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Abstract An ∼1100 year long paleogeodetic record of land-height change along the Simeulue section
of the Sumatran subduction zone reveals significant variations in vertical motion rates. From an ∼267 year
long record, we develop models to explain rate variations in the decades before the 1861, 2004, and 2005
great earthquakes. The record shows that rates accelerated by a factor of 4 to 10 in the decades before the
1861 earthquake; one plausible explanation is a significant increase in the depth of interseismic coupling on
the Sunda megathrust under Simeulue. Despite similarity of the 1861 and 2005 coseismic rupture patterns,
the pattern of coupling during the decades before the two earthquakes may have been different. Most
GPS observations of interseismic deformation at subduction zones span only a decade or two; our results
highlight the need to treat GPS-derived coupling maps as only a snapshot of fault conditions that are
temporally variable.

1. Introduction

Fault coupling represents the pattern of interseismic strain accumulation on a fault, expressed as the ratio
of the slip rate deficit during the interseismic period to the plate convergence rate. Highly coupled patches
are regions of the fault that can potentially release a large portion of strain seismically in large earthquakes.
Therefore, assessing the location and size of future earthquakes along active faults requires characterizing
the patchwork quilt of interseismic fault coupling patterns. Maps of interseismic fault coupling are usually
derived from GPS data spanning one or two decades and are useful for identifying rupture segments based on
matching interseismic coupling patterns with past earthquake rupture areas [e.g., Kaneko et al., 2010; Miura
et al., 2004; Moreno et al., 2010; Loveless and Meade, 2011; Metois et al., 2012], identifying potential rupture
barriers [e.g., Prawirodirdjo et al., 2010; Chlieh et al., 2008] and understanding various stages of the seismic
cycle on adjacent fault segments [e.g., Moreno et al., 2011; Freymueller et al., 2000]. However, some researchers
have found little correlation between areas of fault coupling and earthquake rupture, and advocate for aug-
menting GPS-inferred coupling maps with multicycle slip histories along megathrusts [e.g., Lorito et al., 2011;
Romano et al., 2012; Nalbant et al., 2013; Wesson et al., 2015; Thirumalai et al., 2015]. This advocacy is well jus-
tified in light of what we now understand about the host of tectonic processes that occur on megathrusts
during the interseismic period of the seismic cycle. Transient processes such as slow slip events, afterslip,
and viscoelastic relaxation of the mantle (that can potentially extend over time periods beyond a seismic
cycle) can alter deformation patterns and stress states on megathrusts over long time periods [e.g., Suito and
Freymueller, 2009; Paul et al., 2012; Meade and Loveless, 2009; Fu and Freymueller, 2013; Tsang et al., 2015] and
thus complicate the interpretation of interseismic deformation.

Furthermore, long-duration geodetic records in the Alaska, Chile, Japan, and Sumatra subduction zones reveal
that strain may not accumulate linearly during the interseismic period [Nishimura et al., 2004; Prawirodirdjo
et al., 2010; Philibosian et al., 2014; Li et al., 2014; Meltzner et al., 2015; Wesson et al., 2015]. Such spatiotemporal
variability needs to be characterized holistically, along with the tectonic processes that control that variability,
if we are to improve assessment of seismic hazard along megathrusts. To achieve this objective, we need to
study geodetic records spanning several seismic cycles. In contrast, most GPS coupling maps represent only
a snapshot of the interseismic period.

Along the Sumatran subduction zone, Meltzner et al. [2010, 2012, 2015] reconstructed interseismic verti-
cal deformation histories by analyzing coral microatolls from multiple sites located across Simeulue Island,
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Figure 1. (a) Simeulue Island is located offshore of north Sumatra (inset). Sim: Simeulue, BI: Banyak Islands, Ni: Nias,
and Ba: Batu Islands. Meltzner et al. [2010, 2012, 2015] reconstructed interseismic uplift histories from coral microatolls
sampled at 13 sites across Simeulue Island (main). Contours indicate the coseismic uplift (in cm) during the 2004 Mw 9.2
Sumatra-Andaman earthquake (dashed grey, from Meltzner et al. [2012]) and 2005 Mw 8.6 Nias earthquake (solid grey,
from Meltzner et al. [2015]), defining the Simeulue saddle. (b) History of interseismic vertical displacement at each coral
site. The width of the bars is proportional to the vertical displacement rates. The dates of paleogeodetically recorded
earthquakes are marked in red. The rate at PPY with a “+” sign (late in P3) indicates interseismic uplift. In this study, we
model rate changes during periods P1, P2, and P3.

