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Understanding the lithosphere rheology of Sumatra using GPS data
obtained through earthquakes
Syn Yee Tan
Department of Geosciences, University of Arizona, 1040 4th St, Tucson, AZ 85721.

Abstract
Crustal deformation and associated earthquakes are an integral part of the plate
tectonics of Earth, especially in an active subduction zone like Sumatra. Alongside that,
mantle rheology governs mantle’s dynamics, yet little is understood about how
deformation is distributed at depth. Sumatra allows for a chance to investigate the postseismic crustal deformation with its frequent and large earthquakes, thereby
understanding lithosphere rheology. Utilizing time series data obtained from GPS stations
and applying simple analytical logarithmic function, the average post-seismic time was
set at 100 days for all the earthquakes. Using Maxwell’s viscosity equation, the
asthenosphere beneath Sumatra is calculated to be at 5.53 ± 1.14 × 1017 𝑃𝑃𝑃𝑃 𝑠𝑠. The
asthenosphere viscosity estimated falls within the range of estimated values of other

researches, which ranges from 3× 1017 𝑃𝑃𝑃𝑃 𝑠𝑠 to 1× 1019 𝑃𝑃𝑃𝑃 𝑠𝑠. The lithosphere rheology

of Sumatra might be a result of a thick, viscoelastic slab overlaying a weak, low viscosity
asthenosphere. Using the Burger’s model, an inelastic transient viscoelastic deformation
of the crust and asthenosphere happen post-earthquake, allowing for a fast relaxation.
Large uncertainties remain regarding lithosphere rheology and further research is needed
to increase the understanding of subsurface post-seismic deformation.
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Introduction
Crustal deformation in an active plate boundary system is an important part to
understanding the plate tectonics of Earth as a whole. This paper will focus specifically in
a region of interest – Sumatra, which has received little attention prior to the 2004 Indian
Ocean Earthquake. Historically, the Sumatran fault system had generated many
earthquakes of Mw ≥7.0, but most of these earthquakes had happened about half a

century ago and thus, lacked documentation and research (McCaffrey, 2009). Brought
into the spotlight as an earthquake hazard zone after the Indian Ocean Earthquake,
Sumatra has became an important research area due to the large and frequent earthquakes
in this region, which provides a unique situation that allows for the analysis of the crust
and upper mantle rheology of the region (Briggs, et al., 2006).
Crustal deformation assessments and supporting researches have been largely
focused on the crustal deformation and post-seismic response of a single earthquake. This
paper will analyse 20 major earthquakes (Mw ≥ 7.0) that happened in Sumatra between

2004 and 2013. Using GPS techniques, the short-term decay time of the numerous

earthquakes will be determined and calculated. The hypothesis made is that earthquakes
that happened in the same region should have a similar post seismic response, due to the
properties of the same lithosphere. The post-seismic effects due to massive earthquakes
allow for an opportunity to study the lithosphere rheology of Earth, which will be
discussed through various literatures. This paper will also map out the epicentres of the
numerous earthquakes to see if there is a trend in the location of earthquakes, which will
aid in the prediction of earthquakes in this region.
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A) Geological Setting of Sumatra

Fig 1: Tectonic map of Sumatra with major fault lines – Sundra Megathrust, Sumatra
Fault and Mentawai Fault.

The subduction zone of Sumatra is a part of a long convergent belt, extending
from the Himalaya mountain belt, travelling southwards through Myanmar and continues
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through Sumatra, wrapping around the Java and Sunda islands and finally curves up
north. This oblique subduction system reflects the convergent motion of the IndianAustralian plate and the Eurasian plate. Focusing primarily on Sumatra, a volcanic arc
and three major faults: One, a thrust fault known as the Sunda Megathrust; two, a strikeslip fault system known as the Great Sumatra Fault and three, a fault system known as the
Mentawai Fault are produced due to the convergent motion.

1. The Sundra Megathrust
The Indo-Australia plate subducting in the northeast direction beneath the Sundra
plate generates the Sundra Megathrust. It is over 5000km long, making it one of the
largest subduction zones in the world. The rate of subduction is different along the
Sundra margin, with the northern portion subducting at around 37mm/yr while the
southern portion subducts at around 60mm/yr. The India plate motion influences the
subduction rate in the North, while the subduction rate in the south is controlled by the
Australia plate. The difference in motion at the Sundra region is likely caused by the
extrusion tectonics due to the India-Eurasia collision (Subarya et. al, 2006). Along the
Sundra trench, the age of lithosphere increases from west moving east, where it is 49 – 96
Ma below Sumatra in the west and 96 – 134 Ma below Java in the east, and the average
oceanic lithosphere age is pinned at 80 Ma (Barber, 2005). The age of the lithosphere
correlates with the frequency and intensity of the earthquakes produced in this region.
Sumatra produces larger magnitude earthquakes at a higher rate in comparison to Java.
This is because the younger oceanic lithosphere is hotter and more buoyant, making it
much harder to undergo subduction, thus producing more stress and friction with the
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continental plate above it. The oceanic lithosphere of the Java Trench is much older, thus
colder and denser, allowing it to be subducted with slightly lesser stress (Sieh and
Natawidjaja, 2000).

