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G E O P H Y S I C S

Thermal squeezing of the seismogenic zone controlled 
rupture of the volcano-rooted Flores Thrust
Karen Lythgoe1, Muzli Muzli2, Kyle Bradley1,3*, Teng Wang4, Andri Dian Nugraha5, 
Zulfakriza Zulfakriza5, Sri Widiyantoro5,6, Shengji Wei1,3

Temperature plays a critical role in defining the seismogenic zone, the area of the crust where earthquakes most 
commonly occur; however, thermal controls on fault ruptures are rarely observed directly. We used a rapidly de-
ployed seismic array to monitor an unusual earthquake cascade in 2018 at Lombok, Indonesia, during which two 
magnitude 6.9 earthquakes with surprisingly different rupture characteristics nucleated beneath an active arc 
volcano. The thermal imprint of the volcano on the fault elevated the base of the seismogenic zone beneath the 
volcanic edifice by 8 km, while also reducing its width. This thermal “squeezing” directly controlled the location, 
directivity, dynamics, and magnitude of the earthquake cascade. Earthquake segmentation due to thermal structure 
can occur where strong temperature gradients exist on a fault.

INTRODUCTION
The maximum magnitude of an earthquake on a fault is largely de-
termined by the area of the fault surface located above the transition 
from brittle to visco-plastic deformation, a region known as the 
seismogenic zone (1, 2). Thus, gently dipping megathrusts produce 
significantly larger earthquakes than vertical strike-slip faults. The 
brittle-to-ductile transition (BDT) that defines the base of the 
seismogenic zone is highly sensitive to temperature, and the thermal 
structure of the crust generally defines the maximum seismogenic 
depth (1). An additional restriction on earthquake size arises from 
geometric features of complex fault surfaces, which can limit both 
the lateral and up-dip propagation of ruptures (3, 4). Finally, a gen-
eral dearth of seismicity in the very shallow continental crust indi-
cates a different, and possibly temperature-related, limitation on 
shallow faulting (5, 6).

Tectonic faults that develop within the thermally heterogeneous 
zone of an active continental volcanic arc can offer a unique window 
into the role of temperature in controlling seismicity. In such settings, 
geometrically simple faults that traverse the whole crust can be per-
turbed by strong lateral thermal gradients from large magmatic 
plumbing systems of isolated arc volcanoes. However, earthquakes 
in this tectonic setting are rare and generally not well monitored. In 
2018, an unusual and destructive cascade of earthquakes occurred 
over a 3-week period at the island of Lombok, Indonesia (7, 8). These 
earthquakes were produced by cascading rupture of the Flores Thrust, 
which extends beneath the active Sunda volcanic arc (9). At Lombok, 
the south-dipping Flores Thrust intersects the root zone of the great 
Gunung Rinjani volcano and, at this longitude, slips at ~10 mm/year 
(10). Gunung Rinjani is a spatially isolated arc volcano that hosted 
one of the largest and most explosive [Volcanic Explosivity Index 
(VEI) 7] eruptions in the Holocene (11).

The 2018 sequence began with a moment magnitude (Mw) 
6.4 earthquake on 28 July, followed by a Mw 6.9 event to the west on 

5 August (hereby called 5A), and a Mw 6.2 and another Mw 6.9 
(called 19A) to the east on 19 August (Fig. 1). In response to the 
28 July foreshock, we rapidly deployed a temporary seismic array 
to Lombok, which became operational just before the first Mw 
6.9 earthquake and was deployed for 34 days (fig. S1). Here, we 
combine the array observations with data from regional stations, 
teleseismic waveforms, and space geodetic measurements of surface 
displacement to characterize the rupture sequence (12). We deter-
mine precise hypocenters of the large events and their aftershocks 
using double-difference relocation. We invert for the best double 
couple focal mechanism for all Mw >5 earthquakes using regional 
broadband records, and independently constrain the origin depth 
by modeling broadband teleseismic P waves containing the depth 
phases. We derive coseismic rupture models by joint inversion of 
teleseismic waveforms and Interferometric Synthetic Aperture 
Radar (InSAR) data.

RESULTS
Together, the aftershocks and coseismic slip patches define a narrow, 
middle to lower crustal seismogenic zone that varies laterally in 
depth and width and generally underlies the northern coast of Lombok 
(Fig. 1). The maximum depth of aftershocks gradually increases 
along strike away from the volcanic center, from ~15-km depth 
directly north of Rinjani’s summit crater, to a maximum depth 
of ~23 km between Lombok and Sumbawa (Fig. 1B). Similarly, the 
minimum depth of seismicity varies from ~10 km deep north of the 
summit crater to ~18 km deep to the east. The coseismic rupture 
models show that the two Mw 6.9 ruptures propagated unilaterally but 
in opposite directions along a ~25° southward dipping fault (Fig. 1).

While the epicenters of the Mw 6+ earthquakes are all located 
within 20 km of each other and have similar focal mechanisms 
(Fig. 1), the teleseismic records of the two Mw 6.9 events exhibit 
surprisingly different waveform complexity (Fig. 2), reflecting an 
inherently different rupture style. Compared with the single asperity 
of the 19A event, the 5A event has more than five smaller asperities, 
corresponding to rougher moment rate function and a longer duration. 
The 5A rupture propagated ~50 km to the west within a narrow 
depth range (~7 km), with a high aspect ratio and multiple major 
asperities. In contrast, the 19A rupture propagated unilaterally 
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~25 km eastward, rupturing to the depth range of 8 to 20 km with a 
smoother and broader distribution of slip characterized by a single 
major asperity.