which span an ∼1100 year long period from 870 to 2005 A.D. (Figure 1). This long paleogeodetic record
reveals abrupt, sometimes coeval changes in long-term subsidence rates across the island. These observations
implore the question: What tectonic mechanisms and physical processes control these rate variations?

In this study, we explain with physical models the observed rate changes during the past ∼267 years—the
time period spanning the past two seismic cycles (labeled periods P1, P2, and P3 in Figure 1). During this time,
we find near-synchronous long-term rate changes above the northern limit of the 2005 Mw 8.6 Nias earth-
quake rupture patch. Meltzner et al. [2015] also examined the rate changes over this time period and presented
simple models indicating that these observations can be explained as temporal changes in the width of the
locked zone. In our study, we expand on those results with more sophisticated models and include data from
additional coral sites located in the northwestern part of Simeulue. Our results suggest that the observed
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interseismic rate changes can be explained by tectonically feasible spatiotemporal changes in interseismic
coupling patterns.

2. Relative Sea Level Histories From Coral Microatolls

Relative sea level histories were derived from coral microatolls of the genera Porites and Goniastrea [Meltzner
et al., 2010, 2012, 2015]. The upper surfaces of these coral microatolls track relative sea level (RSL) changes
over time.

Changes in RSL are a combined effect of both changes in land level and sea surface height, resulting from
a combination of tectonic and nontectonic factors such as tectonic deformation over the earthquake cycle,
isostatic changes of the land due to changing glacial and other surface loads, and regional changes in sea sur-
face height due to oceanographic processes. It is therefore important to understand the relative contribution
of these factors to RSL changes. As discussed by Meltzner et al. [2012], isostatic and oceanographic processes
mostly operate on regional to global scales, and since Simeulue Island is only ∼100 km long, these pro-
cesses would be expected to influence all sites across the island approximately uniformly and synchronously.
Although regional changes in sea surface height can result in spatially varying magnitudes of rate change at
sites across the island, these variations are likely small in comparison to tectonic changes (further discussed in
Text S1 in the supporting information). On the other hand, if rate changes observed on one part of the island
are not observed coevally or coherently on another part of the island, then the spatial scale of these changes
is more consistent with tectonic uplift and subsidence over the course of the earthquake cycle.

Such spatial variations in tectonic behavior are observed at Simeulue. For example, corals located over the
2004 Mw 9.2 Sumatra-Andaman earthquake rupture have distinctly different RSL histories from corals over the
2005 Mw 8.6 Nias earthquake rupture, suggesting that the central part of Simeulue acts as a persistent rupture
barrier [Meltzner et al., 2012]. Figure 1 illustrates the ∼1100 year history of interseismic vertical displacement
rate changes at 13 coral sites located on Simeulue. Table 1 lists the interseismic vertical displacement rates
during each time period in the paleogeodetic record, for respective sites, as well as the 2𝜎 uncertainties asso-
ciated with each rate. During∼1300 to 1450 A.D., rate changes observed across the island are noncoeval. Most
rate changes occur after major earthquakes, such as the 1394 A.D. earthquake, which affected sites over the
2004 patch [Meltzner et al., 2010]. However, the paleogeodetic record also shows rate changes that are not
associated with known earthquakes. For example, during ∼1738 to 1861 A.D., sites over the 1861/2005 patch
experienced a sudden acceleration in rates during the decades before the 1861 A.D. Nias-Simeulue earth-
quake. We discuss these rate changes in the next section, focusing on the ∼267 year period from ∼1738 to
2005 A.D.

