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[1] Flow of the mid-crust in the Tibetan Plateau may
strongly influence the patterns of deformation and
topography within this area. This flow requires the lower-
crust to have low viscosity and so quantifying this viscosity
may be used to test the idea of channel flow. An
application of Bayesian methods to geologic and geodetic
data from north central Tibet yields lower-crustal
viscosities (assumed Newtonian) of 1 x 10" Pa s and
2 x 10*' Pa s (95% bounds). The lower bound is larger
than the value of 10'°~10'® Pa s required by models of
flow of the lower-crust of Tibet, unless the entire lower
crust participates in channel flow. Citation: Hilley, G. E.,
R. Biirgmann, P.-Z. Zhang, and P. Molnar (2005), Bayesian
inference of plastosphere viscosities near the Kunlun Fault,
northern Tibet, Geophys. Res. Lett., 32, 101302, doi:10.1029/
2004GL021658.

1. Introduction

[2] Two simple views of continental deformation differ
in how the upper crust and uppermost mantle are linked. In
one case, the entire crust and mantle lithosphere deform by
pure shear thickening, as implemented explicitly by the
thin viscous sheet model [Houseman and England, 1986;
England and Houseman, 1986]. In the other, the brittle
upper crust is decoupled from the upper mantle, and in
some cases deformation of the mid- to lower crust may
occur by “channel flow” [Royden et al., 1997; Clark and
Royden, 2000; Beaumont et al., 2004]. In the latter case, a
low viscosity lower crust can mechanically decouple the
crust from the mantle lithosphere, drastically altering the
stresses and deformation in these types of continental
orogens. Such channel flow has been proposed to explain
the deformation within Tibet and topography around the
margins of the Tibetan Plateau [e.g., Clark and Royden,
2000]. Because channel flow requires a low-viscosity zone
in the mid- to lower crust, independent inferences of
viscosity may be used to test the channel flow hypothesis.
Herein, using geologic and geodetic data collected along
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and adjacent to the Kunlun Fault in northern Tibet, we
show that the viscosity of the mid- to lower crust is at least
approximately an order of magnitude larger than that
required by most models of channel flow.

2. Methods

[3] We used geologic and geomorphic estimates of fault
slip rates (9—16 mm/yr) and earthquake-rupture offsets
in conjunction with geodetic data from northern Tibet
(Figure 1) to estimate plastosphere viscosity and refine
estimates of fault slip rate, schizosphere thickness, and
recurrence time of events. Here, “schizosphere™ refers to
the portion of the upper crust that deforms elastically during
interseismic periods, and “plastosphere” refers to areas
that deform elastically over short time-scales but undergo
viscous stress relaxation over longer time-scales [Scholz,
1988; Savage, 2000; Dixon et al., 2003]. Assuming that the
plastosphere deforms according to a Maxwell constitutive
law [e.g., Jaeger, 1956], surface velocities observed during
the earthquake-cycle may be used to estimate plastosphere
viscosity [e.g., Savage and Prescott, 1978]. In the simplest
view, the crust is idealized as two-dimensional in cross-
section, so that movement along major strike-slip faults
occurs in the out-of-plane dimension. The deformation
during the earthquake cycle is defined by the long-term,
average strike-slip rate of the modeled fault (s), the Max-
well relaxation time of the plastosphere (T = 21/p, where n
is the viscosity and p is the shear modulus), the thickness of
the schizosphere (H), the time since the last earthquake (7),
and the average recurrence interval (7'). Dimensional anal-
ysis reveals that four groups relate observed surface veloc-
ities to constitutive properties and rates of the schizo- and
plastosphere [Savage and Prescott, 1978; Segall, 2002]: t* =
HT, v = 1/1, s* = s/s,.5 and H* = H/x,,; where s,.r and
Xor are arbitrary slip-rate and length scales set to 1 mm/yr
and 1 km, respectively. While simple, this model captures
the basic observation that crustal deformation during the
seismic cycle consists of coseismic elastic deformation
followed by postseismic viscoelastic adjustment of the lower
crust [e.g., Savage and Prescott, 1978; Segall, 2002] and has
been successfully employed to provide first-order estimates
of fault zone and lower-crustal properties in other regions
[e.g., Segall, 2002]. It is important to acknowledge that the
Kunlun Fault undergoes a left step ~250 km west of
the geodetic profile, and continues eastward for another
~200 km. This discontinuity may violate some of the
assumptions inherent in a two-dimensional model. In
addition, the fault likely does not rupture along its entire
1600 km length in single events, and so three-dimensional
effects of rupture along individual segments may lead to a
slight overestimation of the plastosphere relaxation time.
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Figure 1. Location of the Kunlun Fault in northern Tibet,
central Asia, and geodetic velocities used in this study. Error
ellipses denote 95% confidence in velocities. Velocities are
reported relative to station BUDO [Zhang et al., 2004]
(Figure 3). Velocities shown as solid white arrows were
used to estimate plastosphere viscosities, while sites
denoted by black arrows were not used due to their
potential of recording the contraction taking place within
the Qaidam basin and strike slip motion along the Altyn
Tagh fault to the north. The black portion of the Kunlun
Fault experienced a M 7.8 earthquake in 2001.