The confinement of coseismic slip areas and aftershocks to a 
narrow belt within the middle to the lower crust, and the strong 
lateral directivity of the ruptures suggest that upward propagation 
of rupture was limited in both cases by an unknown factor. Similar 
behavior during previous large thrust earthquakes that did not reach 
the surface was due to the existence of geometric ramp-flat structures 
[e.g., (3)]. To test whether the spatially restricted rupture pattern at 
Lombok is due to a geometric feature of the Flores Thrust, we con-
structed a three-dimensional (3D) fault model that combines the 

relocated hypocenters with constraints on shallow fault geometry 
from offshore seismic reflection data. The best-fitting fault is an ~25° 
dipping ramp thrust extending from ~6-km depth to at least 25-km 
depth over the whole study area, consistent with the dip of focal 
mechanism nodal planes, and rolls over into to an ~5° dipping 
décollement underlying the basin sediments of the Bali Sea at depths 
of ~3 to 6 km (Fig. 3). The data are well fit by a semiplanar structure, 
indicating that all ruptures were hosted on and terminated upward 
along a relatively planar fault surface.

The restricted seismogenic zone at Lombok is instead best ex-
plained by thermal perturbation of the Flores Thrust by the deep 
magmatic system underlying Gunung Rinjani. Thermal control is 
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Fig. 1. Overview of the 2018 Lombok earthquake sequence. (A) Timeline of seismicity, with red symbols showing Mw >6 events, orange symbols showing 
Mw >5 events, and other symbols showing aftershocks. Unfilled symbols are events that occurred before the local array was active and were relocated using regional 
stations. Triangles indicate events located more than 4 km above or below the 3D fault surface. (B) Map of Lombok showing seismicity relocated using a rapidly deployed 
array, focal mechanisms of large events derived from waveform inversion of regional broadband seismic stations, and coseismic slip distributions from joint inversion of 
geodetic and teleseismic data. Isotherms on the 3D surface of the Flores Thrust are shown as dashed lines. (C) Cross section of seismicity and coseismic slip, projected onto 
a vertical plane (A and B). Isotherms on the 3D fault surface are dashed lines.
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implied by the spatial correlation between the raised base of seismicity 
and the volcanic center (Fig. 3). Strong lateral variation in the depth 
of seismicity is also seen in volcanic regions of Japan, with up to 
10 km in relief of the seismogenic zone over horizontal distances of 

~20 to 50 km from volcanoes (6, 13–16). While no direct constraints 
are available for the temperature structure of the crust at Lombok, a 
reasonable thermal model can still be constructed. The temperature 
of the BDT in other active continental volcanic arc settings is ~450°C 
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(6, 17). Historical seismicity around Lombok indicates a maximum 
regional seismogenic depth of 25 km (18). Assuming BDT tempera-
ture of 450°C therefore requires a cold regional geothermal gradient 
of ~18°C/km, which is consistent with regional geothermal gradient 
estimates from the accretionary southeastern boundary of the Sunda 
plate that underlies Lombok (19). A quartz-rich crustal rheology with 
a BDT temperature of 300°C (20, 21) would require an extremely 
cold crust that we deem implausible, so we prefer a value of 450°C 
that is consistent with a feldspar-rich composition (22). We there-
fore constructed a thermal model that has a maximum geothermal 
gradient at Rinjani’s crater, is radially symmetric about the summit 
crater, and tapers smoothly to the regional geothermal gradient of 
18°C/km. Values for the maximum geothermal gradient at the crater 
and the rate at which the gradient decreases to the regional value are 
selected to fit the base of 95% of seismicity (D95) to the expected 
BDT temperature of 450°C (fig. S13).

The seismicity distribution that is spread out in depth (Figs. 1C 
and 3) becomes clustered in temperature space (Fig. 4). The seismo-
genic zone is defined by temperature, and not by the layered geological 
structure of the crust that would presumably not be correlated with 
Gunung Rinjani’s edifice. There is a close relationship between the 
distribution of seismicity and coseismic slip, with large earthquakes 
nucleating near the base of the seismogenic zone. Notably, a pro-
portion of coseismic slip of the 5A event extends below the base of 
seismicity (Figs. 1C and 4B), indicating that some areas can rupture 
with dynamic weakening during large events but may be too hot to 
host aftershocks.

The shallow limit of the seismogenic zone is closely approximated 
by the ~250°C isotherm, although the exact value is dependent 
on the assumed BDT temperature (Figs. 3 and 4B). Below ~250°C, 
phyllosilicate minerals present in the fault zone (23, 24) are thought 

to play a major role in limiting seismogenesis (5, 25, 26). The coin-
cidence of the upper limit of the seismogenic zone with an isotherm 
of the fault surface supports mechanisms that would promote co-
seismic slip on the Flores Thrust only at temperatures above 250°C. 
However, the lack of shallower coseismic slip during this earthquake 
sequence does not preclude the possibility of tsunamigenic rupture 
of the shallower ramp fault. The shallow regions of many subduction 
megathrust faults are largely aseismic, and coseismic slip commonly 
terminates at substantial depth; however, shallow coseismic slip 
sometimes occurs in earthquakes that nucleate along the shallow 
fault (27, 28). Stressing of the shallow ramp fault by deep slip during 
the 2018 cascade might have enhanced the likelihood of a large 
event on the shallow Flores Thrust, which may only rupture when 
exposed to higher loading rates.

