range block (labeled A in Figure 1), where the fault area of the shallowly362

dipping MFT results in a large on-fault potency rate, to 0.90 in the Aksai363

Chin block (W; Figure 7a). Aside from these blocks, the west-central plateau364

block (D, φ = 0.86), and peripheral South China block (S, φ = 0.25), φ is in365

the range of ∼0.50–0.75 for all other tectonic micro-plates. Potency magni-366

tude and partitioning values from an inversion of geodetic data alone are sim-367

ilar to those from the joint geologic-geodetic inversion (Table 1; Figure S1a),368

with a mean magnitude of change in partitioning ratio of 4.5% relative to the369

joint inversion values. Potency rate partitioning values calculated using the370

best-fitting homogeneous strain rate tensor estimate (e.g., McCaffrey, 2005)371

are an average of 44.0% lower than the values from the full residual velocity372

field gradient, averaging φ = 0.36, and are lower in all blocks except the Laos373

block (Table 1; Figure S2a).374

The IDL (equation 5) can be interpreted as the likelihood that the internal375

block potency rate estimate reflects deformation distinguishable from the null376

hypothesis that residual velocities reflect only observational noise (Table 1;377

Figure 7b). The frequency distributions of simulated noise potency rates378

from the Monte Carlo simulations are shown for select blocks in Figure 7d–379

i. We estimate high IDL (∼0.5 or greater) in the Himalayan Range (A),380

Jiali (C), west-central plateau (D), Ganzi-Xianshuihe sliver (N), Burma (U),381

and Aksai Chin (W) blocks and IDL ≤ 0.05 in the Karakorum (B), Qaidam382

Basin (F), most of the northeastern blocks (H, K, L, and M), the Lugu383

Lake (O), Eastern Kunlun (P), south China (S), Yunnan (T), and Tarim384
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Basin (X) blocks. Intermediate values of IDL between ∼0.1–0.4 characterize385

the east-central plateau (E), Qilian Shan (G), Gonghe Nan Shan (I), West386

Qinling (J), Longmenshan (Q), Anninghe-Daliangshan (R), and Laos (V)387

blocks. The estimated IDL from the geodetic-only inversion differs from that388

of the joint inversion by <0.05 in general (Table 1). For the homogeneous389

estimated strain rate tensor calculation, we compare Ph with the Pn
b values390

from the Monte Carlo simulation of data noise without estimating ε̂h; IDL391

values are < 0.1 for all blocks except the Jiali (C; 0.16) and Aksai Chin (W;392

0.62) (Figure S2b).393

Zero to low IDL (< 0.1) characterizes the Tarim Basin (block X), Qaidam394

Basin (block F), Ordos Plateau (block L), and south China (block S), includ-395

ing the Sichuan Basin. Internal potency rates in these and the other low IDL396

blocks cannot currently be distinguished from observational noise in the GPS397

data, without intrablock deformation. The lack of internal deformation may398

be consistent with gravity-based studies suggesting greater elastic thickness399

beneath the Tarim and Qaidam Basins (Braitenberg et al., 2003) and regional400

tomographic studies indicating high seismic velocity roots beneath the Or-401

dos Plateau and Sichuan Basin of the south China block (Yangtze Craton)402

(Lebedev and Nolet, 2003; Li et al., 2008).403

High (greater than ∼ 0.5) IDL blocks are likely to be accommodating404

deformation internally. The Himalayan Range Front block may not act as405

a contiguous unit between the western to eastern syntaxes but may be seg-406

mented by normal faults striking roughly orthogonal to the HRF (e.g., Langin407

et al., 2003). The same is true for the Jiali block (C): residual velocity vec-408

tors suggest that a north striking fault around the longitude of Lhasa (90◦E)409
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may divide the block. Including such a structure reduces the magnitude and410

systematic orientation of residual velocities but predicts left-lateral slip on411

the Jiali fault, opposite the sense inferred from geologic observations (e.g.,412

