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Asthenosphere rheology inferred from observations
of the 2012 Indian Ocean earthquake
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The concept of a weak asthenospheric layer underlying Earth’s
mobile tectonic plates is fundamental to our understanding of
mantle convection and plate tectonics. However, little is known
about the mechanical properties of the asthenosphere (the part of
the upper mantle below the lithosphere) underlying the oceanic
crust, which covers about 60 per cent of Earth’s surface. Great
earthquakes cause large coseismic crustal deformation in areas
hundreds of kilometres away from and below the rupture area.
Subsequent relaxation of the earthquake-induced stresses in the
viscoelastic upper mantle leads to prolonged postseismic crustal
deformation that may last several decades and can be recorded with
geodetic methods!'~3. The observed postseismic deformation helps
us to understand the rheological properties of the upper mantle, but
so far such measurements have been limited to continental-plate
boundary zones. Here we consider the postseismic deformation
of the very large (moment magnitude 8.6) 2012 Indian Ocean
earthquake*® to provide by far the most direct constraint on the
structure of oceanic mantle rheology. In the first three years after
the Indian Ocean earthquake, 37 continuous Global Navigation
Satellite Systems stations in the region underwent horizontal
northeastward displacements of up to 17 centimetres in a direction
similar to that of the coseismic offsets. However, a few stations close
to the rupture area that had experienced subsidence of up to about
4 centimetres during the earthquake rose by nearly 7 centimetres
after the earthquake. Our three-dimensional viscoelastic finite-
element models of the post-earthquake deformation show that a thin
(30-200 kilometres), low-viscosity (having a steady-state Maxwell
viscosity of (0.5-10) x 10'® pascal seconds) asthenospheric layer
beneath the elastic oceanic lithosphere is required to produce the
observed postseismic uplift.

We analysed the time series recorded by 47 continuous Global
Navigation Satellite Systems (GNSS) stations, including 31 from the
Sumatran Global Positioning System (GPS) Array (SuGAr), 11 from the
International GNSS Service (IGS), 3 from the University of Memphis
Andaman Island network, and 2 from the Aceh GPS Network for the
Sumatran Fault System (AGNeSS). We selected 37 of these stations,
those that show a coherent pattern of postseismic motions and do not
have data gaps during the Indian Ocean earthquake (IOE) (Extended
Data Fig. 1). The IOE produced static coseismic offsets of more than
20 cm at stations less than 500 km from the rupture area”® and sub-
sidence of up to about 4 cm (Fig. 1a). After removing the effects of
previous earthquakes and the coseismic offsets of the IOE, as well as
secular, annual and semi-annual trends (Extended Data Figs 2, 3)°, we
derived postseismic displacements of these stations in the first 3 years
following the IOE. We find horizontal motion of up to about 17 cm in
a landward direction similar to that of the coseismic displacements
(Fig. 1b). The striking feature of the postseismic vertical displacement
is that these middle-field stations within 300-500 km of the mainshock
have risen by up to about 7 cm, reversing the coseismic subsidence,

which is consistent with reported positive postseismic gravity changes
in the same area'’.

On the basis of previous studies of subduction zone earthquakes
in Sumatra'!"'? and other convergent margins®!'*!4, we constructed
a viscoelastic finite-element model invoking the biviscous Burgers
rheology'® (Fig. 2) to study the postseismic deformation of the IOE.
Transient Kelvin viscosity r is assumed to be one order of magnitude
lower than the steady-state Maxwell viscosity 7y (the viscosity hereafter
in this paper refers to the steady-state viscosity unless explicitly stated
otherwise). Given the limited timespan of the GNSS data, we thus pro-
vide a lower-bound estimate of the steady-state viscosities.

The IOE involved a composite rupture of six strike-slip faults.
Postseismic deformation at GNSS stations hundreds of kilometres
from the rupture area is sensitive to the total moment of the earth-
quake, not to details of the slip distribution. Different coseismic fault
slip models®”!¢ predict different patterns of near-field postseismic
displacements within 300 km of the mainshock but almost identical
displacements at the GNSS stations (Extended Data Fig. 4). The coseis-
mic fault slip distribution determined by Wei et al.® is used in this work.

We examine a number of first-order model scenarios to motivate
our choice of primary model parameters, which we then evaluate
in more detail. Assuming only one homogeneous viscoelastic layer
below the elastic lithosphere, we need to use a low viscosity in the
oceanic upper mantle of order 10'° Pa s to fit the observed horizontal
GNSS data (Extended Data Fig. 5b). However, this test model results
in postseismic subsidence that is inconsistent with the observed
GNSS uplift. We find that models including a thin low-viscosity top
layer of the oceanic asthenosphere can readily produce the observed
uplift. Varying the lithospheric thickness by 20km (Extended Data
Fig. 6a,b) or imposing a smooth gradient in viscosity at the lithosphere-
asthenosphere boundary (Extended Data Fig. 9¢) produces negligible
changes in the postseismic motions at GNSS stations. However, the
effects of the subducting slab cannot be ignored (Extended Data
Fig. 6¢).