3. Interseismic Vertical Displacement Rates During the Past ∼267 Years

While it is relevant to investigate the entirety of this ∼1100 year long record, in this study we focus on a par-
ticularly interesting period of interseismic rate changes observed during the ∼267 year period from ∼1738 to
2005 A.D. (P1, P2, and P3 in Figure 1). Above the 1861/2005 patch, four sites (SLR, SMB, UTG, and LBJ) expe-
rienced an abrupt four to tenfold acceleration in interseismic subsidence rates roughly 20–40 years prior to
the 1861 earthquake (Figure 1). We note that corals in the Simeulue-Nias region show that the coseismic
displacements of the 1861 Nias-Simeulue earthquake were similar to those of the 2005 Nias-Simeulue earth-
quake, suggesting that the two earthquakes were similar in extent and magnitude [Meltzner et al., 2015]. These
observations beg two questions: what patterns of strain accumulation and tectonic mechanisms explain the
pre-1861 acceleration in rates? Were patterns and mechanisms of strain accumulation during the pre-2004
period (P3, Figure 1) similar to those preceding the 1861 earthquake? Modeling the interseismic vertical dis-
placement rates during the last∼267 years will provide a better picture of the interseismic strain accumulation
patterns over the past two seismic cycles on this section of the megathrust and of possible controlling tec-
tonic mechanisms. We therefore develop physical models to explain three time periods in the past∼267 years:
P1 (pre-1819), P2 (1839–1861), and P3 (pre-2004). We note that the start of the paleogeodetic record at
individual coral sites differs for periods P1 and P3 (Table 1).

4. Modeling Methods

We develop physical models to understand the tectonic mechanisms controlling the rate variations during
three time periods: P1, P2, and P3 (Figure 1). Our models consist of a fault with a dip profile that approximates
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Table 1. Coral Site Locations and Interseismic Vertical Displacement Rates

Site Name

Site Longitude Latitude Time Period Uplift Rate (mm/yr)a (From Meltzner et al. [2010, 2012, 2015]) Notes

