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ABSTRACT

Traditionally, interseismic deformation in subduction zones has been modeled using simple
elastic dislocation models (EDMs). Such models have been extensively used over the past
couple of decades as geodetic networks were being established around the world.

However, with the availability of 3D (vector) velocity data with dense spatio-temporal
coverage during the past decade, it becomes possible to explore more complex models of
deformation. Such models may allow us to infer higher-order properties of the megathrust
interface or the subducting plate from the observed deformation field. For instance, we
show that it may be possible to infer the elastic plate thickness of the subducting plate (over
the seismic cycle timescale) under certain conditions, especially if ocean-bottom geodetic
measurements become routinely available in the near future. The plate thickness can affect
surface deformation on the overriding plate if only a small fraction of the flexural stresses
at the trench are continuously released over the seismic cycle time-scale. Another problem
we address here is how the rheology of the megathrust interface affects the evolution of slip
over the seismic cycle, and therefore, the seismic hazard inferred from geodetic data. We
model such slip evolution on a realistic 3D fault surface having a frictional rheology.
Assuming that seismic rupture zones (or “asperities”) persist across several seismic cycles,
we test the hypothesis that mechanical coupling on such asperities alone is sufficient to
explain currently available geodetic observations in northern Japan. We find that it is not
necessary to lock large portions of the megathrust between ruptures — unlike recent EDM
predictions for northern Japan — resulting in potentially large future earthquakes. Instead,
post-seismic slip around asperities immediately following seismic rupture can result in
large “stress-shadow” regions, which experience negligible slip late in the cycle. Such
stress-shadow regions can mimic the long-wavelength “locked” zones inferred from EDMs
for the interseismic period, and account for most of the present day GPS velocities in
northern Japan. The approach developed here can be extended to more complex models of
deformation that include heterogeneities in crustal properties, multiple fault surfaces, and

perhaps, even multiple rheologies over a single fault.
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dislocations, across which incoming material in the plate experiences a change in direction, but not in
magnitude. (b) Bending of the plate at the trench for the ESPM with a non-planar (or curved) fault
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fields — shown as the thick dashed black line — exactly equals that for the equivalent BSM (thick
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(thin dashed gray line) cancels the effect of plate flexure at the trench (thin solid black line), resulting
in net zero long-term strain accumulation over the seismic cycle (thick solid black line). Note that
the peak uplift due to the bending of a curved plate is shifted arc-ward in comparison to the peak for
the planar geometry (Figure 2-7). (b) Effect of the plate flexural field (axial hinges or velocity
gradient corrections) on the ESPM with a locked megathrust fault. The sum of the ESPM (thin solid
black line) and axial hinge (thick dotted gray line) velocity fields — shown as the thick dashed black
line — exactly equals that for the equivalent BSM (thick solid gray line). Panels and plot axes are as
described in Figure 2-4. 2-23
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[bottom panel, for plate thicknesses of 25 (dashed gray), 50 (gray), and 100 km (black)], with that of
the long-term along-strike averaged trench-perpendicular topographic profile (middle panel, with
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Figure 3-1. Effect of doubling the width of the transition zones updip and downdip of the locked
megathrust interface for the ESPM and the BSM. f,, is the fractional length of the transition zone
relative to the width of the locked megathrust, s,,,,¢/S/,c. For updip transition zones (parts a and b),
results are presented for f;. = 0, 0.125, and 0.25. For downdip transition zones (parts ¢ and d), results
are presented for f;. = 0, 0.25, 0.5, and 1. Axes are as described in text. 3-7

Figure 3-2. BSM inversions of ESPM synthetics. Each column represents results for a given plate-
thickness to locking depth ratio: H/D,,. = 0.01 (BSM), 1, and 3. (a) 1000 best-fit BSM in the s, 6
parameter space that fit as many samples of ESPM-based noisy synthetic data for the specified
H/D,, ratio. Shown are the lowest misfit solutions satisfying only vertical data (top row), only
horizontal data (middle row), and sum of the two datasets (bottom row). The corresponding 1-o
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(identical to the ESPM, for column 1); 8=22.5°, D, = 38.3 km (column 2); and 8= 20°, Dy, =
39.3 km (column 3). The BSM corresponding to &= 25°, and D = 40 km (dashed green line) is also
shown. The top row shows the subduction zone geometry, the middle row shows vertical velocities,

and the bottom row shows horizontal velocities. Dashed vertical lines mark the nearest geodetic
observation point to the trench
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Figure 3-3. Effect of curvature on the BSM surface velocity predictions. The curved fault (solid black line)

resembles the subduction thrust interface geometry below the island of Nias, offshore of Sumatra

(Bop =3°, 6,0 =27° [Hsu et al., 2006]). The gray solid line represents a planar fault having the same
end-points as the curved fault, and the dashed gray line represents the tangent-approximation to the
curved fault. The dotted line represents a shallow dipping fault that approximates the shallow part of

the curved interface. See text for details. The top row presents the fault in cross-sectional view.
all cases, uniform normal slip was imposed on the fault patch. Plot axes are as described in text.
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Figure 3-4. Schematic illustration of the relative locations of surface observables, Xjinge, Xiock, aNd X4y, USING

the vertical velocity profile for the curved fault presented in Figure 3-6.