We assume the viscosity of the mantle wedge overlying the subduct-
ing Indo-Australian plate to be 3 x 10 Pa's (ref. 13), but changing this
value by one order of magnitude has little effect on predicted postseis-
mic displacements at our GNSS stations. The postseismic surface defor-
mation is controlled mainly by the rheological structure of the oceanic
upper mantle (Extended Data Fig. 7). The rheological properties of
the oceanic asthenosphere and upper mantle obtained in this work are
better resolved at depths of less than 400 km because the IOE-induced
stresses at greater depths are negligibly small (results not shown).

We use a grid-search method to determine preferred values of three
model parameters from hundreds of models: the thickness (D4) and
viscosity (1) of the oceanic asthenosphere and the viscosity of the
underlying oceanic upper mantle (7). We vary Dy, na and 1o within
the ranges 10-300km, 10'7-10% Pa s and 10'°~10% Pa s, respectively.
To find the best-fit model parameters and their tradeoffs, we calculate
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Figure 1 | Coseismic and cumulative three-year-postseismic GNSS
observations of the IOE. Error bars represent 20 (95%) confidence
intervals. Yellow squares represent locations of the GNSS stations.

a, Coseismic displacements of the IOE, estimated from static offsets of
five days before and after the IOE (the IOE includes two events—the

the x misfit of each test model prediction (equation (1) in Methods)
to our GNSS displacements.

If we consider x? only in the horizontal components (Fig. 3a), a test
model fitting to the GNSS observations requires Dy > 50km, 774 of the
order of 10" Pa s and 1o > 10'° Pa s. The test model that best fits the
horizontal GNSS motion does not predict the observed forearc uplift
(Extended Data Fig. 9d). If we consider x? only in the vertical compo-
nent (Fig. 3b), a 1 value of the order of 10'® Pa s produces a good fit
to the vertical GNSS displacements. The test model that best fits the
vertical GNSS motion overestimates the horizontal components in the
middle field (Extended Data Fig. 9e).

If we consider x? in both the horizontal and vertical components
(Fig. 3¢), all three model parameters are constrained within a rela-
tively narrow range. Dy, 174 and 7)o are determined to be in the ranges
30-200km, (0.5-10) x 10'® Pasand (0.5-100) x 10%° Pas, respectively.
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two beachballs—separated by about two hours). b, Cumulative three-
year-postseismic displacements of the IOE in the Sunda reference frame
(Supplementary Table 1). Red and magenta arrows represent horizontal
GNSS displacements at different scales. Brown and green bars represent
vertical GNSS displacements at different scales.

The lowest-x? preferred model (PM) has Dy =80km, 77, =2 x 10'® Pas,
and 7o = 10?° Pa s (Extended Data Fig. 9f). The first-order mantle
structure obtained in this work is consistent with results from a regional
surface-wave tomography study'” that indicates a low-velocity region
centred at a depth of about 150 km.

There are important tradeoffs between model parameters, especially
between the thickness and viscosity of the asthenospheric layer. If ng is
fixed at 10?° Pa s as in the PM, 7, scales with D because 1, =aD, >,
where a=3.5 x 10'® Pa s km ™! (Fig. 4a), and D, is in kilometres. This
tradeoff is similar to the one found in models of isostatic rebound of
continental regions that were covered by thick ice caps during the
last ice age. Paulson et al.!® analysed the postglacial rebound rely-
ing on long-wavelength (>700 km) Gravity Recovery And Climate
Experiment (GRACE) satellite data in Canada and the sea-level his-
tory in Hudson Bay and reported a similar relationship, s oc D,>.

Viscoelastic
asthenosphere

Figure 2 | Conceptual representation of the finite-element model.
The model includes an elastic upper plate and elastic slab, viscoelastic
continental upper mantle (mantle wedge), viscoelastic oceanic
asthenosphere and viscoelastic oceanic upper mantle. The rock
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Elastic upper plate
u =48 GPa

properties of each structural unit are given: y, ny and 7k represent the
shear modulus, steady-state Maxwell and transient Kelvin viscosities,
respectively. ng = 0.17y. The thick black line illustrates the strike-slip fault
of the IOE.
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Figure 3 | Misfit of 652 test models considering variations in the
asthenospheric thickness and viscosity, and oceanic mantle viscosity.
Each cube represents one test model. Test models with red colour

(low x? values) reproduce the overall pattern of GNSS observations.

Their higher power of Dy may be due to the low spatial resolution of the
GRACE data and the much greater lithospheric thickness and higher
mantle viscosities of the North American interior. 7)o is correlated with
D, and shows a modest anti-correlation with 7, (Fig. 4b, c).