Langi 95.72130 2.82592 1961–1997 A.D. −0.1 ± 2.2 LNG-A

LNG 1962–1998 A.D. −3.3 ± 2.2 LNG-A

1961–1998 A.D. −1.7 ± 3.2 – Weighted averageb

Lewak 95.79091 2.92827 1301–1355 A.D. −6.1 ± 1.5 LWK-B

LWK 1397–1450 A.D. −1.5 ± 1.5 LWK-B

1951–1997 A.D. −3.3 ± 1.7 LWK-A

1962–1998 A.D. −1.4 ± 2.2 LWK-A

1951–1998 A.D. −2.6 ± 1.8 – Weighted averageb

Lhok Pauh 95.76324 2.86160 1346–1394 A.D. −3.6 ± 1.7 LKP-B

LKP 1409–1430 A.D. −4.4 ± 3.8 LKP-B

1430–1450 A.D. −3.5 ± 4.0 LKP-B

1945–1997 A.D. −5.3 ±1.5 LKP-A

1962–1998 A.D. −5.2 ± 2.2 LKP-A

1945–1998 A.D. −5.3 ± 1.2 – Weighted averageb

Lhok Dalam 95.70072 2.74984 1327–1394 A.D. −5.9 ± 1.2 LDL-B

LDL 1982–1997 A.D. −6.2 ± 5.3 LDL-A

1983–1998 A.D. −8.7 ± 5.3 LDL-A

1982–1998 A.D. −7.5 ± 3.8 – Weighted averageb

Ujung Sanggiran 95.86741 2.91213 1413–1450 A.D. −7.2 ± 2.2 USG-A

USG 1958–1997 A.D. −2.2 ± 2.1 USG-A

1962–1998 A.D. −2.2 ± 2.2 USG-A

1958–1998 A.D. −2.2 ± 1.5 – Weighted averageb

Ujung Salang 95.75935 2.70612 886–956 A.D. −4.7 ± 1.1 USL-A

USL 1961–1997 A.D. −7.6 ± 2.2 USL-A

1962–1998 A.D. −7.1 ± 2.2 USL-A

1961–1998 A.D. −7.4 ± 1.6 – Weighted averageb

Pulau Penyu 95.94407 2.85309 1449–1488 A.D. −1.6 ± 2.1 PPY-A

PPY 1488–1537 A.D. −1.2 ± 1.6 PPY-A

1537–1565 A.D. −5.6 ± 2.9 PPY-A

1928–1980 A.D. −3.9 ± 1.5 PPY-A

1980–2002 A.D. +0.3 ± 3.6 PPY-A

Ujung Lambajo 95.99508 2.56620 1961–1997 A.D. −7.4 ± 2.2 ULB-A

ULB

Silinggar 96.14749 2.70812 1800–1849 A.D. −0.9 ± 1.6 SLR-A

SLR 1849–1861 A.D. −4.8 ± 6.7 SLR-A

1961–1997 A.D. −4.2 ± 2.2 SLR-A

Sambay 96.19470 2.65109 1760–1819 A.D. −0.8 ± 1.4 SMB-A

SMB 1819–1861 A.D. −8.7 ±1.9 SMB-A

Bunon 96.14427 2.51291 871–1024 A.D. –0.5 ± 0.5 BUN-A

BUN 1311–1340 A.D. −2.2 ± 2.8 BUN-A

1353–1422 A.D. −6.6 ± 1.2 BUN-A

1433–1466 A.D. −0.3 ± 2.4 BUN-A

1481–1516 A.D. −5.8 ± 2.3 BUN-A

1516–1538 A.D. −10.1 ± 3.6 BUN-A

1545–1576 A.D. −5.6 ± 2.6 BUN-A

1481–1576 A.D. −6.0 ± 0.8 BUN-A Average rate

1982–1997 A.D. −5.3 ± 5.3 BUN-A

1982–1997 A.D. −8.9 ± 5.3 BUN-B

1982–1997 A.D. −7.1 ± 3.8 – Weighted averageb
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Table 1. (continued)

Site Name

Site Longitude Latitude Time Period Uplift Rate (mm/yr)a (From Meltzner et al. [2010, 2012, 2015]) Notes

Ujung Tinggi 96.27640 2.57304 1757–1839 A.D. −1.1 ± 1.0 UTG-A

UTG 1839–1861 A.D. −7.0 ± 3.6 UTG-A

1982–1997 A.D. −4.2 ± 5.3 UTG-A

Labuhan Bajau 96.48623 2.40321 1738–1838 A.D. −1.6 ± 0.8 LBJ-A

LBJ 1838–1861 A.D. −6.1 ± 3.5 LBJ-A

1945–1997 A.D. −8.2 ± 1.5 LBJ-A
aThe 2𝜎 total uncertainty equals the 2𝜎 level of uncertainties due to differential coral erosion and growth rates (calculated with the methodology of Meltzner

et al. [2012]).
bFor period P3, two independent estimates of the pre-2004 rate were reported at seven coral sites: LNG, LWK, LKP, LDL, USG, USL, and BUN. For each of these

sites, we calculated a weighted mean rate (WMR) (discussed in Text S1).

the Slab 1.0 model along this section of the megathrust [Hayes et al., 2012] and extends to a depth of 100 km
(Figure S2). The fault was divided into 5 km long and 2 km wide subfault patches.

We forward modeled the observed rate changes as spatiotemporal variations in locking depth and fault cou-
pling. For each combination of fault parameters, the vertical displacement at each coral site was calculated
with the Okada model of dislocations in an elastic half-space [Okada, 1985], in a backslip framework [Savage,
1983]. In this framework, slip on the fault can vary from zero to the full plate subduction rate. A slip rate of
zero corresponds to a locked fault interface (with a coupling ratio of 1), whereas a slip rate equal to the full
plate subduction rate corresponds to a freely slipping fault interface (with a coupling ratio of 0). In this study,
we assumed that the plate subduction rate is 40 mm/yr [McNeill and Henstock, 2014; Simons et al., 2007].

Our model configuration is similar to that employed by Meltzner et al. [2015]. In their study, they produced
along-strike vertical displacement profiles based on a hypothetical row of surface points located equidistant
from the trench. In this study, we incorporated sites in the northwestern part of Simeulue (for period P3),
which are located at varying distances from the trench. We therefore calculated vertical displacement rates at
each site based on their actual geographical locations.

