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Abstract

Understanding the nature and behavior of the rocks in boundary zones between tectonic plates is important to improve our

understanding of earthquake-associated hazard. Laboratory experiments can derive models that explain material behavior on

small scales and under controlled conditions. These models can also be tested on observations of surface motion near plate

boundaries: Fitting surface displacements from earthquakes (either shortterm offsets or longterm motion) yields estimates of

rock properties for each model. However, using only observations from a single earthquake (from immediately after the quake

and/or the subsequent years), may not allows us to confidently distinguish between models. In this study, we investigate

the potential of using the displacement timeseries from multiple earthquakes, as well as the period between the quakes, to

distinguish between proposed models. We use methods that enable comparison between models and parameters taking into

account uncertainties, and perform our assessment on an artificial dataset.

1



1013 1014 1015 1012

1012

1013

1013

1014

1014

1
1

1

13

3

3

310

10

10

10

0 1 2 3 4 5 6 7 8 9 10 11

50th Percentile + (84th − 50th) Percentile
− (50th − 16th) Percentile

9.9e13 + 1.0e13
− 9.0e12

8.1e12 + 2.1e12
− 1.7e12

6.1 + 0.26
− 0.24

3.0 + 0.20
− 0.18

Values used to generate the
synthetic observations

Estimate Ranges

Marker & Line Colors

Iteration #

Truth

Deep [-]

D
ee
p

Deep [Pa·s/m]

D
ee
p

Shallow [-]

Sh
al
lo
w

Shallow [Pa·s/m]

1012

1012

1013

1013

1014

1014

1

1

10

10

3

3

D
ee
p

[-]
D
ee
p

[P
a·

s/
m
]

Sh
al
lo
w

[-]
Sh

al
lo
w

[P
a·

s/
m
]

(1)
Joint

(2)
Postseismic

(3)
Joint

14 day gap

(4)
Preseismic

with
postseismic

tail

(5)
Preseismic
low noise

(6)
Preseismic

(7)
Joint

variable
recurrence

time

True values

Steady-state preseismic observations
not informative for inversion

Excellent parameter recovery using
joint or postseismic observations

Median estimate

Normalized PDF

100 0 100 200 300 400 500
Landward Distance [km]

150

100

50

0

D
ep

th
[k
m
]

Locked Zone (Asperity)

Creeping Zone

* not to scale

Plate Thickness*

Shallow
,

Deep
,

S1 S2 S3 S4 S5

0 500 1000 1500 2000
Landward Distance [km]

0.0

0.2

0.4

0.6

0.8

1.0

N
or
m
al
ize

d
Cu

m
ul
at
iv
e
Sl
ip

[-]

Fault Slip Over Time

CoseismicPostseismic

Interseis
mic

Rheology-
derived

Initial Value
Problem

MCMC
Sampler

Impulse
Response
Calculation

Asperity
distribution

Earthquake
history

Subduction
zone

geometry

ObservationsGreen's
functions

Stress
kernels

Fault slip &
velocity

Rheological
parameters

Predicted
displacement

Observation
residuals

Inverse
Model

Forward
Model × −

5

0

5

10

15

H
or
izo

nt
al

[m
]

0

5

10

15

Ve
rt
ica

l[
m
]

Surface Displacement
Postseismic observations:
Cases (1), (2), (3), (7)

Preseismic observations:
Cases (1), (3), (4), (5), (6), (7)

S1 @ 200 km

S2

S3

S4

S5 @ 400 km

Time [a]
0 5 10 2015

•Constraining the effective rheology of tectonic plate interfaces is crucial to
improve our understanding of the physics of plate boundary deformation (e.g.,
Bürgmann & Dresen, 2008) — including questions like how does stress accumulate,
release and distribute during the earthquake cycle, where and how are mountain
ranges sustained, how can plate-like tectonics exist, and what does our understanding
imply for seismic hazard assessments?

•Laboratory experiments have been used to propose constitutive relations of specific
rock types at the micron to meter scale (e.g., Blanpied et al., 1995; Hirth, 2002;
Hirth & Kohlstedt, 2003).

•Postseismic displacement timeseries observations near plate interfaces have since
been used to estimate ranges of parameters for such models (e.g., Freed et al., 2012;
Agata et al., 2019; Muto et al., 2019; Weiss et al., 2019; Fukuda & Johnson, 2021)
although it is unclear if geodetic evidence can distinguish between different models
at megathrust scales.

→ Longterm goal: Identify classes of rheological models that are internally consistent
over different phases of the seismic cycle.

•We build on the concepts of Hetland & Simons (2010) and Hetland et al. (2010)
that model interseismic creep in an idealized subduction zone given a recurring
rupture sequence, locked asperity patches, and a rheological model.

→ Goal for this study: Develop a framework to solve for rheological parameters on a
simulated, 2D megathrust in a probabilistic inverse sense, with
the eventual aim of full 3D analysis of geodetic data in
Northern Japan.

Forward model:
•Asperities: predefined regions that only slip coseismically with known recurrence

time and slip amount.
•Rheology: depth-dependent power-law viscous rheology ( rheological

strength term, slip velocity, shear stress, power-law exponent), appropriate for
linear-viscous, power-law viscous, and rate-dependent frictional models (e.g., Montési
& Hirth, 2003; Montési, 2004; Mallick et al., 2022).