The PM well reproduces the overall magnitude of the observed
uplift in the midfield forearc area (Fig. 5a). The PM also reproduces
the first-order pattern of the GNSS observations in the far field more
than 500 km from the mainshock. The large misfit at stations between
latitudes 0° and 6° S may be due to the low signal-to-noise ratio at those
stations. The remaining misfits to the data, including the slight overes-
timates of the horizontal displacements in the mid-field, may indicate
additional complexity of the rheology structure and other local pro-
cesses, such as aftershocks and aseismic afterslip of the IOE, which are
not considered in the PM. The PM predicted displacement evolution
also matches the general curvature of the time series of the GNSS sta-
tions with three examples shown in Fig. 5b—d. The model predicts that
the vertical displacement may soon reverse direction in the continental
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The black-outlined cube represents the model with the lowest x? value in
each scenario. a, The x? misfit is calculated from horizontal components.
b, The x? misfit is calculated from the vertical components. ¢, The x?
misfit is calculated from both horizontal and vertical components.

area, but not the horizontal components (Extended Data Fig. 10). The
vertical component is more sensitive than the horizontal components
to the change in the pattern of the viscoelastic flow above and beneath
the slab caused by the existence of the elastic slab.

We did not include contributions from aseismic afterslip in the PM.
We study the effects of stress-driven afterslip around the rupture seg-
ments of the IOE using the approach presented in Hu et al.'?, which
relies on 2-km-thick low-viscosity tabular shear zones adjacent to the
rupture. The afterslip model, regardless of assumed shear zone viscosity,
overestimates the horizontal GNSS displacements (Extended Data
Fig. 8a—d). Increasing the viscosity of the asthenosphere can lessen
the effect of afterslip on the horizontal motions, but worsens the fit
to the vertical GNSS component (Extended Data Fig. 8f). However,
we cannot rule out a scenario of deep afterslip at depths of more than
50km that produces displacements of up to 30 cm three years after the
IOE in the near field but negligible motions at GNSS stations (Extended
Data Fig. 8e). Nevertheless, substantial afterslip following the IOE, at
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Figure 4 | Tradeoff between the viscosity of the oceanic upper mantle
(no), the thickness (D,) of the asthenosphere and its viscosity (14).

The x? misfit of the models is shown by the colour contours. Solid black
lines represent the upper bound of x?= 5.3, below which the models match
the overall pattern of the GNSS observations. White squares represent the
PM. a, 1o is fixed at 10%° Pa s. The thick white line represents the preferred

Viscosity, 7, (Pa s)

Viscosity, 17, (Pa s)

thickness—viscosity tradeoff relationship (with power 1.5): that is,
na=3.5x 10"°Da">. Grey lines represent different powers (1 and 2) of Dj.
b, 7 is fixed at 2 x 10’8 Pa s. The thick white line represents the preferred
Da-1o relationship (with power 0.3): that is, Dy = 75(logiono — 19)°2.
Grey lines represent different powers (0.2 and 0.4). ¢, Dy is fixed at 80 km.

00 MONTH 2016 | VOL 000 | NATURE | 3

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTER

a 3-year-postseismic displacement b TOK1 c LEWK d COCO
T S S S S I (TR L L
] [ <4
] — L
] 200 km [ | Vertical I | Model |
5+05

10°N i j Hori;ntaltﬂ@
i L Model—>
4 - T
] TOK1 [

© 1 LEWK L w w

° 4 = F 0 2

:*3 1 \7/\ E [ 1 1

g 0] V 5 i
] F L ‘
] F | Vertical ” Model 5] 0 r
b @ - r T T
] [ Holjiztogigl% < ] 5 9 ?
4 L Model —> IS :

10° 8 R % 0
1 ooco® - =
7 : :
90° E 100° E 0 2
Longitude Time since earthquake (year)

Figure 5 | Comparison of GNSS observations with predictions of

the PM. a, Cumulative three-year-postseismic displacements. Red and
magenta arrows represent observed horizontal GNSS displacements at
different scales. Solid green and brown bars represent vertical GNSS
observations at different scales. Black arrows and solid blue bars (note that
for far-field stations, these are too small to be visible) represent horizontal
and vertical model predictions, respectively. Yellow squares represent the

shallow depths in particular, is unlikely to have occurred, as it would
have produced subsidence in the northern Sumatra forearc.

If the asthenospheric layer terminates at the trench, this layer must
have a lower viscosity or larger thickness to produce a comparable
goodness of fit to the land GNSS data (Extended Data Fig. 9a, b). In the
PM the oceanic asthenosphere extends with the subducting slab, based
on some seismic imaging studies'”'*** and geodynamic modelling®".
A denser geodetic network, particularly with near-field seafloor geo-
detic measurements, and a longer timespan of postseismic observations
would help resolve this model ambiguity.

The purpose of this work is to study the first-order approximation
of the viscoelastic relaxation of the upper mantle on the postseismic
deformation of the 2012 earthquake. Therefore we do not consider a
more complex thermal- and pressure-dependent rheology that may
better represent the real Earth. Poroelastic rebound in the top layer of
the lithosphere caused by the earthquake contributes to the postseis-
mic deformation mainly in the vicinity of the rupture region’, and is
not considered in this work, which studies only the mid- and far-field
deformation.