However, this model provides us with at least order-of-
magnitude estimates of relaxation time (and hence plasto-
sphere viscosity) for the region. Given the density of
geodetic measurements from this portion of Tibet, the
earthquake cycle modeling that we use allows us to glean
information about plastosphere properties that otherwise
could not be ascertained using the types of dislocation
models currently employed to interpret interseismic
geodetic velocities from this area [e.g., Wallace et al.,
2004; Zhang et al., 2004].

[4] We incorporate geologic data and all sources of
uncertainty into our viscosity estimates by exploiting
Bayes’ Rule [Bayes, 1763], which allows quantitative
refinement of initial estimates of model parameters (in this
case, fault zone and plastosphere properties) given the
information provided by the geodetic observations [Segall,
2002; Johnson and Segall, 2004]:

P(x|m;)P(m;)

>~ P(sf) P ()

P(m;|x) =

J

where m; denotes a vector of the four dimensionless model
parameters, x is a vector of the normalized geodetic
velocities observed, P(m;|x) denotes the probability that
the set of model parameters explains the geodetic velocities,
P(x|m;) is the probability of observing the geodetic
velocities given a combination of model parameters m;,
and P(m;) is the probability that the chosen combination of
model parameters actually occur. The denominator nor-
malizes the probability to all possible combinations of
model parameters. In this context, P(x|m;) encapsulates the
goodness of fit between observed geodetic velocities and
those that would be expected based on the viscoelastic

HILLEY ET AL.: BAYESIAN INFERENCE OF PLATOSPHERE VISCOSITIES

L01302

model that relates the surface velocity distribution to fault-
zone and plastosphere properties. P(m;) describes in a
probabilistic sense, some prior knowledge about which sets
of model parameters are likely to occur. This term may be
used to incorporate information such as slip rates along
faults and recurrence times of earthquakes whose range may
be estimated based on geologic and geomorphic considera-
tions [e.g., Savage and Prescott, 1978; Buck et al., 1996;
Biasi et al., 2002]. To evaluate equation (1), we use the
Metropolis-Hastings variant of the Markov-Chain Monte
Carlo simulation methods that allows approximation of the
joint distribution P(m;|x) without an exhaustive search of the
parameter space [e.g., Metropolis et al., 1953].