Fig 2: Schematic cross section showing the Sumatran plate boundary from the floor of
the Indian Ocean to Malaysia peninsular, showing the Sumatra fault and the
Sundra Trench. Figure extracted from Barber (2005).

2. The Great Sumatra Fault
The Great Sumatra Fault is a trench-parallel, right lateral strike slip fault that
exists next to subduction zone in order to accommodate the oblique convergence of IndoAustralia plate and Sundra plate. It spans 1900km long and runs along the hanging wall
block of the Sumatra subduction zone, with a slip rate of 23 – 26mm/yr (McCaffrey,
2009). Unlike other great transcurrent faults, the Sumatra Fault is highly segmented, and
most segments are less than 100km long and only 2 out of 19 segments are more than
200km in length (Sieh and Natawidjaja, 2000). The northeastern portion is the
southeastern Asian plate that is separated from the Eurasia plate by the Red River fault of
Vietnam. The southwestern side of the Great Sumatra Fault lies on the Sumatra Forearc
sliver plate, which is a 300km wide lithosphere between the strike slip fault and the
Sundra Megathrust. In the northwestern corner, the Sumatra fault joins into back-arc
spreading centres near the Andaman Islands in the Andaman Sea. In the southeastern end,
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the fault curves southwards towards the deformation front of the Sundra Strait (Barber,
2005). The shape and location of the Sumatra Fault, as well as the presence of a volcanic
arc running along the fault and the fore-arc structures can be directly correlated to a
subducting oceanic lithosphere. The Sumatra Fault is in close proximity to the volcanic
arc of Sumatra, and the divergence between the fault and the volcanic arc is particularly
prominent past the Toba Caldera (Sieh and Natawidjaja, 2000).
3. The Mentawai Fault System
The Mentawai Fault System is a 600km long fault that runs parallel to the
Sumatra Fault System. It started from the Sundra Strait in the South, and extends to the
north of Simeulue Island, converging into the Sumatra Fault via the Batee Fault (Barber,
2005). There are certain uncertainties related to the origin of the Mentawai Fault. It was
always assumed to be a strike slip based on its location and linearity. However, there
have been no strike-slip earthquakes on this region for the last 30 years, which suggests
that the Mentawai Fault might be something other than an inactive strike-slip fault.
Recent researches suggest that the Mentawai Fault might be a backthrust and fold-thrust
belt in the deeper forearc basin (Mukti, 2000).

B) The Wadati-Benioff Zone (WBZ)
The Wadati-Benioff Zone is defined as a planar zone of seismicity that
corresponds with the subducting slab in an active subduction zone (Barber, 2005). The Swave seismic tomography of the Sumatra region reveals a clear high-velocity body that
plunges underneath the Sunda continental shelf. Starting from the trench, it maintains a
classic inclination angle of about 45° to a depth of 200km. Further application of global
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and regional tomography shows that at beyond 200 km to 800 km, the high–velocity
body becomes nearly vertical (Scalera, 2007). Sumatra is a region that has never
experience earthquakes with focal depths of more than 250km, and most of its
earthquakes have a focal depth of 40 – 60 km, thus classifying the numerous earthquakes
in this region as shallow (<60km) to intermediate (60km – 300km) mega earthquakes.