Improved knowledge of the depth and nature of the oceanic
lithosphere-asthenosphere boundary and the rheology of the astheno-
sphere is essential to understanding the interplay of mantle convection
and plate tectonics®> 2%, A weak asthenosphere lubricates plate tecton-
ics, allows for rapid changes in plate motion, and enables lateral flow of
upper-mantle material that produces vertical motions of the seafloor
and continental margins®*?. A low-viscosity layer may also promote
postseismic strain and stress transients that may affect seismicity rates
over long distances and time spans?. A range of seismological and elec-
trical resistivity observations show a sharp change in mantle properties
at the boundary, indicating the presence of partial melt or water in the
asthenosphere?”®. For example, Naif et al.” analysed sea-floor magne-
totelluric data to reveal a partially melted channel less than 30 km thick
along the lithosphere-asthenosphere boundary beneath the oceanic
lithosphere of the Cocos plate. Stern et al.*° relied on seismic reflec-
tion data to document a similar layer of approximately 10km thickness
at the base of the Pacific plate, subducting beneath the North Island
of New Zealand. Other seismologic and petrological observations
also favour a sharp boundary over a relatively thin, partially melted

4 | NATURE | VOL 000 | 00 MONTH 2016

locations of three example GNSS stations whose time series are shown

in b-d. Thick grey lines represent the rupture segments of the IOE®.

b-d, Comparison of GNSS time series with model-predicted displacements
at stations TOK1, LEWK and COCO, respectively. Red dots with error bars
indicating the 1o uncertainties represent the GNSS observations. Black
lines show model-predicted displacements.

low-velocity zone®!** that decouples the oceanic lithosphere from the

underlying mantle. Although there is a tradeoff between the viscos-
ity and thickness of the low-viscosity layer on the lithosphere of the
Indian Ocean, our results confirm the interpretation of the geophysical
observations as reflecting the existence of a low-viscosity asthenosphere
underlying the oceanic lithosphere.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

GNSS data. We collected and processed GNSS time series of 31 SuGAr and 2
AGNeSS stations following the strategy described in Feng et al.® using the GPS-
Inferred Positioning System and Orbit Analysis Simulation Software (GIPSY-
OASIS) version 6.2. GNSS daily time series of 11 IGS stations and 3 Memphis
stations were downloaded from the Nevada Geodetic Laboratory (Nevada Bureau
of Mines and Geology, University of Nevada; http://geodesy.unr.edu/index.php,
last accessed on 28 July 2015). GNSS daily time series are processed in ITTRF2008%*.

Over the past two decades a number of large subduction zone earthquakes
occurred in Sumatra, including 17 events of moment magnitude M,, > 6.5 from
2009 up to the IOE (Extended Data Fig. 1). Based on the approach in ref. 9, we take
the following steps to derive postseismic displacements from GNSS time series
(Extended Data Figs 2 and 3). (1) We correct the time series for the trends of the
postseismic transients of the earthquakes before the IOE. We fit the postseismic
trends of the previous earthquakes with a logarithmic function of time. (2) We then
calculate the long-term secular, annual and semi-annual variations of the time
series before the IOE. (3) We correct the post-IOE time series for the trends
obtained in step (2). (4) We fit the corrected post-IOE time series using logarithmic
and exponential functions of time alog(1 + t/7T10g) + b(1 — exp(—t/%yp)), Where
aand b are constants, ¢ is the time, and 71,5 and 7y, are characteristic time constants
of the logarithmic and exponential terms, respectively. 7jog and 7exp are determined
for each GNSS station through a grid search method®. (5) We then calculate post-
seismic displacements between any two time epochs from the fitted postseismic
curve (Extended Data Fig. 3). For those stations that were discontinued two or
more years after the IOE we calculate the 3-year-postseismic displacements
through the extended fitted curve.

We exclude the following ten stations that have data gaps or show patterns of
postseismic displacements obviously inconsistent with that of their neighbouring
stations (Extended Data Fig. 1). (1) CARI, AITB and NIMT have data gaps
of more than 10 days before and after the IOE, 28 January to 23 April 2012,
2-26 April 2012 and 14 March to 26 April 2012, respectively. (2) NGNG and
SLBU move westward almost perpendicular to the northward motion of neigh-
bouring stations. PRKB moves southward, opposite to its neighbouring stations.
(3) Horizontal displacements at PTLO, TLLU and KTET are more than five times
larger than that of neighbouring stations within 100 km. The vertical displacement
at BSAT is more than ten times larger than that of nearby stations. The incon-
sistency in the postseismic deformation pattern of the above stations is probably
due to local processes and/or the bias in removing the postseismic trends of local
earthquakes before the IOE. The signal-to-noise ratio at the two AGNeSS stations
TANG and ACEH increased after 2014 owing to local construction activities.
Since our postseismic displacements for TANG and ACEH are calculated through
curve fitting based mostly on the time series of 2012-2014, we do not exclude
these two AGNeSS stations.