DISCUSSION
In the absence of Gunung Rinjani, the seismogenic zone of the 
Flores Thrust at Lombok would be wider and deeper within the crust, 
similar to the far-field (Fig. 5). Volcanic heat has raised the shallow 
limit of the seismogenic zone into crust that would not normally be 
seismogenic in this region, possibly by thermal decomposition of 
phyllosilicates. This shallower seismogenic zone hosted the complex 
5A rupture, showing that this area of the fault is more heterogeneous 
in friction or geometry than the deeper and likely longer-lived 
seismogenic zone in the east. The lateral segmentation of the 2018 
rupture cascade was defined by the limited extent of the first large 
foreshock, which occurred within the elevated part of the seismo-
genic zone that is characterized by small regions of intense slip 
(asperities), where lateral rupture propagation is difficult. The sub-
sequent Mw 6.9 events completed the rupture of the whole seismo-
genic zone via bilateral propagation away from this area of large 
rupture nucleation. While regional earthquake records in California 
suggest that large ruptures may propagate toward areas of raised BDT 
(29), our observations at Lombok clearly show the opposite behavior. A B
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The differences may be due to the poorer resolution in earthquake 
locations and the lower relative heat flow in California versus the 
large lateral temperature gradient that exists at Lombok.

Thermal effects on the seismogenic zone are best revealed where 
strong lateral temperature gradients are imprinted onto a geometri-
cally simple, active fault plane. This uncommon geological situation 
occurs at Lombok, where a relatively cold continental crust hosts 
both a crustal-scale thrust fault and an isolated, large arc volcano. 
Thermal “squeezing” of the seismogenic zone at Lombok therefore 
has exerted first-order controls on the distribution, segmentation, 
and rupture character of the earthquake cascade.

MATERIALS AND METHODS
We conduct a comprehensive analysis of the earthquake sequence 
and the Flores Thrust at Lombok using seismic data from local, 
regional, and teleseismic networks, in addition to seismic reflection 
data, InSAR data, and thermal modeling. In the following sections, we 
describe each method used in our analysis of the earthquake sequence.

Temporary Lombok seismic array and regional network
We deployed a temporary array on Lombok following the first 
Mw 6.4 earthquake on 28 July 2018. The array was active from 
5 August 2018 to 7 September 2018; hence, it recorded both 
Mw 6.9 earthquakes, a Mw 6.2 event, and their aftershocks sequences. 
The local array was composed of 16 three-component stations: 9 tem-
porary broadband seismometers, 6 temporary short-period Z-land 
nodes, and 1 additional permanent broadband station. Short period 
nodes were deployed directly into the ground and covered with sev-
eral centimeters of soil so as to ensure continuous GPS readings for 
clock drift correction. The temporary array was jointly deployed by 
the Earth Observatory of Singapore and Bandung Institute of Tech-
nology, while the permanent station on Lombok is operated by the 
Agency for Meteorology, Climatology, and Geophysics of Indonesia 
(BMKG). We also use regional data from the Indonesia nationwide 
network operated by BMKG.

Earthquake relocations
The temporary local array and nearby regional stations were used to 
pick seismic arrival times for earthquake relocations; in total, 22 sta-
tions were used (fig. S1). We use the regional earthquake catalog 
produced by BMKG to obtain event detections and origin times for 
events with Mw greater than 2. We first pick arrival times manually 
and obtain initial event locations by a 3D grid search method. 
During manual picking, arrival time picks are rated on quality to 
produce a high-quality travel time database. We subsequently refine 
picks by cross-correlation of P and S waveforms. Cross-correlation 
lag times are obtained for waveforms bandpass filtered between 0.5 
and 4 Hz, windowed 0.2 s before and 3 s after the P and S picks, with 
cross-correlation coefficients greater than 0.8 retained.

Initial event locations are obtained using a grid search technique, 
which finds the best-fitting location such that the difference between 
observed and predicted travel times is minimized (e.g., (30)]. Events are 
then relocated using a double difference relative relocation method, 
which minimizes differential travel times between event pairs (31). 
Travel time picks and cross-correlation lag times are inverted simul-
taneously, with weighting of cross-correlation lags increasing with 
each iteration. Cross-correlations are weighted by the square of the 
cross-correlation coefficient. We use damping values of 80 and 90, 

which achieve a system condition number less than 50. We begin 
with 1160 events from 28 July to 7 September and obtained accurate 
relocations for 719 events. The 1D velocity model used is the best-fitting 
1D P wave velocity model obtained from tomography at Lombok 
using the earthquake sequence, and we note that by using a double 
difference method, we reduce the dependence on the velocity model 
compared with absolute location techniques. Events that occurred 
before our temporary Lombok network was active are relocated using 
travel time picks from nearby regional stations only; we therefore 
calculate a second set of relocations using a lower station number 
requirement to determine locations for these events.

Location uncertainties from the inversion algorithm are less than 
100 m, although we note that these are unreliable and do not account 
for the uneven station and event distributions (31). We therefore 
obtain a statistical uncertainty estimate by using bootstrap resam-
pling, whereby a random 5% of events are removed and relocations 
are obtained; this resampling is repeated until all events are missing 
from one relocated dataset. Uncertainties are taken to be the largest 
distance from the ensemble of relocated points to the event location 
determined using all available data. The average uncertainty is 0.8 km 
east-west, 1.5 km north-south, and 1.5 km in depth. We also exten-
sively benchmark earthquake depths calculated from event reloca-
tion with independent depth measurements obtained by waveform 
inversion of teleseismic waveforms containing the depth phase, as 
discussed in the next section.

