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ABSTRACT

The M,, 7.5 earthquake that struck central Papua New Guinea in 2018 was the largest
event ever recorded in the region with modern seismic instruments. The ground motions
associated with this event also triggered widespread landslides and affected more than
500,000 people. However, due to the absence of a local seismic and Global Positioning
System network in the vicinity, the fault location, system, and slip distribution of this
earthquake are not well documented. In this study, we use the subpixel offset method
on the Copernicus Sentinel-1 Synthetic Aperture Radar (SAR) images to calculate the
3D coseismic displacement of the 2018 Papua New Guinea earthquake. The results show
clear fault traces that suggest coseismic slip on the Mubi fault and the Mananda fault that
triggered landslides that spread out in a more than 260 km? region. Finite-source inver-
sions based on the subpixel offset measurements show up to 4.1 and 6.5 m coseismic slip
on the Mubi and Mananda faults, respectively. Despite higher data uncertainty
(~0.4-0.8 m) of the subpixel offset data, synthetic resolution tests show resolvable slip
above 8 km in depth. The lack of shallower slip on the west side of the Mananda fault could
be due to an inflated geothermal gradient near the dormant volcano, Mount Sisa, as a slip
barrier. The result of the coulomb stress change suggests possible southeastward slip
propagation from the Mananda fault to the Mubi fault. Our work successfully resolves
3D coseismic displacement in highly vegetated terrains and demonstrates the feasibility
of using the subpixel offset on SAR images to help our understanding of regional active
tectonic systems.

(USGS) National Earthquake Information Center (NEIC) focal
mechanism recorded the epicenter at an ~25 km depth, and
their finite-fault solution suggests coseismic slip on an east-
west strike thrust fault that is 210 km in length and 72 km
in width. The mainshock was subsequently followed by at least
39 aftershocks of M,, > 4 within 24 hr. Although the after-
shock locations are not well determined, there is a general
northwest-southeast trend that follows the orientation of
the main fold-and-thrust structure (Fig. 1). The seismic
moment constrained by the USGS uses teleseismic data, with
the nearest station more than 600 km away from the hypocen-
ter in Port Moresby, Papua New Guinea. Because of the lack of
available data from regional Global Positioning System

KEY POINTS

® The subpixel offset method reveals the 2018 Papua New
Guinea earthgquake coseismic displacement in 3D.

® At least two faults located in different parts of the Papuan
fold-and-thrust belt slipped in this event.

® This work shows the utility of the subpixel method for
resolving displacement in highly vegetated terranes.
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INTRODUCTION

Located in the southwest of the Pacific Ocean, Papua New
Guinea is actively deforming due to the collision between
the Australian plate and the Pacific plate with convergence rate
of ~110 mm/yr (Tregoning et al., 2000; Wallace et al., 2004).
On the 25th of February 2018, an M,, 7.5 earthquake occurred
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within the densely vegetated Papuan fold-and-thrust belt area
(Fig. 1). This was the largest earthquake recorded in this region
with modern seismic instruments. The U.S. Geological Survey
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Figure 1. Digital elevation map of the studied region in the southern Highlands plotted with the U.S. Geological
Survey (USGS) mainshock (yellow star) and Global Centroid Moment Tensor (Global CMT) mainshock (red focal
mechanism plot). The black focal mechanism plots are two-month aftershocks with Global CMT moment tensor
solutions. Yellow lines indicate the up-dip edge of the fault plane, and black lines show the fault traces shown in
subpixel offsets (Fig. 3). The red box in the inset shows the study area. AUS, Australia; IDN, Indonesia; PO, Pacific
Ocean; PNG, Papua New Guinea. The color version of this figure is available only in the electronic edition.

~150 km region across the cen-
tral New Guinea Island
(Baldwin et al, 2012; Fig. 1).
The New Guinea Highlands has
a relative displacement rate of
~13 mm/yr from the east side
to ~6 mm/yr to the west with

networks in the country, there are no in situ surface geodetic
measurements of this event.

To gain a better understanding of this earthquake, Wang
et al. (2020) used the L-band (wavelength =24 cm) Advanced
Land Observing Satellite-2 (ALOS-2) Interferometric Synthetic
Aperture Radar (InSAR) to study the coseismic surface dis-
placement and proposed a fault model that is composed of four
fault segments to explain the InNSAR measurements. Based on
their inversion, the coseismic slip is up to 1.9 m, and slip
extends down to an ~25 km depth. Their estimated coseismic
moment is ~1.90x 102 N.-m, equivalent to M, 7.46.
Although Wang et al. (2020) were able to retrieve most of the
far-field coseismic displacement using the ALOS-2 InSAR,
near-field displacement is not well resolved due to higher
decorrelation and possible phase unwrapping errors.