Armijo et al., 1989). Including the Riyueshan fault between the Gonghe Nan413

Shan and West Qinling blocks (I and J) reduces the magnitude of residual414

velocities relative to a test model in which the fault is absent while improving415

the agreement between estimated slip rates and geologic constraints (Kirby416

et al., 2007) on segments of the eastern KN. Deformation within these mod-417

eled micro-plates may alternatively be accommodated on multiple discrete418

structures, such as the thrust faults near 103◦E, 35◦N (Qinghai Bureau of419

Geology and Mineral Resources of Qinghai Province, 1991). The west-central420

plateau block (D) also shows large magnitude, systematically east trending421

residual velocities (Figure 4a), which may suggest that additional structures422

divide the block into smaller parts that rotate independently. While there423

are several candidate structures for doing so (Figure 1), GPS data in this424

region are sparsely distributed and so slip rates on such structures would425

be poorly resolved. In the Ganzi-Xianshuihe sliver block (N), large residual426

velocities (mean magnitude of 5.2 mm/yr) and IDL ≥ 0.89 are found in both427

the joint geologic-geodetic and geodetic-only inversions, suggesting that some428

internal deformation takes place within this block and/or the reference block429

geometry is locally incorrect.430

The internal deformation potency rate distinguishable from observational431

noise , PID, is positive for only the Himalayan Range, west-central plateau,432

Ganzi-Xianshuihe, Burma, and Aksai Chin blocks (1; Figure 7c). Only these433

blocks contribute to the diffuse deformation budget of the Tibetan Plateau.434
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The total internal deformation potency rate partitioning ratio throughout435

the entire plateau region, φplateau, given as436

φplateau =

∑
PID,∑

PID +
∑
PF

, (6)

where PID is set to zero in those blocks with IDL ≤ 0.5 and the sums are taken437

over all plateau blocks, is 0.13, meaning that as much as 87% of observed438

deformation can be described by processes occurring on the major faults439

included in the block model when observational noise is formally considered.440

Estimates of intrablock and on-fault potency rates are a function of the441

realized fault system geometry. In the reference block model geometry, we442

included select structures whose continuity is currently unclear in order to443

reduce the systematic orientation and large magnitude of some clusters of444

residual velocity vectors. Excluding certain structures reduces the overall445

quality of fit to the GPS data, which in general yields larger Pb, φ, IDL,446

and φID. Removing the structure connecting JI and GY and that connecting447

JI and LG results in a central Tibet block ∼ 106 km2 in area. A test joint448

inversion using this fault system geometry estimates slip rates similar to the449

reference model, but with a faster western KN (∼14 mm/yr left-lateral),450

faster KM (up to 7 mm/yr right-lateral), slower JI (∼1 mm/yr right-lateral),451

and LG and northwestern GY that are consistent in slip rate along strike452

(∼12 mm/yr and ∼5 mm/yr left-lateral, respectively). The test model gives453

φ = 0.71 for the central block, equal to the volume-weighted average of454

the partitioning values in the three corresponding blocks of the reference455

geometry. The IDL of the combined central plateau block is 0.69, suggesting456

the additional active structures included in the reference model. IDL in the457

Karakorum (B) and east-central plateau (E) blocks of the reference model458
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is notably lower (0.05 and 0.07, respectively) than that in the west-central459

plateau block (D, 0.98), which suggests that further subdivision of the west-460

central plateau block may be possible with the advent of sufficient geodetic461

and/or geologic data. The comparison between the degraded and reference462

models serves as an example of how the potency rate partitioning analysis463

can guide the identification of active fault system structures.464

Despite moderate to high IDL in the Anninghe-Daliangshan sliver (0.12),465

Aksai Chin block (0.68), and Ganzi-Xianshuihe sliver (0.95), internal potency466

rates may not represent internal deformation and may instead be an artifact467

of the strain calculation: at most three Delaunay strain rate triangles can be468