It is believed that the frictional behavior of trench regions may be different from that at deeper seismogenic
depths, and this is supported by observations of rapid afterslip that occurred updip of the 2005 rupture area
[Hsu et al., 2006]. Further, Tilmann et al. [2010] relocated aftershocks of the 2004 and 2005 earthquakes, and
they found a well-defined updip limit of seismicity that lies at a fairly uniform distance from the trench, with
the exception of an abrupt ∼25 km landward shift under the central part of Simeulue. They inferred that this
updip limit of seismicity marks the transition between the deeper seismogenic zone and stable sliding near
the trench. In order to match these observations of the updip limit of seismicity, we followed the rationale
outlined by Meltzner et al. [2015], assigning the shallowest 18 km of the fault to be partially coupled at a
coupling ratio of 0.4 (Figure S2). We note that model resolution is poor in regions near the trench, and there
will inevitably be tradeoffs between the parameters that characterize the coupling distribution in this region.
Also, recent shallow, tsunamigenic megathrust ruptures along the Sumatran subduction zone [e.g., Hill et al.,
2012] suggest that the trench region is capable of both aseismic and seismic slip behavior.

For all three periods, we tested for along-strike variations by subdividing the fault into two sections and
determined best fit combinations of (a) locking depths for each section and (b) the location of the boundary
separating the two sections of different locking depths (Figure S2 shows an example model configuration). We
systematically tested for downdip limits of locking ranging from 25 to 55 km depth, at 5 km (or in some cases
finer) intervals (further details are described in Text S2). The preferred two section forward models for each
time period correspond to the combinations of parameters that yield the least misfit between the data and
model vertical displacement rates, based on the weighted mean of the sum of squared residuals (WMSSR).
The WMSSR value is similar to the reduced chi-square value but uses the number of observations rather than
the number of degrees of freedom in the model.

For periods P1 and P2, we have only three sites located in the southeastern part of the island, and hence, the
data do not enable us to determine a well-resolved inverse model of fault coupling under the length of the
island. We therefore chose to present for these periods a suite of possible forward models that can explain
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Figure 2. Preferred models of fault coupling for periods (a) P1 and (b) P2. The fourfold to tenfold acceleration in
interseismic subsidence rates from period P1 to P2 can be explained by a deepening of the downdip limit of locking
from 35 to 55 km under Simeulue. Grey circles: Seismicity from Tilmann et al. [2010].

the data (Figures S3–S7 and Tables S2–S4). In contrast, for period P3, additional coral observations from the
northwestern part of Simeulue are available, which provide better model resolution under the length of the
island. We therefore present for this period both forward and inverse models of fault coupling. For the forward
models, we present the two section models described in the previous paragraph. In addition, we tested more
complex forward models by incorporating a priori constraints based on observations of regional seismicity at
Simeulue (more details in Text S3).

For the inverse models, we first designed a fault with the same dip geometry and size as employed for the
forward models, but subdivided the fault into 10 by 10 km subfault patches. Similar to the forward models, we
calculated model displacements at each site using Green’s functions from Okada [1985]. We inverted for the
slip rate deficit on each subpatch with a bounds-constrained linear least squares inversion method, assum-
ing trench normal backslip on the fault. To regularize the inversion, we applied smoothing constraints and
selected a Laplacian weight that yields a visually smooth spatial distribution of coupling (see Figure S8 and
Text S4). The slip rate deficit is equal to some proportion of the full subduction rate of 40 mm/yr, such that
the coupling ratio on each patch equals the slip rate deficit divided by the full subduction rate. We applied
bounds of 0 mm/yr and 40 mm/yr to the slip rate deficit.

Due to the limited spatial distribution of data, we again emphasize that our models are limited in resolution
and therefore nonunique. In particular, tradeoffs exist between the width of the locked zone and coupling
ratio of the fault. Hence, even though we present a preferred model for each time period, many other models
can explain the coral data within their uncertainties, and our models do not represent fully optimized solu-
tions. Our goal in this study was simply to determine whether tectonically feasible models of spatially variable
locking depths and fault coupling can explain the coral observations showing changing vertical displacement
rates for each time period.