Figure 3-5. Location of the maximum vertical velocity (Xmax), zero vertical velocity (Xpinge), the surface
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projection of the bottom of locked fault (x,cx), and the differences between them, as a function of the
length of the locked fault patch, s, and dip angle, 8. Each parameter is plotted for s ranging from 25 to
200 km, in steps of 25 km. Thicker curves represent fault lengths of 50, 100, 150, and 200 km. (a)
Planar faults: Blue curves (cutting across the s-curves from the top left to bottom right) are lines of
constant locking depth (10 to 50 km, in steps of 10 km). Theoretical estimates are presented in dark
yellow. (b) Curved faults: Red curves (cutting across the s-curves from the bottom right to top left)
are lines of constant radii of curvature (100 to 300 km, in steps of 50 km). Blue curves are the same

as in (a). Theoretical estimates for planar faults are presented in yellow in the bottom two panels
comparison to (a).

for
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Figure 3-6. Dimensionless plots of the variation in the location of X, and x;,e. as a function of fault dip in
the BSM having a planar (a, c) or curved (b, d) plate interface geometry, with (c, d) or without (a, b)
a transition zone (of fractional length, f,. = 25%) downdip of the locked megathrust zone. See text for
definitions of y-axis parameters. Top panels: Dimensionless relative distance between x,,,, and x;,
(Ax,,*) as a function of the dip of the BSM fault; Second-from-top panels: Dimensionless relative

distances between Xjnge and Xjocr (Ax;,*); Third-from-top panels: Mean value of plots in top two

panels; Second-from-bottom panel: Difference between the top two panels; Bottom panels: (Xpinge

/Xmax)- Theoretical estimates for planar faults without any transition zone (thick gray lines from
part(a)) are repeated for each panel in parts (b)-(d) for comparison purposes.
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Figure 4-1. Workflow for the Fs/ip software developed to generate, simulate and visualize models of slip
evolution on realistic fault surfaces. For simplicity, the exact long-from module names are not used

for the lower level modules or Matlab pre-/post-processor scripts (e.g., Fslip.Model.Out,

FslipMATproc, etc.). The matlab component, EvolveSlip, solves the forward problem, given the fault

traction and surface displacement kernels, rheology, initial and boundary conditions for the 3D

megathrust surface. The Matlab output is post-processed in two stages — in a Matlab and then in

Fislip to generate VTK files and “dashboards” for visualization. See text for details.

Figure 4-2. An automatically generated Paraview dashboard showing fault traction components (zs, top
row; 7p, middle row; 7y, bottom row) due to dip-slip on all fault patches (column 1), slip on each
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asperity (column 2: the duller color is due to the use of transparency in Paraview to show all asperity
contributions in a single panel), slip on the semi-infinite extensions of the fault (or backslip, column
3), and the residuals obtained from the superposition (Equation 1). For a planar fault, these residuals

were found to be zero, as expected.

Figure 4-3. An automatically generated Paraview dashboard showing fault traction components (zs, top
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row; tp, middle row; zy, bottom row) due to strike-slip on all fault patches (column 1), slip on each
asperity (column 2: again, the duller color is due to the use of transparency in Paraview to show all
asperity contributions in a single panel), slip on the semi-infinite extensions of the fault (or backslip,



column 3), and the residuals obtained from the superposition (Equation 1). For a planar fault, these
residuals are zero, as expected. 4-19
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and asperities, showing the rheological parameter distribution (rightmost middle panel), initial slip
distribution (bottom-right panel), tractions (top two rows of panels), and surface displacements. Such
figures are automatically generated and used for visualizing model inputs before a run or for
debugging after a run. All 3D plots are colored on a log-scale, to bring out any small-scale
heterogeneities. 4-20

Figure 4-5. An automatically generated Paraview quality control dashboard for unit strike-slip on the fault
and asperities, showing the rheological parameter distribution (rightmost middle panel), initial slip
distribution (bottom-right panel), tractions (top two rows of panels), and surface displacements. Such
figures are automatically generated and used for visualizing model inputs before a run or for
debugging after a run. All 3D plots are colored on a log-scale, to bring out any small-scale
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Figure 4-6. (a) Strike-slip, and (b) dip-slip components of the non-dimensional backslip velocity field
applied to the 3D fault surface. Color-scale indicates the same range of magnitudes in both figures as
well as for the arrows. 4-27
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locations of the last earthquake(s) prior to the year 2000 (blue stars, multiple around an asperity start
indicate two ruptures within the same year). 5-14

Figure 5-2. Convergence of spun-up fault tractions over a full cycle with increasing mesh resolution (RESO
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Figure 5-3. Spin-up of mean fault tractions, and their moving averages for a linear viscous fault rheology
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reference cycle (7)), post model spin-up, for the linear viscous rheology used in Figure 5-3. Top
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Figure 5-8. Sample synthetic surface displacement time-series over the last 75 yr reference cycle for two
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indicate the observed and synthetic GPS velocity estimation window, and the slopes used to infer the
velocities are indicated as grey lines within this window. 5-26

Figure 5-9. Observed (left), synthetic-backslip (middle), and residual (right) horizontal GPS velocity fields

(relative to a fixed Okhotsk plate) for the period 1996-2000. Synthetics were computed assuming
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black arrows indicate the plate convergence direction. Velocities are scaled relative to the plate
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plot. 5-28

Figure 5-10. Observed (left), synthetic-frictional (middle), and residual (right) horizontal GPS velocity
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