constructed from the GPS stations that lie within these blocks. The standard469

deviations of the Monte Carlo simulated potency rates in these blocks are470

the greatest of all blocks, exceeding 40% of the mean trial potency rate,471

P̄n
b (as compared to a mean of 18.5% for all other blocks and 22.0% for all472

blocks). Trial intrablock potency rate variance decreases with the number of473

stations in the blocks (Figure S3a) and in general decreases with increasing474

proportion of block volume represented by Delaunay triangles (Figure S3b).475

5. Potency rates and earthquake moment release476

As an independent indicator of the partitioning between localized and477

diffuse deformation, we examine the spatial distribution of earthquakes in478

the Global CMT catalog since 1976 and a 20th century historical catalog479

(Holt et al., 1995), calculating the distance between each event and the clos-480

est block boundary (Figure 8). In the CMT catalog, 476 earthquakes with481

depth ≤ 33 km and MW ≥ 5.0 have occurred within the plateau blocks,482
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half of which were within 50 km of a modeled boundary (Figure 9a). Sixty-483

six percent of the cumulative moment release since 1976 has occurred in484

events within 25 km of a block boundary, and 96% within 100 km (Fig-485

ure 9b). Thirty-six major (MW ≥ 6.4) historical earthquakes have occurred486

since 1900 (Holt et al., 1995) in the plateau blocks, 25 of which were within487

50 km of the nearest block boundary (Figure 9c). Assuming that the two488

MW = 8.3 Himalayan Range Front events of 1905 and 1934, and the 1950489

MW = 8.5 Medog earthquake took place on the MFT (e.g., Bilham et al.,490

2001), which dips beneath the events’ epicenters (i.e., segment-earthquake491

distance of zero), 89% of the cumulative historic moment release was re-492

leased within 25 km of faults in the reference block model (Figure 9d). We493

define a mean block length scale as half the square root of the mean block494

area, reflecting the average distance from a block center to its boundaries.495

This measure is 253 km (red vertical line in Figure 9), 10 times larger than496

the 25 km within which 86% of combined historical and modern moment has497

been released.498

We suggest that earthquakes located within ∼ 25 km of a block boundary499

can be considered to have occurred on a modeled fault segment, given errors500

in earthquake location and the approximations we make in generating the501

block geometry from the discontinuous active fault map. Earthquake loca-502

tions deduced from satellite interferometry suggest that, in remote locations,503

uncertainties in CMT locations may be as much as ∼40–50 km (Lohman and504

Simons, 2005; Pritchard et al., 2006). That 66% of all modern and 89% of505

historical moment release occurred within this 25 km range (Figure 9) indi-506

cates that the block boundaries chosen for our reference model represent the507
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most important structures in the Tibetan Plateau region in terms of seismic508

moment release. This proximity of seismic moment release to major faults in509

Tibet, independent of geodetic data and the mechanical assumptions of the510

block model, gives an additional metric of the importance of major faults in511

accommodating active deformation. The moment released more than 25 km512

from block model boundaries can be interpreted as intrablock deformation513

occurring on faults below the resolution of the model and could be used to514

guide changes to the model geometry, particularly in places where active515

fault maps based on field geology may be incomplete.516

6. Discussion517

We have shown that both Holocene-Quaternary geologic slip rates and518

decadal interseismic GPS velocities are consistent with a model of Tibet519

composed of rotating tectonic micro-plates. Estimation of fault slip rates520

and internal block strain rates provides a means for quantitatively deter-521

mining the potency rates associated with localized and diffuse crustal de-522

formation processes. Given current geodetic coverage and sparse geologic523

slip rate estimates, internal deformation is statistically distinguishable from524

observational noise only within the Himalayan Range, west-central plateau,525

Ganzi-Xianshuihe sliver, Burma, and Aksai Chin blocks. Our results suggest526

that fault slip on the boundaries of 24 micro-plates, interseismic elastic strain527