Methods and Data Collection
Sumatra has many Global Position System (GPS) stations that provide complete
and detailed geodesy data that can be extracted from the Geodetic Laboratory of
University of Nevada, Reno. The data from University of Nevada, Reno (UNR) uses the
primary geodetic reference frame - International Terrestrial Reference Frame (ITRF)
2008, which is the global reference frame with a known net rotation of the Earth. The
data records the North, East and Up motions that are presented in a time series. The time
series can give an insight about inter-seismic deformation and deformation of crust that
happens during a large earthquake.
The MATLAB version of tsview (Herring et al., 2003) is utilized to display and
manipulate the coordinate time series obtained from UNR. 9 time series are manipulated
by adding in breaks and log functions. After obtaining the parameters for each time
series, the tectonic motions of the area within a time frame are inferred. Aside from
earthquakes, which are represented by large jumps and breaks in the time series, other
tectonic motions such as the earthquakes’ instantaneous displacement, post seismic
displacement and seasonal displacement can be inferred.
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The Generic Mapping Tool (GMT) is used to display and analyse geoscience
data. In this paper, the GMT was used to make three maps – a map utilizing the
coordinates of the GPS stations analysed, a epicentre map that shows the locations of the
20, Mw ≥ 7.0 earthquakes that happened and finally, a velocity map that describes the
motion of each GPS station across the study period. The GMT program was applied

through the jupyter notebook, which serves as a platform for easier and more convenient
interaction with GMT (Wessel et al., 2013).

Data and Results
1. List of GPS stations used
Name of GPS Station
ABGS
JMBI
LAIS
LNNG
MKMK
NGNG
PBLI
SAMP
TIK1

Longitude
99.388
103.520
103.034
101.156
101.091
99.268
97.405
98.715
99.944

Latitude
0.221
-1.616
-3/529
-2.285
2.542
-1.800
2.309
3.622
-0.399

2. List of earthquakes from 2004 – 2013 (Mw ≥7.0)
Date
26 Dec 2004
26 Dec 2004
28 Mac 2005
24 Jul 2005
12 Sep 2007
12 Sep 2007
13 Sep 2007
20 Feb 2008
25 Feb 2008
30 Sep 2009
6 Apr 2010

Magnitude
9.2
7.2
8.6
7.2
8.5
7.9
7.0
7.3
7.2
7.6
7.8

Longitude
94.26
92.79
97.07
91.88
100.99
100.13
99.39
95.98
99.95
99.67
96.74

Latitude
3.09
6.61
1.67
7.92
-3.78
-2.46
-2.31
2.69
-2.66
-0.79
2.07
10

9 May 2010
12 Jun 2010
25 Oct 2010
1 Oct 2012
11 Apr 2012
11 Apr 2012

7.2
7.5
7.8
7.2
8.6
8.2

95.78
91.65
99.32
92.98
92.82
92.31

3.36
7.85
-3.71
2.59
2.35
0.90

3. Earthquakes epicentre analysis

Fig 3 Focal mechanism of earthquakes epicentre mapped on topographic map of
Sumatra. The earthquakes happened between 2004 and 2013, and have a Mw ≥7.0.

During the period of 2004 – 2013, there were 20 earthquakes of magnitude more

than 7.0 detected in the study area. The epicentres of the earthquakes were extracted from
Global Centroid Moment Tensor (CMT) website. The epicentres of these earthquakes
were then mapped onto the Sumatra base map made using GMT. Considering that
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Sumatra contains a large human population and remains a high earthquake hazard zone, a
map of the epicentres of past large earthquakes since 2004 has been created to see if there
is a trend towards the location of earthquakes as shown below to aid in the future
prediction of earthquakes. Based on the epicentre map shown below, it is clear that there
is no trend in the location of earthquakes across the study period.

4. Time series analysis
The well-resolved, daily solutions of GPS data from 2004 to 2013 were obtained
from the University of Reno Geodetic Laboratory. The earthquakes that were clearly
recorded in the majority of the time series were 28th March 2005, Mw = 8.6 Nias
Earthquake, the 12th September 2007, Mw = 8.5 earthquake, the 30th September 2009,
Mw = 7.6 earthquake and the 11th April 2012, Mw = 8.2 earthquake. Only the SAMP
GPS site recorded the 26th December 2004, Mw = 9.2 Indian Ocean earthquake. The time
series of this GPS site is shown below.