Moment tensor waveform inversion and earthquake  
depth verification
We obtain focal mechanisms for all events with Mw greater than 
5 by inverting regional waveforms. Of the 33 earthquakes with Mw 
greater than 5 between 28 July and 31 March 2019, we obtain robust 
focal mechanism solutions for 20 of them. We use waveforms recorded 
at over 60 regional stations; these stations are primarily from the 
Indonesia national network, supplemented with stations from the 
Global Seismic Network (GSN) to improve the azimuthal coverage. 
Waveform inversion is conducted by using the cut-and-paste (CAP) 
method, which cuts the seismograms into Pnl and surface wave seg-
ments and allows different time shifts between data and synthetics, 
reducing sensitivity to the velocity model (32). Before waveform 
inversion, we remove the instrument response and rotate horizontal 
components into the earthquake reference frame (radial and tangential 
components). The 1D velocity model used is extracted from a regional 
P wave model (33). Figure S2 shows the waveform inversion results for 
a Mw 5.9 event on 9 August 2018, with regional stations providing good 
azimuthal coverage to robustly constrain the focal mechanism.

To obtain accurate centroid depths, we then use the best focal 
mechanisms obtained previously and invert high-frequency teleseismic 
waveforms for the best-fitting depth. We use teleseismic waveforms 
to isolate the direct P wave and depth phases and therefore maximize 
sensitivity to centroid depth. We use only carefully selected high- 
quality broadband vertical seismograms. Figure S2 (C and D) shows 
that by using high-quality teleseismic data, a clear best-fit depth can 
be identified with minimal trade-off between depth and source 
duration. Figure S3 shows observed and modeled P waveforms for 
several Lombok earthquakes. For earthquakes with magnitudes less 
than Mw 6, we use high-frequency velocity data, while for earthquakes 
with magnitude larger than Mw 6, we use broadband displacement 
data, because at high frequencies, the waveforms are more complex 
for large earthquakes.
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We compared centroid depths and focal mechanisms obtained 
by our waveform inversion, double difference relocation, and from 
the Global Centroid Moment Tensor (GCMT) catalog (fig. S4). 
Overall, earthquake depths between double difference relocation 
and waveform inversion are very consistent, with differences 
ranging between 0 and 3 km. There are larger differences between 
our results and the GCMT catalog, which is expected because our 
waveform modeling is conducted at higher frequencies than used 
in GCMT.

Seismic reflection data
We use marine multichannel seismic reflection profiles acquired by 
MultiClient Geophysical to characterize the shallow part of the Flores 
Thrust. The 2D seismic profiles were acquired in December 2014 
using a 7-km-long streamer at 7.5-m water depth and an airgun source 
towed at 6.5-m water depth with a shot point interval of 25 m. The 
data were processed using a standard marine processing workflow, 
including de-noise, velocity analysis, and prestack time migration. 
Further-interpreted images of the seismic reflection data can be 
found in Yang et al. (34).

We interpret the data in the time domain and then depth con-
vert specific horizons using the average velocity above the horizon, 
which is calculated from seismic migration velocities. We choose to 
depth convert specific horizons to reduce artifacts from the uncer-
tain velocity model, which is obtained from seismic processing. 
We manually picked a décollement surface that separates highly 
deformed sedimentary layers on top from underlying reflectors 
with greater continuity. The décollement dips to the south toward 
Lombok and does not reach the surface to the north (fig. S5). The 
dip of the décollement increases beneath the higher topography of 
the Lombok shelf. We interpret this décollement as the shallow part 
of the Flores Thrust, which we use to construct a structural model of 
the fault.

Fault geometry model of Flores Thrust at Lombok
We construct a geometric model of the Flores Thrust using the 
relocated hypocenter catalog as an indication of fault location at 
depth, and a collection of points generated by spatial interpolation 
of the picked décollement from seismic reflection data (fig. S6). We 
first fit a 3D polynomial surface to all data points, resulting in a 
general estimate of the fault location. We exclude hypocenters located 
more than 4 km above or below this surface. The remaining data are 
binned into a series of evenly spaced (2.9 km apart), overlapping 
(extending 10 km east and west of the center line), north-south–
oriented swaths. For each swath profile, we calculated the best fit to 
the data of a piecewise linear function

   
Z(y ) = (y <  b  1   ) :  b  2   × (y −  b  1   ) +  b  4  

    
      (y >  b  1   ) :  b  3   × (y −  b  1   ) +  b  4   

    (1)

In this form, b1 represents the y coordinate of the breakpoint 
separating the ramp and flat faults, b4 represents the depth of the 
breakpoint, b2 is the slope of the steep ramp fault, and b3 is the slope 
of the shallow décollement. A nonlinear programming solver is 
used with initial estimates b1 = 9.103e + 06, b2 = 0.45, b3 = 0.05, and 
b4 = −6189. The slope of the resulting best-fit lines (b2) is consistent 
with the average dip of the fault plane ruptured during the large 
thrust earthquakes, as recorded by focal mechanisms. While the 
bilinear functional form has an unrealistically sharp fault bend, it is 

sufficient in this case because few data constrain the shallow part of 
the ramp fault.