accumulation, and consideration of observational noise can describe 87% of528

surface motion of the greater Tibetan Plateau region as recorded in existing529

GPS data. Similarly >86% of seismic moment release in the combined mod-530

ern and historical earthquake catalog has occurred within 25 km of block531
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model boundaries, offering additional evidence that major faults accommo-532

date the majority of active deformation in Tibet. How the accommodation533

of active continental deformation is distributed has substantial implications534

for the evolution of plate boundary zones. If deformation is accommodated535

primarily by slip localized on major active faults, as is implied by the potency536

rate partitioning results, and continental tectonics in general are controlled537

by the strength of the crust (e.g., Jackson, 2002), then understanding the538

interactions among major structures is key to understanding the evolution539

of plate boundaries. Block models provide an interpretation of recent plate540

boundary activity, but the fault system geometry may not be sustainable541

over long periods of time (Cowgill et al., 2009; Taylor and Yin, 2009): some542

faults may become inactive, shifting activity onto adjacent structures, and543

fault intersections change as the micro-plates they bound undergo finite ro-544

tations. Here we have made the assumption that time variation in fault545

slip rates, from decadal to Quaternary scales, is negligible. The fact that546

both decadal geodetic velocities sampled only over a fraction of an indi-547

vidual earthquake cycle and Holocene-Quaternary fault slip rates integrated548

over multiple earthquake cycles can be simultaneously satisfied using a micro-549

plate rotation model suggests that this assumption cannot be falsified at the550

scale of this study. While time variable fault activity has been documented551

in western North America (Friedrich et al., 2003; Dolan et al., 2007), geologic552

evidence for such behavior in Tibet (along the Karakorum fault) is equivocal553

due to conflicting slip rate estimates over similar time periods (Brown et al.,554

2002; Chevalier et al., 2005).555

While we have shown that the geologic, geodetic, and seismic observa-556
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tions of the upper crustal activity in Tibet can be simultaneously explained557

by models combining the rotations of tectonic micro-plates and earthquake558

cycle processes, the forces that drive these motions are currently less clear.559

The force balance on tectonic plates has been debated for over four decades560

(Solomon and Sleep, 1974; Forsyth and Uyeda, 1975; Conrad and Lithgow-561

Bertelloni, 2002; Bird et al., 2008) and the same concepts can be applied to562

smaller continental micro-plates (Fay and Humphreys, 2005; Copley et al.,563

2010). A simple analytic theory describing the torque balance on an isolated564

ellipsoidal micro-plate rotating atop a viscous substrate about a vertical axis565

located at the micro-plate centroid suggests that the ratio of basal to edge566

torques, θ ∼ hucτ/lεη, decreases linearly with decreasing micro-plate length567

scale (Lamb, 1994), where l is the characteristic block length scale, ε is the568

strain rate in the viscous substrate, η is the viscosity of the viscous sub-569

strate, huc is the thickness of the upper crust (micro-plate), and τ is the570

average shear stress acting on the sides of the block. Our kinematic models571

based on the Taylor and Yin (2009) fault map constrain l to be ∼250 km.572

Estimates of lower crustal viscosity in Tibet are highly variable, with esti-573

mates from topographically constrained lower crustal flow models ranging574

from 1 × 1021 Pa-s at the northern plateau margin to 1 × 1017 Pa-s at the575

southeastern margin (Clark and Royden, 2000). Assuming simple Couette576

flow for the lower crust, strain rates are given by the differential velocity,577