[s] With plausible ranges of #*, T*, s*, and H* based on
geologic, geomorphic, and seismological observations from
the Kunlun fault (s = 9—16 mm/yr [Kidd and Molnar, 1988;
van der Woerd et al., 2002]; T covaries with s, given that
coseismic offsets were observed to be 3.8—10 m [Kidd and
Molnar, 1988; van der Woerd et al., 2002; Lin et al., 2002;
Xu et al., 2002]; t=0-T; H=12-26 km; T = 0—-600 yrs.),
we used simple uniform probability distributions between
the two reported extremes of each model parameter to
construct the prior joint distribution, P(m;) (equation (1)).
When we assign a wide range of values to #*, we ignore the
occurrence of the M 7.8 earthquake in 2001, which ruptured
the Kunlun fault west of where the GPS line crosses the
fault. Slip of ~2 m did occur in 2001 on a secondary fault,
the Kunlun Pass fault, where the GPS line lies [Lin et al.,
2002; Xu et al., 2002], but the main strand where 8—10 m
offsets imply major past earthquakes [Kidd and Molnar,
1988; van der Woerd et al., 2002] did not break in that
event. We then used equation (1) to refine these initial
estimates using the fault-parallel components of ten Global
Positioning System (GPS) velocities along an ~600-km-
long profile oriented approximately perpendicular to the
strike of the fault [Zhang et al., 2004]. Importantly, the
velocities used in this study span the time period prior to
the M7.8 2001 Kunlun earthquake, and so we expect no
contamination in the velocities from coseismic displace-
ments during this event. We excluded sites located far to the
north of the Kunlun fault to avoid the potentially confound-
ing effects of slip along contractional and strike slip faults in
those areas.

3. Results

[6] Values of s* =10.2, r* =0.37, 7* = 0.0338, and H* =
12.5 yielded the highest probability in the joint probability
density function (pdf) (Figures 2 and 3 and Table 1) and lie
within the extremes of the probable model parameter values
based on their marginal distributions (Figures 2a-—2c).
Marginal distributions of these groups show a positively
skewed s* marginal probability density (mpdf; Figure 2a), a
negatively skewed * mpdf (Figure 2b), and an approxi-
mately log-normally distributed 7 mpdf (Figure 2c).
Increasing s* requires decreasing 7* (Figure 2d), increasing
t* requires increasing T* (Figure 2e), and increasing H*
requires increases in t* (Figure 2f), although covariance
between the latter set of dimensionless groups is small. The
non-linearity of the simple viscoelastic model allows com-
plex model behavior that results in a myriad of trade-offs
between the different variables, and this sometimes allows
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Figure 2. (a—c) Parameter estimates for s*, t*, and T* inferred from Bayesian analysis. (d—f) Marginal distributions,
which collapse the joint pdf onto a subset of model parameter dimensions, show covariation of T* with s*, t*, and H*,

respectively.

the optimum value (which is only weakly favored over
other model parameter combinations) to lie outside of the
95% bounds of the model parameter value. The measured
components of velocity and simulated predictions (Figure 3)
agree within uncertainties of measurements. The non-
linearity of the viscoelastic model permits a plethora of
trade-offs between model parameters that allow the optimal
velocity profile to lie outside of the lo predicted range.
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Figure 3. Observed fault-parallel velocity profile (dots
with error bars) and range of profiles generated by Monte
Carlo simulations (shaded areas). Heavy solid line shows
best-fitting calculated profile. Dashed lines show velocity
profiles that result from optimal values of s*, H*, and t*,
assuming that 7= 500 years. This value of T was chosen
to produce the steepest possible velocity gradients (and
hence, the best fit to the observed velocity profile when
plastosphere viscosity is low) that would be expected for
plastosphere relaxation times of T =211 yrs (I x 10%° Pas),
21.1 yrs (1 x 10" Pa s), and 2.1 years (I x 10'® Pas).