InSAR data for the sequence
We processed three pairs of Sentinel-1 Synthetic Aperture Radar 
(SAR) images from the European Space Agency (ESA) acquired in 
descending track 32, and three pairs of ALOS-2 SAR images from 
the Japan Aerospace Exploration Agency (JAXA) acquired in ascend-
ing track 129 to map the surface displacement of the earthquake 
sequence (table S1). All of the Sentinel-1 images were acquired 
using the Terrain Observation by Progressive Scan (TOPS) mode. 
The ALOS-2 images were acquired in the StripMap mode.

From the Sentinel-1A/B TOPS images, we extracted all bursts 
covering Lombok island and processed each burst independently with 
a preseismic image as the reference. Interferometric image pairs were 
at first coregistered using a geometric approach with precise orbit 
ephemerides and the Shuttle Radar Topography Mission (SRTM) Digital 
Elevation Model (DEM). Then, an interferogram of each imaging 
burst was formed with its topographic component removed using the 
same SRTM DEM. All the interferograms were multilooked by a factor 
of 23 in range and 6 in azimuth, resulting in a ground pixel size of 
~90 m. Burst-based interferograms were merged, with an azimuth phase 
ramp correction using the burst-overlap interferometry (35). The 
ALOS-2 images were coregistered using a similar geometric method, 
and interferograms were multilooked to about 90-m ground resolu-
tion as well. All interferograms were unwrapped using Statistical-Cost, 
the Network-Flow Algorithm for Phase Unwrapping (SNAPHU) (36).

We did not use all the possible InSAR images [such as in Salman et al., 
(7)], but select one ascending (ALOS-2) and one descending (Sentinel-1) 
InSAR image for each earthquake, and because these satellites have 
similar-looking angles to the ground, ascending/descending images 
from ALOS-2 is similar to that from Sentinel-1 [see more details in 
Salman et al., (7)]. For the slip model inversion, derived displace-
ment measurements were downsampled using the quadtree struc-
tures (37). During the downsampling, we took the median value 
in each downsampling grid, further reducing the influence of 
outliers and possible localized unwrapping errors. For each down-
sampled data point, we calculated the look vector based on its 
geolocation and satellite orbital information.

Finite fault modeling
To derive finite source kinematic models, we use the method devel-
oped by (38), which allows the joint inversion of seismic waveforms 
and geodetic data. Since teleseismic and static data provide comple-
mentary constraints on the kinematic rupture process, it helps to 
suppress trade-off among model parameters. For each subfault, we 
solve for the slip amplitude and direction, rise time, and rupture 
velocity. For each parameter, we specify the bounds and a discreti-
zation interval. We solve for quadratic ramps in the InSAR data to 
correct for orbital errors that have not been removed through baseline 
reestimation and interseismic deformation.

We define the best-fit model as having the lowest objective func-
tion, given as

   E  wf   +  W  I   ×  E  I   +  W  S   × S +  W  M   × M  (2)

where Ewf is the waveform misfit. EI is the geodetic misfit, S is a 
normalized, second derivative of slip between adjacent patches 
(smoothing), M is a normalized seismic moment, and WI, WS, and 
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WM are the relative weighting applied to the geodic misfit, smooth-
ing, and moment, respectively. The least squares misfits are calcu-
lated for the teleseismic and geodetic data. Here, we test different 
values of WI, and we found that setting the weight for the geodetic 
misfits twice larger than the waveform misfits did not significantly 
degrade the fits to the teleseismic or geodetic data between the indi-
vidual and joint inversions given the normalizations schemes. The 
static green’s functions at free surface are calculated by using the 
same 1D velocity model from Crust1.0 (39). We use a simulated 
annealing algorithm (38) to find the best-fitting model parameters 
for the joint inversions for coseismic slip. This nonlinear, iterative 
inversion algorithm is designed to avoid local minima by searching 
broadly through parameter space in initial steps and then, in later 
iterations, to focus on regions that well fit the data.

Here, the subfault size is chosen as 2 km × 2 km, the rake angles 
have been constrained to be between 120° and 60°, and the rupture 
velocity is allowed to vary between 1.5 and 2.5 km/s; the rise time is 
assumed to be an arc of the cosine function, first quarter, and to 
vary between 0.4 and 9.0 s with 0.6-s steps. The slip amplitude can 
change from 0 to 3 m. The depth profiles of the slip models of the A5 
and A19 events are presented in Fig. 2, along with the corresponding 
moment rate functions. The waveform and InSAR data fits can be 
found in figs. S7 to S10. Excellent fits between the data and synthetics 
indicate the robustness of the inversions. The digital format of the 
rupture model could be found in the online supplement material.

To further verify the resolution of the inversion, we also con-
ducted checkerboard tests for the two inversion setups. We generated 
synthetic data for checkerboard-like slip models (fig. S11) and 
inverted these synthetic data with the same inversion parameters as 
we applied to the real data. The results (fig. S11) indicate that the 
best resolution of the model is located around the coastal line, where 
the largest slips of the two Mw 6.9 earthquakes are located, which also 
overlap with most of the aftershocks.