∆v, across the lower crust of ∼20 mm/yr (i.e., the half of the India-Asia578

convergence rate not consumed at the Himalayan Range front) divided by its579

thickness, hlc = 10−30 km (Royden et al., 1997). Estimates of the depth ex-580

tent of coseismic slip distributions, and interseismic locking depth estimates581
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presented here suggest that the thickness of the seismogenic upper crust is582

huc ≈ 10 − 20 km. The shear stress acting on faults is the coefficient of583

friction multiplied by the effective normal stress, τ = µσeff , where µ ranges584

from 0.01 to 0.1 (Suppe, 2007). The effect of pore fluid pressure may reduce585

the normal stress due to lithostatic loading, reducing to σeff = ρ(1− λ)ghuc,586

where ρ = 2750 kg/m3 is upper crustal density, λ is the ratio of fluid to587

lithostatic pressure (λ = 0.36 for hydrostatic fluid pressures, assuming zero588

porosity), and g is gravity. Combining these parameter estimates gives a589

broad range for the ratio of edge/basal torques, θ ∼ h2
uchlcµρ(1− λ)g/lη∆v,590

suggesting that edge forces and basal tractions are equally likely to be the591

dominant driver of recent deformation within the Tibetan Plateau. A refined592

estimate of the upper crustal torque balance is possible adopting parameters593

necessary to initiate and sustain channel flow (Beaumont et al., 2001). In594

this case, huc = 25 km, hlc = 25 km, and η = 1 × 1019 Pa-s, giving a much595

narrower range of θ ∼ 1−10, suggesting that for tectonic micro-plates of the596

scale used in our model (or smaller) edge forces are likely to be comparable597

in size to basal tractions. The relative importance of edge forces increases598

with decreasing lower crustal viscosity and smaller micro-plate sizes in this599

simple model where micro-plates rotate about a vertical axis at their cen-600

troids. The combination of localized deformation and a relatively weak lower601

crust suggests that to understand the evolution of the surface of the Tibetan602

Plateau will require a new class of dynamic models that explicitly include603

interacting tectonic micro-plate systems and coupling between the upper and604

lower crust.605
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Joint inversionb Geodetic-onlyc Est. strain rated

Blocka Name φ IDL φID
e φ IDL φ IDL

A Himalayan Range 28.1 99.1 10.1 29.0 98.2 2.2 0

B Karakorum 61.4 5.0 0 63.3 3.2 53.4 0.1

C Jiali 66.2 49.0 0 66.6 47.0 64.2 15.9

D West-central Plateau 86.0 98.3 73.0 85.7 98.4 51.1 0

E East-central Plateau 63.1 6.7 0 63.9 6.4 33.9 0

F Qaidam Basin 54.2 2.0 0 56.9 2.3 30.1 0

G Qilian Shan 62.2 15.4 0 65.8 15.9 15.9 0

H Elashan 68.6 0.4 0 74.0 0.3 40.5 0

I Gonghe Nan Shan 66.6 38.8 0 72.4 29.7 38.2 0.4

J West Qinling 46.3 10.8 0 55.7 4.1 20.1 0

K Haiyuan 62.1 0 0 62.1 0 15.3 0

L Ordos Plateau 72.8 0 0 73.4 0 26.8 0

M Lanzhou 68.7 0 0 71.3 0 29.4 0

N Ganzi-Xianshuihe 71.3 95.4 53.2 61.5 88.7 43.0 8.6

O Lugu Lake 64.8 0.1 0 67.6 0.1 10.8 0

P Eastern Kunlun 56.7 2.5 0 48.8 2.3 45.5 0.2

Q Longmenshan 59.4 33.4 0 62.5 32.3 31.0 0

R Anninghe-Daliangshan 47.5 11.6 0 50.0 13.2 15.7 0.1

S South China 24.8 0 0 24.9 0 10.8 0

T Yunnan 56.7 0.7 0 56.6 0.7 53.9 0

U Burma 73.4 54.5 5.9 73.5 54.7 64.7 0

V Laos 64.2 9.9 0 64.4 10.0 69.2 2.5

W Aksai Chin 90.3 67.9 64.4 91.4 65.4 89.1 61.5

X Tarim Basin 56.2 2.5 0 58.4 2.2 11.6 0

Table 1: Summary of potency rate partitioning parameters, expressed here as percentages.