•Boundary integral formulation: ( stress kernel, plate velocity),
initial conditions obtained by spin-up.

Inverse model:
•Markov-Chain Monte-Carlo (MCMC) framework: maximize the likelihood

, matching the entire timeseries (not a functional fit), yielding the
posterior distribution for parameters using the CATMIP algorithm
(Minson et al., 2013) as implemented in the AlTar software.

•Errors: observations , corrupted by observation errors (covariance
currently assumed as constant, diagonal matrix) as well as the model errors

(covariance , currently ignored) with .

Our framework allows the exploration of uncertainties
in our forward model in three ways:
•Moving a hyperparameter of the forward model into
the group of estimated parameters, or

•Sampling the hyperparameters from a distribution
at each sample of the forward model (without
estimating it, increasing the posterior uncertainty),
or

•Running the forward model with a variety of
plausible hyperparameters, calculating an empirical
covariance in data space, and incorporating it into
the MCMC sampler as .

Possible uncertainties to be explored are the timing of
earthquakes, amount of coseismic slip, the fault
geometry, and the removal of coseismic offsets.
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Fig. 5: Corner plot of the posterior covariance matrix as approximated by the MCMC inversion process for the
two rheological parameters and at the shallow and deep ends of the creeping zone (modeled to vary linearly
in logarithmic space between the boundaries). The figures on the diagonal represent 1D histograms of the
marginalized probability density functions (PDF) for each parameter. In the off-diagonal plots, the MCMC
samples at each iteration are plotted as circles, with their color indicating the iteration, to form a 2D histogram.
From the convergence of the MCMC samples over successive iterations, as well as from the comparison of the
prior and posterior marginal distributions in the 1D histograms, one can clearly see the recovery of the true
parameters, as well as the strong correlations between each parameter. This test case completed in 10 minutes
using 160 samples with a chain length of 5 using all 32 threads on a 16-core CPU.

Fig. 1: Workflow schematic. Orange rectangles represent key computational steps. Rounded rectangles represent
hyperparameters (kept constant) and regular parameters (to be estimated) in blue and red, respectively.
Rectangles with cut corners represent state variables, and the purple ellipse represents the (synthetic)
observations. More details about the process below.

Fig. 6: Marginal posterior probability distributions of the four rheological parameters (see Fig. 5) for 7 different
test cases, shown as violin plots. The shaded areas are normalized, smoothed vertical histograms, with the colored
horizontal lines indicating the median estimates, and the black horizontal line indicating the true value. The
different cases represent inversions with differing sets of observations. In the base case (1), presented in detail in
Fig. 5, the inversion is informed by both pre- and postseismic surface displacement timeseries (see Fig. 4 for the
available observations and timespans). In all cases, the coseismic offset is removed. In the inversion of case (2),
only the postseismic observations are used. In case (3), preseismic observations and postseismic observations
starting 14 days after the earthquake are used. Cases (4)–(6) only use preseismic observations. The timeseries in
case (4), however, includes the tail of a smaller, unobserved earthquake. Case (5), in turn, only has a noise
standard deviation of 1 mm. Case (6) uses the same preseismic observations as the base case. In case (7), we
explore the effect of uncertainties in the recurrence time by allowing the recurrence time to vary by approx. ±10%
(using both pre- and postseismic observations).

Fig. 4: Simulated surface displace-
ment timeseries in both horizontal
and vertical directions used as input
for all test cases (see Fig. 5 for
rheological parameters used to create
this timeseries). The solid lines are
the true timeseries, with colors
corresponding to observer location.
The labels refer to the names of the
stations, with the range of trench-
ward distances given as well. The
black dots are the synthetic
observations which include a 10 cm
standard deviation Gaussian noise. At
approx. 9.2 a (vertical black line), an
earthquake occurs and starts a
postseismic transient process. The
coseismic offset is removed both in
this plot, as well as in the
observations used in the inference
process. Which observations a test
case (see Fig. 6) uses is given by the
text at the arrows indicating the pre-
and postseismic phases.

Fig. 2 (above): Model setup of the subduction zone,
following the Elastic Subducting Plate Model (ESPM,
Kanda & Simons, 2010). Two plate interfaces approximate
the downgoing slab, with the upper and lower interface
experiencing left- and right-lateral shearing motion,
respectively. The location of observers S1–5 (Fig. 4) is
given by the black triangles. Over the length of the upper,
creeping interface (going down to 600 km depth, not
shown here), the rheological parameters and vary
linearly in logarithmic space.
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Fig. 3 (right): Cumulative slip on the locked and creeping
fault patches for different timespans within the earthquake cycle, normalized by the total amount of slip occuring
over the entire cycle. The coseismic period (blue line) includes the step offset imposed by the earthquake, both
within the locked zone as well as in the creeping zone through tapered slip (to mitigate unphysical stress spikes).
The postseismic period (orange) represents the cumulative slip for the first 1% of the recurrence time interval,
and the interseismic period (green) the remaining slip.

•Our principal next step is to expand to a 3D
domain and real data.

•We aim to use the region of Northern Japan as our
study example, because of the long & dense GNSS
record present, even longer historical accounts of
large earthquakes (including rupture locations), and
even seafloor observations.

•We are exploring the possibility of using GPUs to
speed up the computations.

•We are exploring options to validate our code with
other, more detailed earthquake cycle codes.
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