Thermal modeling
We adopt a simple thermal model of the crust parameterized as a 
spatially variable, linear geothermal gradient. The regional geothermal 
gradient is assumed to be a constant value. A radially symmetric 
geothermal gradient field, which is centered on the caldera of Gunung 
Rinjani, is added to this regional background. The temperature T(Z, D) at a 
given depth (Z) and distance from the caldera (D) is therefore expressed as

   T (Z, D ) = − Z (erf (     D ─  d ⁄ 2     )  (g −  g  min   ) + g ) +  T  0     (3)

where g is the geothermal gradient at Rinjani’s caldera, gmin is the 
regional geothermal gradient, T0 is the temperature at the surface of 
Earth (taken as 4°C because of the presence of deep water above 
much of the study area), and d is the horizontal distance over which 
the decrease in geothermal gradient from g to gmin occurs. This sim-
plistic model form is supported by regional observations of active 
volcanic arcs, which show arching of both the seismogenic depth and 
the Curie temperature isotherm over wavelengths similar to that of 
volcanic topography (6). We assume that the seismogenic depth gen-
erally corresponds with the 450°C isotherm, consistent with high- 
temperature brittle-ductile transitions generally observed in active 
volcanic arcs (6). This assumption requires the far-field geothermal 
gradient gmin = 18°C/km, to explain the deepest observed seismicity.

The range of geothermal gradients adopted in this study is con-
sistent with a regional heat flow map of Southeast Asia (fig. S12). 

For sites in the source data that have heat flow data but no geothermal 
gradient data (40), we estimated the geothermal gradient using a 
mean thermal conductivity inferred from a linear regression of all 
sites containing both data types, i.e., g = k × Q, where Q is heat flow 
and k is the mean thermal conductivity. There is a clear signature of 
low heat flow in southwest Sulawesi that extends south-westward to 
Lombok, following the inferred trend of the basement geology, namely, 
the eastern edge of the East Java-West Sulawesi Block (19). The crust 
in this belt likely consists of metamorphic rock from accreted oceanic 
crust and sediment and is therefore expected to have lower radio-
genic heat production than the hotter, more granitic terranes of Sunda.

In the absence of local heat flow data, we determine values for 
the maximum geothermal gradient (g) and the distance over which 
the geothermal gradient decays to background levels (d) by conduct-
ing a grid search over the expected range of values. Motivated by the 
D95 description of seismogenic depth, we select the suite of models 
that have 95% of hypocenters located at temperatures less than the 
450°C, given the expected isotherm at the base of the seismogenic 
zone (fig. S13). There is a direct trade-off between the parameters g 
and d (fig. S13). Using the southern limit of relocated seismicity as 
a guide, we select values of g = 48°C/km and d = 27.5 km. While 
other value combinations will change the specific shape of the 450°C 
isotherm, the changes are not sufficient to affect our interpretation 
(fig. S14). Setting the base of seismicity to the 450°C isotherm matches 
the top of seismicity to the 250°C isotherm for the entire range of g 
and d values, as shown by the suite of models in fig. S14. The depth 
of the 80°C isotherm also matches with the depth limit of shale diapirs 
imaged on the seismic reflection data (e.g., Fig. 1 and fig. S5), sug-
gesting that a temperature limit for shale mobility also controls the 
structural style of the shallowest part of the fault.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabe2348/DC1

REFERENCES AND NOTES
 1. C. H. Scholz, The brittle-plastic transition and the depth of seismic faulting. Geol. Rundsch. 

77, 319–328 (1988).
 2. R. H. Sibson, Continental fault structure and the shallow earthquake source. J. Geol. Soc. 

London 140, 741–767 (1983).
 3. J. Hubbard, R. Almeida, A. Foster, S. N. Sapkota, P. Bürgi, P. Tapponnier, Structural 

segmentation controlled the 2015 Mw 7.8 Gorkha earthquake rupture in Nepal. Geology 
44, 639–642 (2016).

 4. S. G. Wesnousky, Predicting the endpoints of earthquake ruptures. Nature 444, 358–360 
(2006).

 5. C. Marone, C. H. Scholz, The depth of seismic faulting and the upper transition from stable 
to unstable slip regimes. Geophys. Res. Lett. 15, 621–624 (1988).

 6. A. M. Omuralieva, A. Hasegawa, T. Matsuzawa, J. Nakajima, T. Okada, Lateral variation 
of the cutoff depth of shallow earthquakes beneath the Japan Islands and its implications 
for seismogenesis. Tectonophysics 518–521, 93–105 (2012).

 7. R. Salman, E. O. Lindsey, K. H. Lythgoe, K. Bradley, M. Muzli, S.-H. Yun, S. T. Chin, 
C. W. J. Tay, F. Costa, S. Wei, E. M. Hill, Cascading partial rupture of the Flores thrust during 
the 2018 Lombok earthquake sequence, Indonesia. Seismol. Res. Lett. 91, 2141–2151 
(2020).

 8. A. T. Sasmi, A. D. Nugraha, M. Muzli, S. Widiyantoro, Z. Zulfakriza, S. Wei, D. P. Sahara, 
A. Riyanto, N. T. Puspito, A. Priyono, T. Greenfield, H. Afif, P. Supendi, D. Daryono, 
A. Ardianto, D. K. Syahbana, Y. M.’. Husni, B. S. Prabowo, A. F. Narotama Sarjan, 
Hypocenter and magnitude analysis of aftershocks of the 2018 Lombok, Indonesia, 
earthquakes using local seismographic networks. Seismol. Res. Lett. 91, 2152–2162 
(2020).