Superscripts refer to information contained in corresponding figures: aFigure 1; bFigure 7;

cFigure S1; dFigure S2; eFigure 7c.
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é
an

d
A

vo
u
ac

(2
00

0)

T
ab

le
S

1:
G

eo
lo

gi
c

sl
ip

ra
te

co
n

st
ra

in
ts

u
se

d
in

th
e

jo
in

t
in

v
er

si
on

b
lo

ck
m

o
d

el
.

a
C

on
st

ra
in

ed
se

gm
en

ts
ar

e
id

en
ti

fi
ed

in

F
ig

u
re

3
;
b
R

L
=

ri
gh

t-
la

te
ra

l,
L

L
=

le
ft

-l
at

er
al

,
R

V
=

re
ve

rs
e;

c
as

ap
p

li
ed

in
th

e
m

o
d

el
;
d
ag

e
of

ti
m

in
g

co
n

st
ra

in
ts

.



500 km

A

B

C

D

E

X

F

N

L

S

Q
P

W

O

U
V

M

KIHG

R

T

JIKM

MFT

LG

KX
AT

PT TS

BRF

SG RR

GY
LM

XS

KN
HY

J

Figure 1: Active faults (black lines; Taylor and Yin, 2009) and reference model block

geometry (red lines, with blocks identified by circled letters). Major faults labeled are the

Main Frontal Thrust (MFT), Karakorum (KM), Longmu-Gozha (LG), Karakax (KX),

Pamir Thrust (PT), Tien Shan range front (TS), Altyn Tagh (AT), Jiali (JI), Ganzi-

Yushu (GY), Burman Range Front (BRF), Sagaing (SG), Red River (RR), Xianshuihe

(XS), Longmenshan range front (LM), Kunlun (KN), and Haiyuan (HY). The blocks are

labeled as: Himalayan Range (A), Karakorum (B), Jiali (C), west-central plateau (D), east-

central plateau (E), Qaidam Basin (F), Qilian Shan (G), Elashan (H), Gonghe Nan Shan

(I), West Qinling (J), Haiyuan (K), Ordos Plateau (L), Lanzhou (M), Ganzi-Xianshuihe

sliver (N), Lugu Lake (O), eastern Kunlun (P), Longmenshan (Q), Anninghe-Daliangshan

sliver (R), south China (S), Yunnan (T), Burma (U), Laos (V), Aksai Chin (W), and

Tarim Basin (X).
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Figure 2: Nominally interseismic GPS velocities. We combined the velocity fields of Vigny

et al. (2003), Calais et al. (2006), and Gan et al. (2007) into a common reference frame by

finding rotation and translation parameters that minimize the difference between velocities

at collocated stations. Velocities are listed in Table S2.
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Figure 3: Estimated a) strike and b) dip/tensile fault slip rates from the combined geodetic-

geologic block model inversion. Right-lateral and reverse/closing sense slip are given as

positive. Outlined fault segments indicate locations of geologic slip rate constraints, with

the label giving the input (top) and estimated (bottom) rates and uncertainties. Super-

scripts give source of slip rate constraint: aBrown et al. (2002); bCowgill (2007); cHaibing

et al. (2005); dVan der Woerd et al. (2002); e, fKirby et al. (2007); gLi et al. (2009); hWen

et al. (2003); iLavé and Avouac (2000).



a. Residual velocities
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Figure 4: a) Residual velocities from the joint geodetic-geologic inversion. Velocities are

listed in Table S2. b) Delaunay triangulation of residual velocity field. Colors give the

magnitude of the strain rate tensor within each triangle; we assume that strain is homo-

geneous within each element. Triangles whose sides cross block boundaries are discarded.
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Figure 5: Residual velocity statistics as a function of fault locking depth. We vary the

locking depth of all fault segments between 0 and 30 km and find that which minimizes the

residual velocity field (14 km), here expressed as the percent increase above the minimum