5. Results

Figure 2 shows our preferred forward models of spatially variable fault coupling for periods P1 and P2, and
Figure 3 shows our preferred forward model and inverted coupling distribution for period P3. For period
P1, our preferred model in Figure 2a has the fault locked to 35 km depth under northwestern Simeulue,
while under southeastern Simeulue it is locked to 30 km depth (additional models in Figure S3). For period
P2 (pre-1861), the fourfold to tenfold acceleration of interseismic subsidence rates can be explained by a
deepening of the downdip limit of locking to 55 km under the entire length of Simeulue, with the fault remain-
ing locked to 30 km depth southeast of Simeulue (Figure 2b; additional models in Figure S4). The downdip
limit of locking changes from 55 to 30 km near the southeasternmost tip of Simeulue.

TSANG ET AL. TIME-VARYING RATES IN SUMATRA 6
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Figure 3. Preferred models of fault coupling for period P3. (a) Our preferred two-section forward model suggests that
the fault was locked to a 40 km depth under Simeulue and 50 km under the southeasternmost part of the fault. (b) Our
inverse model suggests that allowing for greater along-strike variations in locking depth and coupling under Simeulue
yields better data– model fits. Four features observed in central Simeulue are overlain on the model: (1) The segment
boundary location proposed by Franke et al. [2008] (blue dashed lines), (2) contours of coseismic uplift during the 2004
and 2005 earthquakes [Meltzner et al., 2012, 2015] (dashed and solid magenta lines, respectively), (3) updip limit of
seismicity [Tilmann et al., 2010] (white circles), and (4) locations of four M ∼ 7 earthquakes (stars from the Advanced
National Seismic System (ANSS) catalog). Regions marked “A” and “B” are discussed in the text.

Our preferred two-section forward model for period P3 is shown in Figure 3a, which suggests that the fault

was locked to 40 km depth under Simeulue, and 50 km under the southeasternmost part of the fault. The
10 km along-strike change in locking depth across the fault yields marginally better fits than a uniform locking

depth of 40 km (Table S4a). Testing over a range of depths (results listed in Table S4a) suggests that a locking

depth of 40 km under Simeulue yields the best data– model fits: neither shallower (35 km) nor deeper (50 km)

downdip limits of locking yield good fits to the coral observations.

Our inverse model, shown in Figure 3b, shows that allowing for greater along-strike variations in fault coupling
improves data– model fits, particularly at sites in the central part of Simeulue—USL, PPY, ULB, SLR, BUN, and

UTG. This model suggests that the northwesternmost part of the fault was locked to ∼40 km depth, while the

southeasternmost part of the fault was locked to∼60 km. These locking depths are similar to those suggested
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by our two-section forward model (Figure 3a). In contrast, marked variations in locking depth and coupling
occur under Simeulue. Under the portion of northwestern Simeulue (marked A in Figure 3b) the fault is locked
to a shallower depth of∼28–30 km. Also, the region under central-southern Simeulue (marked B in Figure 3b)
is generally less coupled than adjacent parts of the fault. Although the details of regions A and B in the inverse
model (Figure 3b) may be beyond the limits of what we can resolve with available data, all the models for P3
show less coupling under central Simeulue, regardless of the patch size and Laplacian weight that we tested
(Figure S8 and Text S4). This result suggests that lower coupling under central Simeulue in P3 is a robust con-
clusion. Moreover, we tested forward models with greater along-strike complexity (Text S3), and our results
suggest that data– model fits indeed improve when shallower downdip limits of locking, deeper updip limits
of full locking, and less fault coupling under central Simeulue are integrated into our models (Figure S6).

As noted in the previous section, our models are limited in resolution and hence nonunique. We therefore
present various other possible models for each of the three time periods in Figures S3–S7 and Tables S2–S4
(Text S2 details a discussion of these figures and tradeoffs between various model parameters, among our
two-section forward models). Our main conclusion from these models is that there exist tectonically feasible
ranges of locking depths that can explain the coral observations for each time period. Based on this, we argue
that the time-varying vertical displacement rates on Simeulue are likely tectonically controlled.

6. Discussion

Our suites of models suggest that for periods P2 and P3, the patterns of fault coupling were different
(compare Figures 2b, 3a, and 3b). The differences in the models of fault coupling between the two periods
may in part reflect the more limited spatial distribution of data across the island for period P2, but different
vertical displacement rates (although not significant at 2𝜎) at sites with rates estimated before each earth-
quake suggest that patterns of strain accumulation in the decades before the 1861 and 2005 earthquakes
may have been different.