 9. E. A. Silver, D. Reed, R. McCaffrey, Y. Joyodiwiryo, Back arc thrusting in the Eastern Sunda 
Arc, Indonesia: A consequence of arc-continent collision. J. Geophys. Res. Solid Earth 88, 
7429–7448 (1983).

http://advances.sciencemag.org/cgi/content/full/7/5/eabe2348/DC1
http://advances.sciencemag.org/cgi/content/full/7/5/eabe2348/DC1


Lythgoe et al., Sci. Adv. 2021; 7 : eabe2348     29 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 8

 10. A. Koulali, S. Susilo, S. McClusky, I. Meilano, P. Cummins, P. Tregoning, G. Lister, J. Efendi, 
M. A. Syafi'i, Crustal strain partitioning and the associated earthquake hazard 
in the eastern Sunda-Banda Arc. Geophys. Res. Lett. 43, 1943–1949 (2016).

 11. F. Lavigne, J.-P. Degeai, J.-C. Komorowski, S. Guillet, V. Robert, P. Lahitte, C. Oppenheimer, 
M. Stoffel, C. M. Vidal, Surono, I. Pratomo, P. Wassmer, I. Hajdas, D. S. Hadmoko, 
E. de Belizal, Source of the great A.D. 1257 mystery eruption unveiled, Samalas volcano, 
Rinjani Volcanic Complex, Indonesia. Proc. Natl. Acad. Sci. U.S.A. 110, 16742–16747 (2013).

 12. See Materials and Methods.
 13. K. Ito, Regional variations of the cutoff depth of seismicity in the crust and their relation 

to heat flow and large inland-earthquakes. J. Phys. Earth 38, 223–250 (1990).
 14. K. Ito, Cutoff depth of seismicity and large earthquakes near active volcanoes in Japan. 

Tectonophysics 217, 11–21 (1993).
 15. T. Okada, T. Matsuzawa, N. Umino, K. Yoshida, A. Hasegawa, H. Takahashi, T. Yamada, 

M. Kosuga, T. Takeda, A. Kato, T. Igarashi, K. Obara, S. Sakai, A. Saiga, T. Iidaka, T. Iwasaki, 
N. Hirata, N. Tsumura, Y. Yamanaka, T. Terakawa, H. Nakamichi, T. Okuda, S. Horikawa, 
H. Katao, T. Miura, A. Kubo, T. Matsushima, K. Goto, H. Miyamachi, Hypocenter migration 
and crustal seismic velocity distribution observed for the inland earthquake swarms induced 
by the 2011 Tohoku-Oki earthquake in NE Japan: Implications for crustal fluid distribution 
and crustal permeability. Geofluids 15, 293–309 (2015).

 16. T. E. Yano, T. Takeda, M. Matsubara, K. Shiomi, Japan unified high-resolution relocated 
catalog for earthquakes (JUICE): Crustal seismicity beneath the Japanese Islands. 
Tectonophysics 702, 19–28 (2017).

 17. J. L. Bonner, D. D. Blackwell, E. T. Herrin, Thermal constraints on earthquake depths 
in California. Bull. Seismol. Soc. Am. 93, 2333–2354 (2003).

 18. A. D. Nugraha, H. A. Shiddiqi, S. Widiyantoro, C. H. Thurber, J. D. Pesicek, H. Zhang, 
S. H. Wiyono, M. Ramdhan, Wandono, M. Irsyam, Hypocenter relocation along the Sunda 
Arc in Indonesia, using a 3D seismic-velocity model. Seismol. Res. Lett. 89, 603–612 (2018).

 19. R. Hall, I. Sevastjanova, Australian crust in Indonesia. Aust. J. Earth Sci. 59, 827–844 (2012).
 20. W. M. Behr, J. P. Platt, Brittle faults are weak, yet the ductile middle crust is strong: 

Implications for lithospheric mechanics. Geophys. Res. Lett. 41, 8067–8075 (2014).
 21. G. Hirth, C. Teyssier, J. W. Dunlap, An evaluation of quartzite flow laws based 

on comparisons between experimentally and naturally deformed rocks. Int. J. Earth Sci. 
90, 77–87 (2001).

 22. J. Tullis, R. A. Yund, Dynamic recrystallization of feldspar: A mechanism for ductile shear 
zone formation. Geology 13, 238–241 (1985).

 23. S. H. Haines, B. A. van der Pluijm, Patterns of mineral transformations in clay gouge, with examples 
from low-angle normal fault rocks in the western USA. J. Struct. Geol. 43, 2–32 (2012).

 24. A. M. Schleicher, B. A. van der Pluijm, L. N. Warr, Chlorite-smectite clay minerals and fault 
behavior: New evidence from the San Andreas Fault Observatory at Depth (SAFOD) core. 
Lithosphere 4, 209–220 (2012).

 25. F. Renard, D. Dysthe, J. Feder, K. Bjørlykke, B. Jamtveit, Enhanced pressure solution creep 
rates induced by clay particles: Experimental evidence in salt aggregates. Geophys. Res. 
Lett. 28, 1295–1298 (2001).

 26. L. Zhang, C. He, Frictional properties of phyllosilicate-rich mylonite and conditions 
for the brittle-ductile transition. J. Geophys. Res. Solid Earth 121, 3017–3047 (2016).

 27. H. Kanamori, Mechanism of tsunami earthquakes. Phys. Earth Planet. In. 6, 346–359 (1972).
 28. L. L. H. Tsang, E. M. Hill, S. Barbot, Q. Qiu, L. Feng, I. Hermawan, P. Banerjee, 

D. H. Natawidjaja, Afterslip following the 2007 Mw 8.4 Bengkulu earthquake in Sumatra 
loaded the 2010 Mw 7.8 Mentawai tsunami earthquake rupture zone. J. Geophys. Res. 
Solid Earth 121, 9034–9049 (2016).