The subpixel offset measures the surface movement
between two amplitude images, and it has successfully con-
strained large surface displacement such as the 2010 M,, 7.2
El Mayor-Cucapah earthquake (Huang, Fielding, Dickinson,
et al., 2017), the 2013 M,, 7.1 Bohol earthquake (Kobayashi,
2014), and the 2019 M, 7.1 Ridgecrest earthquakes
(Fielding et al., 2020; Milliner and Donnellan, 2020). The focus
of this study is to measure the 2018 Papua New Guinea
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respect to the Australian plate
(Koulali et al, 2015). The
Papuan fold-and-thrust belt is
the southern end of the New Guinea Highlands. It also high-
lights the boundary between the New Guinea Highlands and
the stable platform of the Australian plate to the south
(Hamilton, 1979; Koulali et al., 2015). In this article, we define
the different sections of the Papuan fold-and-thrust belt based
on the structural differences suggested by Hill et al. (2010)
(Fig. 1). The hinterland is located toward the northeast, and the
foreland is located toward the south-southwest. Detachment-
involved thrusting is expected at the strongly folded belt and
imbricate belt (Abers and McCaffrey, 1988).

DATA AND METHODS

Subpixel offset

For SAR images, the subpixel offset (also known as pixel
tracking) method calculates the offset of pixels between two
amplitude images in the cross-track (range) and along-track
(azimuth) directions. Although the result of the subpixel offset
is not as precise as InSAR, it is widely used for measuring surface
deformation when the offset is in meter scale, in which InSAR
phase unwrapping errors may be significant, and/or when
InSAR cannot provide reliable measurements due to low phase
coherence, especially in regions with dense vegetation (e.g.,
Fialko et al, 2001; Pathier et al, 2006; Huang, Fielding,
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Figure 2. Azimuth (left) and range offset (right) of the ascending and descending tracks used in this study. Panels (a,
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b) represent ascending track A9; panels (c,d) represent ascending track A82; panels (e,f) represent descending track
D133. The satellite heading direction is labeled as “Azi,” and the line of sight of the satellite is labeled as “Ran.”
Note that the color scale is different for azimuth and range offset (unit in pixel). Black lines indicate the fault trace
identified in this study. The color version of this figure is available only in the electronic edition.

Dickinson, et al., 2017). In this study, we use the open-source

software ISCE 2.3 (Rosen et al., 2012) to process the Copernicus

Sentinel-1 (S1) SAR single-look-complex scenes in the interfero-
metric wide swath mode. We first select ascending or descend-
ing SAR image pairs that cross the 2018 earthquake, process
each pair up to the interferometry level, and then use the
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denseoffsets and filteroffsets
modules to perform subpixel
offset. During the subpixel offset
process, an overlapping matching
window with 64 x64 pixels
(~250 m in range and ~900 m
in azimuth) in size is applied to
the entire scene, with steps of
130 pixels in range and 21 pixels
in azimuth (~300 m interval in
the ground surface). After calcu-
lating the offset and georeferenc-
ing the offset product, we apply a
median filter with a window size
of 3x3 pixels to eliminate
high-frequency noise.

After performing the subpixel
offset on two ascending and one
descending coseismic S1 pairs, we
obtain coseismic displacement in
both the range and azimuth
directions (Fig. 2 and Table 1).
The displacement in the range
direction (dpuy) is written as

dran = cos ¢ sin Odgy,

+ sin ¢ sin Odyg — cos Odyp,

in which dgy, dys, and dyp
represent displacement in the
east-west, north-south, and
vertical directions, respectively.
Here, we assume the right-hand
rule, so the satellite heading direc-
tion (¢) of the ascending and
descending tracks is ~10° and
~170°, respectively. The satellite
look angle (8) of SI is between
29° and 46°. The information of
the S1 look direction and look
angle of each pixel is from the
rdr product in InSAR Scientific
Computing Environment (ISCE).
With the same notations, the dis-
placement in azimuth (dpz) is
written as

dAZI = —sin ¢dEW + cos ¢st.