Fig 4 Time series of SAMP, extracted from
the UNR database. Arrows are used to
indicate co-seismic deformation and postseismic deformation. Co-seismic
deformation is usually characterized by a
sharp and sudden increase/decrease in the
time series, showing movement of GPS
station during an earthquake. Post-seismic
deformation is usually characterized by the
exponential decay type curve that happens
after an earthquake.
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Using these earthquakes, the displacement characteristics, which include coseismic, post-seismic and seasonal displacements; were determined by analysing the time
series of the North, East and Up components of the GPS sites chosen. Analysis of time
series was carefully done and by applying logarithmic functions and earthquakes offsets
to obtain weighted root mean square (WRMS) and normalized root mean square
(NRMS). The values of WRMS and NRMS are constrained to be less than 3.5 for North
and East motion, while the WRMS and NRMS values have to be less than 8 to ensure the
accuracy of data. WRMS has units of mm/yr, while NRMS is a unitless number.
Estimation for the short-term post seismic relaxation time are made, bearing in
mind that when the WRMS and NRMS values reach the targeted values, the short-term
post seismic relaxation time is determined to be within the range of certain accuracy. The
short-term post seismic relaxation time was applied in two different methods to produce
two different data sets: First, where each earthquake has its individual post seismic
relaxation time which ranges from 80 days to 150 days; Second, after some trial and
error, where the average post seismic relaxation time was determined to be at 100 days.
When comparing the two data sets derived, it was determined with some certainty
that the values of WRMS and NRMS all fall within a certain range with little to no
differences when comparing the data values side by side. Data with uncertainty values of
more than ±60mm are discounted. This is taken into consideration of uncertainties that
can arise when compiling a data set, such as errors made during the detrending of time
series and errors associated with GPS stations.
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Fig 5 Velocity of each GPS station. GPS stations are represented by black triangles.
Velocity vectors are shown in red arrows. Average velocity (39 mm/yr) of the IndoAustralia plate is shown using a black arrow (not drawn to scale).
GPS station North motion (mm/yr)
ABGS
25.59
JMBI
19.38
LAIS
27.24
LNNG
30.56
MKMK
31.87
NGNG
43.84
PBLI
-18.86
SAMP
32.33
TIK1
21.31

East motion (mm/yr) Velocity (mm/yr)
12.68
28.64
5.60
20.17
14.58
30.90
15.53
34.28
19.78
37.51
21.84
48.98
-25.93
32.06
0.83
32.34
12.26
24.59
Average velocity motion
32.16 mm/yr

The velocity of each GPS station was calculated using the Pythagoras Theorem:
𝑎𝑎2 + 𝑏𝑏 2 = 𝑐𝑐 2 , with a = North motion, b = East motion and c = velocity vector. The
14

average velocity based on GPS data is slightly lower as compared to velocity value of 39
mm/yr from literature (Subarya et al., 2006). This is because the GPS stations used are
located near the plate boundary, and motion of plates decrease due to the increasing
resistance of two interacting plates.
Based on the velocity diagram above, aside for the data obtained from PBLI, all
of the arrows are pointing in the North East direction. Referring back to the time series of
PBLI station, there is a large jump in the East and North motion in 2012 in the opposite
direction when compared to the time series of other GPS stations, and this likely resulted
in an error in the data obtained. The large errors resulted in a large error ellipse
surrounding its velocity motion as seen in the velocity map.

Discussion
The GPS sites in Sumatra made clear and precise detections in regards to the
coseismic and postseismic deformation experienced in that region. An average short term
post seismic time of 100days as inferred from the earthquake time series data is within
the range of 91.25 – 104.2 days, as referred from Tanaka and Heki (2014) and Anugrah et
al. (2015) respectively. Post seismic relaxation time is affected by the complex interior
geometry of subduction zones and potential viscosity contrast between the oceanic
asthenosphere and the subducting mantle wedge. Past researches have suggested that the
post-seismic deformation is likely a combination of the effects of a variety of
mechanisms, and theories to explain it have included afterslip, viscoelastic relaxation and
pore-fluid adjustments. However, it is hard to decide which is likely the most dominant
process in a post-seismic deformation due to the lack of understanding in the interaction

15

between the crust and mantle, as well as stress-transfer after a large earthquake (Wang,
Yan and He, 2012).
An estimate of the viscosity of the Earth’s mantle can be calculated based on
Maxwell viscosity formula shown below:
Post seismic time, tao (𝜏𝜏) =

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣,𝜇𝜇
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝜂𝜂

By using the average short-term post seismic time, 𝜏𝜏 = 100 days = 8.64×106

seconds and rigidity of oceanic’s mantle, 𝜂𝜂 = 64 GPa (Hu et al., 2016), the viscosity of
oceanic’s mantle beneath Sumatra is calculated to equal 5.53 ± 1.14 1017 𝑃𝑃𝑃𝑃 𝑠𝑠. The

standard error (STE) in the estimation of the viscosity of the upper mantle is calculate
using this formula:
𝑆𝑆𝑆𝑆𝑆𝑆 = �(𝜂𝜂2 × 𝜎𝜎𝜏𝜏 2 ) + (𝜏𝜏 2 × 𝜎𝜎𝜂𝜂 2 )

Where 𝜏𝜏 = 100 days = 8.64×106 seconds, 𝜎𝜎𝜏𝜏 = 22 days = 1.9×106 seconds, 𝜂𝜂 = 64×
109 Pa and 𝜎𝜎𝜂𝜂 = 30 × 109 𝑃𝑃𝑃𝑃.