We evaluate test models through calculating the weighted x* misfit:

N N2
= 1
Al g oy Dl M

where G and F represent GNSS displacement measurements and model predictions,
respectively, i represents the station number, the degrees of freedom d.o.f. =3 in
this work are for the three free model parameters, o7 is the variance of the GNSS
observation, and N is the total number of GNSS observations. We use six equally
spaced time steps (that is, intervals of 6 months) covering the first three years after
the IOE. We calculate the y? misfit of the horizontal and vertical components sep-
arately. A linear sum of horizontal and vertical displacements produces preferred
models that fit the horizontal components well, but provide a poor fit to the verti-
cal component. Using a higher weight (such as 10) on the vertical component
worsens the fit to horizontal components. Therefore we calculate the total effect by
a combination of the horizontal components and five times the vertical component.
Finite-element model. The spherical-Earth viscoelastic finite-element model
used in this work is based on previous studies of the Chile, Sumatra!?133>36,
and Cascadia subduction zones' and has been reported in refs 13 and 14. The
model includes an elastic upper plate, an elastic slab, a viscoelastic mantle wedge,
a viscoelastic oceanic asthenosphere and upper mantle (Fig. 2). Cooling and plate
models® -3 allow for a lithosphere thickness of 50-80 km of the 50-60-million-
year-old Indian Ocean plate near the IOE. We thus assume a uniform lithospheric
thickness of 50 km, which is also consistent with shear-wave tomography
constraints'® and the depth extent of the coseismic rupture of the IOE®”. The shear
moduli of the elastic lithosphere and viscoelastic upper mantle are assumed to be
48 GPa and 64 GPa, respectively. The Poisson’s ratio and rock density are assumed
to be 0.25 and 3.3 x 10°kg m 3, respectively, for the entire domain. Viscoelastic
relaxation of the upper mantle is represented by the bi-viscous Burgers rheology'®.

On the basis of previous studies'® we assume the viscosity of the mantle wedge
tobe 3 x 10" Pas.

The coseismic fault slip of the earthquake derived by Wei et al.® is used in this
work through the split-node method*’. Different rupture models®”!® do not
change the fundamental pattern of the predicted co- and postseismic motions
at GNSS stations hundreds of kilometres from the rupture area (Extended Data
Fig. 4). Except for the top free surface, the other five model boundaries are free in
the tangential directions and fixed in the normal direction. Domain boundaries are
more than 1,000 km from the rupture zone in the horizontal directions. The bottom
of the model is at 660 km depth, approximating the transition zone. The setup of
the model boundaries produces negligible numerical artefacts on the deformation
of the study area, containing these GNSS stations.

Model tests. We first present explorations of the model space, such as the litho-
spheric thickness, existence of the slab, and the extent of the oceanic asthenosphere.
We examine the contribution of the relaxation in the individual rheological units to
the surface deformation. Then we evaluate the potential contributions of afterslip
of the fault to the postseismic deformation at GNSS stations. We report the range
in three model parameters, the thickness (D4) and viscosity (1,) of the oceanic
asthenosphere, and the viscosity of the oceanic upper mantle (7)0). Finally we pres-
ent the temporal change in the postseismic surface deformation in the PM. In the
following tests we vary some model parameters and keep other model parameters
the same as in the PM, that is, Dy = 80km, 774 =2 x 10'® Pa s, 770 =10* Pa's, and
the viscosity of the mantle wedge 1y =3 x 10" Pa s (Fig. 2). We present model-
predicted postseismic displacements at three years after the IOE. Differential surface
deformation is calculated by the results of a test model minus that of the PM.
Exploration of the model space. If the oceanic asthenosphere has the same vis-
cosity as the underlying oceanic upper mantle, that is, if we consider models with a
homogeneous oceanic upper mantle!?~'4, a test model with a viscosity of 10 Pa s
in the oceanic upper mantle predicts only about half of the observed postseismic
horizontal displacements and subsidence of about 2 cm in the forearc area, in the
first three years (Extended Data Fig. 5a). Lowering the viscosity (for example,
by one order of magnitude; see Extended Data Fig. 5b) improves the fit to the
horizontal GNSS data. However, the test model still fails to predict the observed
uplift in the forearc region. A weak oceanic asthenosphere is required to produce
the observed uplift.

We test a number of model scenarios in which the oceanic asthenosphere is not
allowed to extend along the subducting slab, models without a slab, and models
with different lithosphere thicknesses. Varying the lithospheric thickness by a cou-
ple of tens of kilometres produces negligible changes in the surface deformation
(Extended Data Fig. 6a and b). Without the existence of the slab the model predicts
additional landward motion near the trench, seaward motion inland, and uplift
in the upper plate (Extended Data Fig. 6¢). If we assume that the oceanic astheno-
sphere terminates at the trench and does not extend to greater depths beneath the
slab, the differential surface motions three years after the IOE are up to approxi-
mately 5cm near the trench (Extended Data Fig. 6d).