 29. A. V. Zuza, W. Cao, Seismogenic thickness of California: Implications for thermal structure 
and seismic hazard. Tectonophysics 782–783, 228426 (2020).

 30. S. Wei, S. Barbot, R. Graves, J. J. Lienkaemper, T. Wang, K. Hudnut, Y. Fu, D. Helmberger, 
The 2014 Mw 6.1 South Napa earthquake: A unilateral rupture with shallow asperity 
and rapid afterslip. Seismol. Res. Lett. 86, 344–354 (2015).

 31. F. Waldhauser, W. L. Ellsworth, A double-difference earthquake location algorithm: 
Method and application to the northern Hayward fault, California. Bull. Seismol. Soc. Am. 
90, 1353–1368 (2000).

 32. L. Zhu, D. V. Helmberger, Advancement in source estimation techniques using 
broadband regional seismograms. Bull. Seismol. Soc. Am. 86, 1634–1641 (1996).

 33. N. A. Simmons, S. C. Myers, G. Johannesson, E. Matzel, LLNL-G3Dv3: Global P wave 
tomography model for improved regional and teleseismic travel time prediction. 
J. Geophys. Res. Solid Earth 117, B10302 (2012).

 34. X. Yang, S. C. Singh, A. Tripathi, Did the Flores backarc thrust rupture offshore during 
the 2018 Lombok earthquake sequence in Indonesia? Geophys. J. Int. 221, 758–768 (2020).

 35. H. Jiang, G. Feng, T. Wang, R. Bürgmann, Toward full exploitation of coherent 
and incoherent information in Sentinel-1 TOPS data for retrieving surface displacement: 
Application to the 2016 Kumamoto (Japan) earthquake. Geophys. Res. Lett. 44, 1758–1767 
(2017).

 36. C. W. Chen, H. A. Zebker, Phase unwrapping for large SAR interferograms: Statistical 
segmentation and generalized network models. IEEE Trans. Geosci. Remote Sens. 40, 
1709–1719 (2002).

 37. S. Jónsson, H. Zebker, P. Segall, F. Amelung, Fault slip distribution of the 1999 Mw 7.1 
Hector Mine, California, earthquake, estimated from satellite radar and GPS 
measurements. Bull. Seismol. Soc. Am. 92, 1377–1389 (2002).

 38. C. Ji, D. J. Wald, D. V. Helmberger, Source description of the 1999 Hector Mine, California, 
earthquake, part I: Wavelet domain inversion theory and resolution analysis. Bull. Seismol. 
Soc. Am. 92, 1192–1207 (2002).

 39. G. Laske, G. Masters, Z. Ma, M. Pasyanos, Update on CRUST1.0: A 1-degree global model 
of Earth's crust. Geophys. Res. Abstr., 15, EGU2013–658 (2013).

 40. R. Hall, SE Asian heatflow: Call for new data. SEAPEX press 5, 54–56 (2002).

Acknowledgments: We thank P. Tong for providing the 1D Lombok velocity model, 
R. Mallick for the useful discussion, and A. Loasby, H. Zeng, J. Yao, P. Maung Maung, Q. Shi, 
W. Fadil, and W. Chen for arrival time picking. We thank MultiClient Geophysical for 
providing seismic reflection data, BMKG for providing seismic data from regional stations, 
ESA for providing the Sentinel-1 SAR images, and JAXA for providing the ALOS-2 SAR 
images under the Research Project ER2A2N050. Teleseismic data were downloaded 
through IRIS DMC. Funding: This work comprises Earth Observatory of Singapore 
contribution no. 317. Support is from the National Research Foundation Singapore, the 
Singapore Ministry of Education under the Research Centres of Excellence initiative, and an 
NTU Presidential Fellowship awarded to K.L. (no. 04INS000845A620). K.B. is supported by 
the Earth Observatory of Singapore (no. 04MNS001950A620). T.W. is supported by the 
National Natural Science Foundation of China (no. 41974017) and the National Key 
Research and Development Program of China (no. 2019YFC1509204). A.D.N. is supported 
by “Hibah Penelitian Dasar Unggulan Perguruan Tinggi, Kemenristek/BRIN 2019-2021”and 
“Hibah Riset Institut Teknologi Bandung 2019-2020.” S.W.i acknowledges partial funding 
from the Indonesian Ministry of Research and Technology/National Agency for Research 
and Innovation, and Indonesian Ministry of Education and Culture under World Class 
University Program. Author contributions: K.L., M.M., S.We., and T.W. curated and 
analyzed the data. M.M., A.D.N., Z.Z., and S.Wi. deployed the temporary array. K.L., K.B., 
and S.We. developed the methodology and interpreted the results. K.L. and K.B. wrote the 
paper. Competing interests: The authors declare that they have no competing interests. 
Data and materials availability: All data needed to evaluate the conclusions in the paper 
are present in the paper and/or the Supplementary Materials. Data are available in the NTU 
Data Repository (https://doi.org/10.21979/N9/ZUDRY6). Additional data related to this 
paper may be requested from the authors.

Submitted 8 August 2020
Accepted 11 December 2020
Published 29 January 2021
10.1126/sciadv.abe2348

Citation: K. Lythgoe, M. Muzli, K. Bradley, T. Wang, A. D. Nugraha, Z. Zulfakriza, S. Widiyantoro, 
S. Wei, Thermal squeezing of the seismogenic zone controlled rupture of the volcano-rooted 
Flores Thrust. Sci. Adv. 7, eabe2348 (2021).