Coseismic ruptures observed over several earthquake cycles
along the main strand of the Kunlun Fault consistently
produce 8—10 m of strike-slip offset during each event
[Kidd and Molnar, 1988; van der Woerd et al., 2002], and
the estimated range in the fault’s slip rate (9—16 mm/yr
[Kidd and Molnar, 1988; van der Woerd et al., 2002])
implies an average earthquake recurrence time of 500—
1111 years. Using this range and assuming a shear modulus
of 30 GPa, our estimates of 7* imply plastosphere viscos-
ities between 1 x 10" Pa s and 2 x 10?' Pa s (95%
bounds). Accordingly, velocity profiles expected for vis-
cosities of 1 x 10%°, 1 x 10", and 1 x 10'® Pa s,
respectively (Figure 3), indicate that viscosities <l x
10" Pa s (T < 2.1 years) would lead to exceedingly small
surface velocity gradients. In the context of linear viscosity,
if these low values apply to geologic time-scales, geodeti-
cally observed deformation should be extremely broad
[Savage and Prescott, 1978] and would likely span the
entire width of the Tibetan plateau rather than being
expressed as persistent, resolvable velocity changes across
major fault zones [Wallace et al., 2004; Zhang et al., 2004].

4. Discussion and Conclusions

[7] Numerical simulations that consider the effects of a
weak mid- to lower-crust underlain by a strong lithospheric

Table 1. Summary Statistics of Inferred Model Parameter Values,
Considering Geologic, Geomorphic and Geodetic Data

Optimal Value Mean Median o 95% Bounds
s* 10.2 11.9 11.8 1.5 9.3-15.1
t* 0.37 0.74 0.77 0.2 0.31-0.98
* 0.0338 0.446 0.187 0.829 0.04-3.25
H* 12.5 20.3 20.9 3.9 12.6-25.8
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mantle [Hetland and Hager, 2004] indicate that interseismic
velocities reflect the viscosity of the weak lower crust,
rather than the strong lithospheric mantle. Therefore, our
viscosity estimates should reflect the viscosity of the lower
crust, even in the presence of a strong upper mantle. In
contrast to our inferred viscosities, estimates of Tibetan
lower-crustal viscosity based on topographic gradients
[Clark and Royden, 2000] and geodynamic models [Shen
et al., 2001] are 10'® Pa s and 10'® Pa s, respectively,
supposing that a weak, mid-crustal channel is 15 km thick.
Because these previous viscosity estimates scale with the
cube of the assumed channel thickness, our viscosities
would require channel thickness values between 147—
832 km (95% bounds) for viscosities inferred from topo-
graphic gradients [Clark and Royden, 2000] and 32—179 km
(95% bounds) for viscosities inferred from geodynamic
modeling [Shen et al., 2001]. Recent seismological obser-
vations from southern and western Tibet indicate that the
mantle lithosphere may be strong [Chen and Yang, 2004],
suggesting that crustal channel thickness may not exceed
90 km. Despite the wide range of viscosities allowed by our
model, when applied to those previously estimated using
topographic gradients [Clark and Royden, 2000], our vis-
cosities require channels that penetrate the entire litho-
sphere. If so, at least in the central northern Tibetan
plateau, topography does not appear to serve as a reliable
proxy for lower-crustal viscosity. On the other hand, when
our viscosities are applied to geodynamic models of lower-
crustal channel flow that address other aspects of Asian
geology [Shen et al., 2001], more plausible, yet larger
channel thicknesses than previously considered (>30 km)
are consistent with our lowermost bounds on estimated
viscosity. It is possible that a power-law constitutive rela-
tionship may, in some cases, reconcile the relatively large
viscosity that we infer with the presence of lower-crustal
channel flow [Beaumont et al., 2004], and so we cannot rule
out the possibility that a lower-crustal channel may be
present beneath northern Tibet within the 95% bounds of
our estimates. In any case, our viscosity estimates indicate
that if a lower-crustal channel exists beneath northern Tibet,
it must be thicker than previously thought. However, the
range in viscosity estimates favoured by our analysis
appears more compatible with a scenario in which the upper
crust is mechanically linked to the uppermost mantle
through a viscous mid- to lower-crust.
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