We have constructed test models to study the individual contributions of the
rheological units to the surface deformation. We allow viscoelastic relaxation only
in one rheological unit using its PM parameter and assume the rest of the domain
to be elastic. Although this approach ignores the effects of the viscoelastic flow of
other rheological units, it helps to understand the first-order pattern of the defor-
mation that is due to each specific relaxation process.

If we allow viscoelastic relaxation only in the oceanic asthenosphere (Extended
Data Fig. 7a), the test model VEA produces horizontal displacements up to more
than 50 cm three years after the earthquake. The VEA produces postseismic uplift
of more than 7 cm in the northern Sumatra forearc region. If we allow viscoelastic
relaxation only in the oceanic upper mantle (Extended Data Fig. 7b), the test model
VEO produces up to about 3 cm of the horizontal displacements. The magnitude
of the vertical motions in the VEO is smaller than in the VEA, and its direction is
opposite to that of the VEA. If we allow viscoelastic relaxation only in the mantle
wedge (Extended Data Fig. 7¢), the test model VEM produces generally landward
motion of less than 5cm and subsidence of less than 2 cm in the forearc area.
Tests on the sensitivity of the surface deformation to variations in the viscosity
of the rheological units also indicate that the relaxation in the oceanic astheno-
sphere has a more important role in controlling the viscoelastic postseismic crustal
deformation than that of the underlying upper mantle and the mantle wedge
above the subducting slab (results not shown). Note that the IOE induces stresses
mostly at shallow depths (for example, less than about 400 km). The PM shows
that the three-year-postseismic displacements are up to approximately 2 cm
at depths of 400 km, and are negligibly small (less than 1 cm) at greater depths
(exceeding 500 km) (results not shown). Therefore, viscoelastic postseismic surface
deformation is controlled mainly by relaxation processes in the shallow upper
mantle.
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We simulate the afterslip after the IOE using a weak shear zone approach!®.
In a 2-km-thick shear zone extending down to a depth of 65 km, the maximum
depth of the rupture of the IOES, we assume that the locked region is shaped by
the 5-m coseismic contour lines within which no afterslip is allowed. Steady-state
viscosity 75 in areas outside the locked region is assumed to be 5 x 10!” Pa s
(ref. 13). If we do not allow viscoelastic relaxation in the upper mantle (afterslip
only), the test model AFS produces substantial horizontal displacements mainly in
the vicinities of the rupture area (Extended Data Fig. 7d). The vertical deformation
in the AFS is similar to that of the VEO, that is, it produces subsidence in the forearc
where postseismic uplift has been observed. If we apply the same weak shear zone
to study the IOE-induced afterslip of the megathrust, the resultant change in the
surface deformation is no more than 0.4 cm in the three years after the IOE because
the stresses on the megathrust induced by the IOE over 200 km away are negligibly
small (results not shown).

If we add the contribution from viscoelastic relaxation in the upper mantle using
the PM parameters, that is, the model includes the three processes in Extended
Data Fig. 7a and c, this afterslip model of s =5 x 10! Pa s produces horizontal
displacements at least 50% larger than that in the PM (Extended Data Fig. 8a). Test
models with different viscosities in the shear zone produce similar overestimated
horizontal GNSS motion (Extended Data Fig. 8b and c). Overestimated motions at
GNSS sites are mostly due to afterslip at shallow depths (<50km) (Extended Data
Fig. 8d). Earthquake-induced stress at greater depths (>50km) are much smaller,
and thus the stress-driven deep afterslip slightly overestimates midfield motions
and predicts little changes in the far field (Extended Data Fig. 8e). An afterslip
model with a low s =5 x 10'7 Pa s and a higher 74 (such as 4 =10% Pass), two
orders of magnitude higher than in the PM, produces a better fit to the horizontal
GNSS data but worsens the fit to the vertical component (Extended Data
Fig. 8f). As afterslip produces subsidence at the northern Sumatra stations, adding
its contributions generally increases the model misfits.

In the PM the oceanic asthenosphere extends to greater depths with the down-
going slab. We constructed a test model in which the oceanic asthenospheric
layer terminates at the trench*!. Excluding the subducted asthenosphere results
in subsidence of up to about 2 cm and southwest seaward displacements of up
to about 5cm in the forearc (Extended Data Fig. 6d). A much lower viscosity
(suchas 74 =2 x 10" Pa's; see Extended Data Fig. 9a) or larger thickness (such as
Dy =200km; see Extended Data Fig. 9b) of the asthenosphere is then required to
produce a comparable goodness of fit to the land GNSS data.