χ2 value (solid) and mean residual velocity magnitude (dashed).
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Figure 6: Constraining and estimated geologic and geodetic data. a) Geologic fault slip

rates used as constraints versus estimated rates. Reported uncertainties are shown; es-

timated uncertainties are not. Segments are labeled in Figure 3. b) Observed versus

estimated GPS component velocities within the plateau micro-plates. Color denotes mag-

nitude of velocity contribution from elastic earthquake cycle processes. In both panels, a

1:1 relationship is given by the black line.
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Figure 7: a) Potency rate partitioning values, φ, given as the intrablock percentage of

the total potency rate, based on the gradient of the residual velocity field from the joint

geodetic-geologic inversion. b) Internal deformation likelihood (IDL), given as the percent

of Monte Carlo simulation trials whose intrablock potency rate magnitude is less than the

rate from the reference model residual velocity gradient. c) Percentage of total potency

rate accommodated by internal deformation that is statistically distinct from observational

noise, φID. d–i). Example histograms showing the frequency distribution of intrablock

potency rates from the 1000 Monte Carlo trials. The corresponding blocks are labeled

in panel b. In each of the histogram panels, the black solid curve shows the best-fitting

Gaussian distribution of the histogram and the black dashed line shows the actual potency

rate from the joint inversion. The mean and standard deviation of the distribution, and

the actual potency rate, are given as µ, σ, and A, respectively.
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Figure 8: Distance between modern (Global CMT catalog earthquakes with depth ≤ 33 km

and MW ≥ 5.0) and historical (white outlined circles, MW ≥ 6.4 from Holt et al. (1995))

earthquakes and the surface trace of the nearest block geometry fault segment, scaled by

magnitude. Only earthquakes within the greater plateau region are plotted.
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Figure 9: Spatial distribution statistics of crustal earthquakes shown in Figure 8. a, b)

Cumulative number of events within a given distance range of the nearest block geometry

fault segment for modern (a) and historical (b) earthquakes. Half of modern and 2/3 of the

historical events occur within 50 km of a block boundary. c, d, e) Percent of cumulative

moment released vs. distance for modern (b) and historical (d, e) earthquakes. Sixty-six

percent of the total modern moment is released within 25 km of a fault segment, and 96%

is released within 100 km of a fault segment. Assuming that the three largest historical

earthquakes occurred on the dipping Himalayan Range Front (HRF) thrust, 89% of the

historical moment has been released within 25 km of block boundaries (d). The red vertical

line represents a mean linear block dimension, given as half the mean of the square roots

of the plateau blocks’ areas (253 km), and represents an average distance between a block

interior and its boundaries.



63.3

74.0

61.5

56.9

64.4

62.5

50.0

85.7 55.7

63.9

66.6

48.8

91.4

56.6

72.4

62.1

29.0

65.8

73.4

24.9

71.3

67.6

73.5

58.4

a. Potency rate partitioning value

30

40

50

60

70

80

90

P
o
te

n
c
y
 r

a
ti
o
 (

%
)

70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚ 110˚ 115˚

15˚

20˚

25˚

30˚

35˚

40˚

45˚

500 km

3.2

0.3

88.7

2.3

10.0

32.3

13.2

98.4 4.1

6.4

47.0

2.3

65.4

0.7

29.7

0.0

98.2

15.9

0.0

0.0

0.0

0.1

54.7

2.2

b. Internal deformation likelihood

0

25

50

75

100

In
te

rn
a
l 
d
e
f.
 l
ik

e
. 
(%

)