The value of the viscosity calculated in this paper contains two sources of error:

one, the uncertainty in relation to the rigidity of oceanic lithosphere and two, the
uncertainty in relation to the relaxation time of a post-deformation lithosphere. However,
this value lines up pretty well compared to values found in other literatures. In a research
published by Paul and others (2012), the viscosity estimated was 3.0 × 1017 Pa s, which
can be considered as the lower boundary for the Sumatra oceanic lithosphere. Another
research by Wang et al. (2011) estimated a value of 1 × 1018 Pa s for viscosity. These

numbers are also consistent with estimates derived using gravity and far field GPS, which
are between 5.0 × 1017 Pa s and 1.0 × 1019 Pa s.
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The oceanic lithosphere is rigid enough to sustain large geological loads such as
mountains and volcanoes for long periods of time, and its rigidity is a consequence of its
age, where the older the oceanic crust is, the more rigid it will be. Considering the age of
the oceanic lithosphere in Sumatra, which is an average of 50 million years old (Barbara,
2005), this will place the rigidity of the Sumatra lithosphere as a medium rigidity level.
The lithosphere rheology of Sumatra can be broken down into two sections: the crust
rheology and the upper mantle rheology.
A biviscous Burgers rheology can be used to explain the relatively short post
seismic relaxation time that is characteristic of the earthquakes in Sumatra. The Burgers
model is a combination of the Maxwell’s element that models elastic deformation and the
Kelvin element that models transient creep (Broerse et al., 2015). This means that when
an application of load/earthquake happens, elastic deformation does not happen, but
rather an inelastic transient viscoelastic deformation occurs, prompting a fast relaxation
after the event. In other words, using the Burgers rheology, a fraction of elastic strain
energy relaxes due to low viscosity flow while the remaining elastic strain energy decays
due to a higher viscosity flow (Reddy, Sanjay and Kato, 2009). This model is consistent
with a subduction zone system that contains both elastic and viscoelastic materials.
Fig 3. Schematic representation of a Burgers
rheology, consisting of a Maxwell element in
series with a Kelvin element where a dashpot
and spring are connected in parallel. Viscosity
is denoted by 𝜇𝜇 and shear modulus by 𝜂𝜂;
subscripts 𝑚𝑚 and 𝑘𝑘 denote the Maxwell and
Kelvin parameters, respectively). Figure
extracted from Broers et al. (2015)
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A low viscosity, weak asthenosphere beneath the crust also helps explain a short
relaxation time seen after a major earthquake. A weak asthenosphere helps in the
lubrication of plates in subduction zones, allowing for rapid changes in plate motion to
occur, as well as enable the lateral flow of upper-mantle material that produces vertical
motions of continental and seafloor margins. The presence of partial melt or water in the
asthenosphere will also reduces its viscosity, which is an reasonable assumption to make
given that Sumatra is a active subduction zone and the subducting oceanic plate will
bring copious amounts of water deep down into the asthenosphere (Hu et al., 2016). The
volcanic arc that forms the backbone of Sumatra stands as proof that partial melt exists in
its subsurface (McCaffrey, 2009). A range of seismological and resistivity observations
in various studies show a sharp change in mantle properties at the deformation boundary,
indicative of the presence of partial melt and/or water further support the hypothesis of a
weak asthenosphere underlying the elastic oceanic crust in Sumatra (Hu et al, 2016).

Conclusion
Sumatra experiences many frequent and large earthquakes and is one of the top
earthquake hazard zones in the world. GPS sites in Sumatra show significant postseismic
deformation after each earthquake, although there remain uncertainties regarding the
long-term postseismic deformation in this region, which may span for millions of years.
Using MATLAB, it is shown that the GPS data are well matched using logarithmic
functions, and the NRMS and WRMS values achieved are well within the range of
accuracy. The relatively short decay time of 100 days as determined by GPS data
obtained is an indication that post-seismic deformation is controlled by various
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mechanisms such as afterslip, lithosphere rheology and the interaction between the
continental crust and the subducting plate. Given that there are many uncertainties
involving the lithosphere rheology of the Earth, more geophysical and geological studies
need to be conducted in order to increase the understanding of the physics behind interseismic deformation. A better understanding of crustal deformation and how stress is
transferred and resolved at depth will enable a better assessment of earthquakes and
tsunami hazards.
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