We assumed a sharp boundary between the lithosphere and the asthenospheric
layer and did not include details of the lithosphere-asthenosphere boundary
because of the limits of the spatial coverage of the GNSS network. We constructed
a test model to study the effect of including a rheological transition between the
lithosphere and asthenosphere. In the test model we assume a 20-km-thick tran-
sition zone in which the viscosity decreases linearly with depth from 10%* Pa's at
the bottom of the lithosphere to the preferred 2 x 10'® Pa s of the asthenosphere.
Other model parameters are the same as in the PM. This transition-zone model
produces a change of no more than 5cm in surface displacements in areas within
200 km of the rupture area and approximately zero at the land GNSS stations in the
first three years after the IOE (Extended Data Fig. 9¢). This test thus indicates that
the sharpness of the lithosphere and asthenosphere boundary cannot be resolved
by the sparse geodetic observations.

Overall the relaxation in the oceanic asthenosphere is the primary process con-
trolling the postseismic surface deformation and is the only process that produces
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the observed uplift in the northern Sumatra forearc. Surface deformation is much
more sensitive to the rheological structure below the oceanic lithosphere than to
that on the continental side where most of the GNSS stations are located. These
test models thus illustrate that the IOE provides a unique opportunity to constrain
the rheological structure of the oceanic upper mantle.

Range in model parameters and future predictions in PM. We derive the range
of the model parameters by selecting those test models fitting the overall pattern
of the GNSS data in both horizontal and vertical directions. The test model best
fitting the horizontal GNSS data has x> = 5.8 and does not predict the observed
uplift in northwestern Sumatra forearc (Extended Data Fig. 9d). The test model
best fitting the vertical GNSS data has y*>= 6.96 and overestimates the horizon-
tal data (Extended Data Fig. 9e). We have found that test models with y>< 5.3
reproduce the first-order pattern of the GNSS data, that is, misfit of the horizontal
components is less than about 20%, and the model predicts more than about 20% of
observed uplift at these closest GNSS stations, such as UMLH, LEWK, BNON and
BSIM. Test models of x*>< 5.3 in Fig. 3¢ thus give the ranges as Dy = 30-200km,
na=(0.5-10) x 10'® Pa's, and 1o = (0.5-100) x 10* Pas.

We examine the evolution of the spatial pattern of the predicted viscoelastic
postseismic surface deformation in the PM following the IOE (Extended Data
Figs 10). The peak horizontal displacements in the upper plate increase from
around 10 cm one year after the IOE to more than 50 cm ten years after the
IOE (Extended Data Figs 10a—c). Horizontal displacements increase steadily
over time and exhibit only small changes in orientation (Extended Data
Fig. 10d, e).The vertical surface displacements are generally divided into four uplift-
subsidence quadrants, a common pattern of the postseismic deformation follow-
ing a strike-slip earthquake. An interesting feature is the change in the direction
of the vertical displacement in the northeastern quadrant in the continental upper
plate (Extended Data Fig. 10a—c, f). In this quadrant the vertical motion one
year after the IOE is uplift near the rupture area and subsidence farther inland
(Extended Data Fig. 10a, f). The area of the subsidence region shrinks with time,
and the uplift region expands.
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work, respectively. Station names are labelled with the same colour coding.
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GNSS from the SuGAr, IGS, Memphis and AGNeSS networks, respectively.

Extended Data Figure 1 | Location of GNSS stations and earthquakes
of M,, > 6.5 from 2009 up to the IOE. Magenta stars represent epicentres
of the pre-IOE earthquakes. Red and black arrows represent two-year-
postseismic displacements at stations that are used or are excluded in this
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series include the total effects of postseismic deformation of previous
earthquakes, secular deformation, annual and semi-annual variations.

Red and black time series represent those stations that are selected or are

station names in Extended Data Fig. 1.
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Extended Data Figure 3 | Postseismic GNSS time series after removing that are selected or are excluded in this work, respectively. Continuous
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seasonal variations. a, b and ¢ show the east, north and up components of  postseismic deformation models.
the time series, respectively. Red and black lines represent those stations
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IOE. a, The coseismic slip distribution is from Wei et al., who inverted
regional and teleseismic waveform data. Their fault slip model was used in
this work. Coseismic GNSS observations are estimated from static offsets
of five days before and after the IOE. b, The coseismic slip distribution is
from Yadav et al.'®, who inverted static offsets of 5 days before and after
the IOE of daily GNSS data. Model predictions are scaled by 0.8 to fit the
coseismic GNSS data better. ¢, The coseismic slip distribution is from

Hill et al.”, who inverted static offsets of about 10 min before and after the
IOE of high-rate (one-second rate) GNSS data in the middle field and of
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10 days before and after the IOE of daily GNSS data in the far field. Model
predictions are scaled by 1.5 to fit the same GNSS data also shown in a
and b better. In the upper panels red and black arrows represent coseismic
GNSS observations and model-predicted displacements, respectively.
Thick grey lines represent inverted rupture segments of the IOE. In the
lower panel of a black arrows and colour contours represent model-
predicted three-year-postseismic horizontal and vertical displacements,
respectively. In the lower panels of b and ¢ displacements are differenced
by the test model minus the model in a.
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Extended Data Figure 5 | Comparison of three-year-postseismic
GNSS observations with predicted displacements in test models
of a homogeneous oceanic upper mantle below 50 km without the
low-viscosity oceanic asthenosphere. Red and black arrows represent
horizontal GNSS observations and horizontal model-predicted
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displacements, respectively. Solid brown and blue bars represent
vertical GNSS observations and vertical model-predicted displacements,
respectively. a, Viscosity of the oceanic upper mantle is 10* Pa s.
b, Viscosity of the oceanic upper mantle is 10*° Pa's.
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Thick brown lines outline the location of the trench. a, In the test model
the lithospheric thickness is assumed to be 30 km, that is, 20 km thinner
than in the PM. b, Similar to a except that the lithospheric thickness is
70km. ¢, In the test model the slab does not exist. d, In the test model the
oceanic asthenosphere terminates at the trench and does not extend with
the downgoing subducting slab. Thick grey lines in a represent rupture
segments of the IOE.