The along-strike variations in locking depths and fault coupling suggested by our inverse model for period P3
may be a manifestation of the persistent rupture barrier in central Simeulue. This barrier is characterized by
low cumulative slip during the 2004 and 2005 ruptures and localized M7+ earthquakes in 1976, 2002, 2008,
and 2010 (Figure 3b). In addition, Meltzner et al. [2012] showed that at least seven large ruptures were arrested
at this barrier over the past ∼1100 years. Researchers have previously associated this barrier with structural
heterogeneities on the subducting plate and different frictional properties on the fault interface. Notably,
Franke et al. [2008] conducted wide angle refraction and multichannel reflection seismic surveys along this
part of the megathrust, and their results reveal an elevated NNE-SSW oriented ridge of oceanic basement
under central Simeulue, which projects to the location of one of the main fracture zones in the Wharton basin,
as mapped by Singh et al. [2011] and Jacob et al. [2014]. They interpret this ridge to reflect the structural relief
caused by a fracture zone on the subducting plate at central Simeulue. The orientation of this ridge is consis-
tent with the orientation of the Simeulue saddle in the middle of the island, as defined by contours of uplift
from the coseismic rupture ends of the 2004 and 2005 earthquakes [Briggs et al., 2006; Meltzner et al., 2015].

Figure 3b shows an overlay of the proposed location of the aforementioned features onto our coupling model.
A visual comparison shows that the shallower downdip limit of locking under northwestern Simeulue (marked
A in Figure 3b) lies in the region of the proposed location of the subducted fracture zone. The region of lower
coupling that is marked B in Figure 3b coincides spatially with the eastern flank of the subducted fracture
zone, where Franke et al. [2008] proposed that the megathrust is faulted and torn. The eastern flank is also
marked by a ∼25 km landward shift in the updip limit of seismicity, a feature that may reflect the structural
heterogeneities in this region. We speculate that the lower apparent coupling in region B may be attributed
to a fault or tear in the megathrust at this location.

The time-varying interseismic rates suggest that interseismic fault coupling and slip behavior may be influ-
enced by frictional conditions along the fault that can change with time. Localized fluid release from the
subducted fracture zone, as proposed by Tilmann et al. [2010], might lead to transient changes in pore pres-
sure on the fault interface. This increased fluid pressure in turn reduces the effective normal stress and
changes the frictional properties on the megathrust, since fault friction is controlled by factors such as
normal stress, temperature, type of rock material, and distribution of fluids in the crust [Kaneko et al., 2010].
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Numerical simulations of the seismic cycle will enable us to gain further insights into how these factors con-
trol friction and interseismic behavior of faults. For example, Noda and Hori [2014] conducted simulations
of a sequence of earthquakes assuming a rate and state friction law and reported that the A/B parameter
(direct effect/evolution effect) controls the complexity of interseismic behavior on seismogenic patches. Until
now, it remains poorly understood how tectonic and physical processes vary over multiple seismic cycles at
subduction zones and justifies the need to combine observations of multicycle geodetic records with mod-
eling efforts in order to obtain a holistic picture of the physical factors that control time-varying interseismic
behavior of megathrusts.

7. Conclusion

Coral microatolls on Simeulue Island reveal vertical displacement rates that vary with time over the past
∼1100 years. Our results suggest that these rate variations are likely tectonically controlled and that the strain
accumulation process is not uniform during the interseismic period of the seismic cycle. In the decades prior to
the 1861 Simeulue-Nias earthquake, coral observations reveal a fourfold to tenfold acceleration in interseismic
subsidence rates. One way to explain these observations is with a significant deepening of the downdip limits
of locking under the island. In addition, despite similar coseismic rupture areas of the 1861 and 2005 earth-
quakes, the pattern of interseismic fault coupling in the decades prior to the two earthquakes may have been
different. Up to now, multicycle geodetic records at subduction zones are sparse, but obtaining such records
is essential to improve our understanding of how interseismic behavior on megathrusts varies with time.
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