70˚ 75˚ 80˚ 85˚ 90˚ 95˚ 100˚ 105˚ 110˚ 115˚

15˚

20˚

25˚

30˚

35˚

40˚

45˚

500 km

Figure S1: Potency rate partitioning ratio, φ (a), and IDL (b) values based on the residual

velocity gradient from the geodetic-only inversion, expressed as percentages.
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Figure S2: Potency rate partitioning ratio, φ (a), and IDL (b) values based on the best-

fitting strain rate tensor estimated within each block based on a joint geodetic-geologic

inversion, expressed as percentages.
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Figure S3: Variation in internal potency rates from Monte Carlo simulations. For each

block, the standard deviation, σ, of all trial potency rates, normalized by the mean, µ, is

plotted versus the a) number of stations within the block and b) percent of the block’s

volume, VB, occupied by the volume of all Delaunay triangle prisms, VT. The Aksai Chin,

Anninghe-Daliangshan, and Ganzi-Xianshuihe blocks contain only 3, 4, and 5 stations,

respectively, and they show substantially higher normalized standard deviation in the

simulated potency rate (>40% of the mean) than do other blocks. Variation decreases

with increasing number of stations (a) and in general decreases with increasing Delaunay

fractional block volume (b). The average normalized standard deviation for all blocks is

shown as the solid horizontal line (22.0%); the dashed line gives the mean value (18.5%)

excluding the three blocks with normalized standard deviations >40%.



Appendix A. Reference model block geometry description848

The Himalayan Range block (block A on Figure 1) is bounded by the Main849

Frontal Thrust (MFT) and the Karakorum fault (KM); we model KM as850

extending east of 85◦E, roughly parallel to the MFT. Both faults bend around851

the eastern syntaxis at Namche Barwa, merging with the Sagaing fault (SG)852

and Burman Range Front (BRF) around 95◦E. Immediately north of the853

Himalayan Range block, we model the Karakorum (B) and Jiali (C) blocks,854

bounded to the south by KM and its eastern extension and to the north by855

the Jiali fault (JI) and its westward continuation beyond 85◦E, which follows856

a few short mapped fault segments. Separating the Karakorum and Jiali857

blocks at 85◦E is a north-south striking structure mapped by Taylor and Yin858

(2009) as a series of normal faults. North of these blocks are the west-central859

plateau and east-central plateau blocks (D and E, respectively), bounded to860

the north by the western Kunlun fault (KN) and the Ganzi-Yushu fault (GY).861

Separating blocks the west- and east-central plateau blocks is a northeast862

striking structure connecting JI to GY, which follows a discontinuous trace863

on the active fault and modern seismicity maps (Taylor and Yin, 2009).864

North of the west-central plateau blocks, bounded by the Kunlun fault on865

the south, the Altyn Tagh fault (AT) on the west, and faults of the Qaidam866

thrust belt to the north, is the Qaidam Basin block (F). To its north is the867

Qilian Shan block (G), and to the east are the Elashan (H), Gonghe Nan868

Shan (I), West Qinling (J), Haiyuan (K), Ordos Plateau (L), and Lanzhou869

(M) blocks, whose boundaries are defined by reasonably contiguous fault870

networks, including the Haiyuan fault (HY). To the north and east of the871

east-central plateau block are the Ganzi-Xianshuihe sliver (block N) and872



Lugu Lake block (O), whose boundaries are KN, GY and a south-southeast873

striking branch leading to the Red River fault (RR), and the Xianshuihe fault874

(XS). The Eastern Kunlun block (P) is triangular in shape and lies between875

the eastern KN, northern XS, and the fault west of the Longmenshan fold-876

and-thrust belt (LM); east of the Eastern Kunlun block is the Longmenshan877

proper (block Q). The Anninghe-Daliangshan block (R) lies between two878

segments of the XS, and the south China block (S) lies to its east. The879

Yunnan (T), Burma (U), and Laos (V) blocks are located in southeast Asia,880

where GPS data are sparse. The Aksai Chin block (W) is located about881

80◦E, between the Longmu-Gozha fault (LG), the Karakax fault (KX), and882

the western KM. Finally, the Tarim Basin block (X) lies between KX, AT,883

and the southern edge of the Tien Shan (TS).884
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