contours represent the horizontal and vertical displacements, respectively.
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Extended Data Figure 7 | Contributions of viscoelastic relaxation

in the rheological units and afterslip of the IOE to the cumulative
three-year-postseismic surface deformation. a, Surface deformation

due to viscoelastic relaxation in the oceanic asthenosphere alone. The
continental and oceanic upper mantle are assumed to be elastic. b, Surface
deformation due to viscoelastic relaxation in the oceanic upper mantle

alone. ¢, Surface deformation due to viscoelastic relaxation in the mantle
wedge alone. Thick grey lines represent the rupture segments of the IOE.
d, Surface deformation due to the modelled afterslip in the shear zone
assuming no viscoelastic relaxation elsewhere. Open arrows and colour
contours represent horizontal and vertical model-predicted displacements,
respectively.
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Extended Data Figure 8 | Effects of afterslip after the IOE on the surface
deformation. a, Steady-state viscosity in the afterslip shear zone 7s is

5% 10" Pa's, and 74 =2 x 10'8 Pa s. Afterslip is allowed at depths 0-65km.

Red and black arrows represent horizontal GNSS observations and model-
predicted displacements, respectively. Solid magenta and white bars
represent vertical GNSS observations and model-predicted displacements,
respectively. Yellow arrows and colour contours represent differential

horizontal (DIFF — Hori) and vertical (DIFF — Vert) components by the
test model minus the PM, respectively. b, Similar to a except with a low
ns=10"" Pas. c, Similar to a except with a high 15 = 10'® Pa s. d, Similar to
a except that the afterslip is allowed only at shallow depths (<50km) and
no deep afterslip. e, Similar to a except that the afterslip is allowed only at
greater depths (50-65km), and no shallow afterslip. f, 775 =75 x 10'” Pass,
and 75 = 10% Pas. Afterslip is allowed at depths of 0-65 km.
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Extended Data Figure 9 | Three-year-postseismic displacements due to
changes in model parameters and comparison of GNSS observations
with predicted displacements. a, Surface deformation calculated by the
test model minus the PM. In the test model the asthenosphere terminates
at the trench and does not extend with the downgoing slab. 7, is one
order of magnitude lower than that of the PM. Other model parameters
are the same as the PM. Black arrows and contours represent horizontal
and vertical three-year-postseismic surface displacements, respectively.
Thick grey lines represent rupture segments of the IOE. b, Similar to a
except that 7, is the same as in the PM but Dy =200 km, more than two
times thicker than that of the PM. ¢, The sharp boundary between the
lithosphere and the asthenosphere in the PM is replaced by a 20-km-thick
transition zone in which the viscosity decreases linearly with depth from

4
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O

©

Q

T

02
-2

10?2 Pa s at the bottom of the lithosphere to the preferred 2 x 10'® Pa's of
the asthenosphere. d and e are the test models best fitting to the horizontal
(Fig. 3a) and vertical (Fig. 3b) GNSS observations, respectively. Red and
black arrows represent horizontal GNSS observations and horizontal
model-predicted displacements, respectively. Solid brown and blue bars
represent vertical GNSS observations and vertical model-predicted
displacements, respectively. Thick grey lines represent the rupture
segments of the IOE. f, Preferred lowest misfit test model (PM) best fitting
to both horizontal and vertical GNSS data (Fig. 3¢), the same data as in
Fig. 5a. Values of the viscosity of the oceanic upper mantle (7o), thickness
(Dy) and viscosity (n,) of the asthenosphere in each test model are labelled
on the top of each plot in d and e. The value of x? in each test model is
labelled as inset text.
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Extended Data Figure 10 | Postseismic displacement evolution in the east, north and up directions, respectively, at four surface example points
PM. a, b and ¢ show cumulative surface postseismic displacements at one of the same latitude 3° N whose locations are at trench (red lines), western
year, three years, and ten years after the earthquake, respectively. Black (black) and eastern (green) coast of Sumatra, and inland (blue). Locations
arrows and contours represent horizontal and vertical displacements, of these four points are also shown as solid dots in a with the same colour

respectively. Thick grey lines in a represent the rupture segments of the coding.
IOE. d, e and f show the evolution of postseismic displacements in the
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