Vertical displacement (dyp) does not contribute to
displacement in azimuth (d,z;). Positive values in dp,y and
daz1 represent increase of distance between the satellite and
the ground surface.

Number 2 April 2021
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Because the satellite heading direction (¢) and look angle
(0) are estimated by ISCE, the measured subpixel offset of
ascending and descending tracks is then written in terms of
3D displacements (i.e., dgw, dns, and dyp). In other words,
the 3D displacements are estimated from the subpixel offset
measurements in the range (dyay) and azimuth (d,z;) direc-
tions of the ascending and descending tracks using linear
inversions. We use least-squares inversions to constrain 3D
displacement from the subpixel offset measurements. The
entire study area is covered by one ascending and one descend-
ing track, so we estimate 3D displacement from at least four
independent measurements (Figs. 2 and 3).
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Figure 3. (a,b,c) 3D coseismic displacement of the region along with
(d) Planet Labs optical images (see panel (c) for locations). The earth-
quake-triggered landslides are identified with white polygons in panel

(d) and black polygons with cross-hatch patterns in panels (a—c). In panels
(a—0), fault traces are marked with black lines, and the yellow star is the
USGS epicenter location. Warm colors indicate uplift, eastward, or
southward displacement, and cold colors indicate subsidence, westward, or
northward displacement. MB and MS represent Mount Bosavi and Mount
Sisa, respectively. Green lines are transects shown in Figure 7. The color
version of this figure is available only in the electronic edition.

TABLE 1

Sentinel-1 (51) Synthetic Aperture Radar Images Used in This Study

Track Primary (yyyy/mm/dd)
9 (ascending) 2018/02/23
82 (ascending) 2018/02/16
133 (descending) 2018/02/19

Secondary (yyyy/mm/dd)

Days Following the Earthquake

2018/03/07 9
2018/02/28 3
2018/03/03 6

The 25 February 2018 earthquake occurred between the primary and secondary image dates.
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Finite-fault model

To determine the fault geometry that best describes the coseis-
mic displacement, we perform a series of finite-fault inversions
to determine first the fault geometry and then the fault slip. We
determine the preferred fault geometry based on comparing
the model misfits with different combinations of nominal fault
parameters and then solve for the coseismic slip with the pre-
ferred fault geometry.

To begin, we generate a layered elastic structure from the
CRUST1.0 velocity model (Laske et al., 2013) in the study area
(6.5°S, 143.5° E; Table S1, available in the supplemetal material
to this article). The Green’s functions are computed using the
EDGRN/EDCMP code (Wang et al., 2003) with the source-to-
receiver distance between 0 and 200 km and the source depth
between 0 and 40 km. We construct two faults, the Mananda
and Mubi faults, to explain the distribution of the coseismic
displacement. The strike of each fault is determined by fitting
the fault traces in the coseismic displacement. From seismic
reflection work and structural geology mapping, Hill et al.
(2010) and Keenan and Hill (2015) suggest a detachment con-
necting the down-dip extension of the two faults toward the
New Guinea Highlands. We also include this proposed detach-
ment in the modeling, with the depth of the detachment at
10 km and the dip angle at ~6° (Hill et al, 2010).

Each fault plane is composed of number of 2 x 2 km? sub-
faults. We use the non-negative least-squares method to invert
for slip of each subfault with the given fault parameters,
Green’s function, and the coseismic displacement. We calcu-
late the reduced chi-square (x*) misfit of each inversion and
compare the y? values between different assigned fault param-
eters. The reduced y? is defined as

1 L/d  —m; \2
2 Zienz TNz
v = )

i=1 0~E,N,Z

in which d;, and m; represent the ith observation and model,
respectively. E, N, and Z represent the east-west, north—south,
and vertical components, respectively. The uncertainty of the
subpixel offset (g ) is estimated from a region without
coseismic displacement (between 6.65-6.6° S and 142.4-
142.6° E) and is explained further in the Results section. In
general, a reduced y* value close to 1 indicates model misfits
equivalent to observational uncertainty.

We set the width of the Mananda fault and the Mubi fault as
40 km, and the fault length based on the spatial pattern of
coseismic displacement of each fault. The initial dip angle
of the two faults is 33° as determined from the USGS NEIC
solution. To optimize the fault geometry, we vary the dip angle
of one fault between 5° and 45° with 5° increment while keep-
ing the dip angle of the other fault fixed. We repeat the same
process to optimize the dip angle of the other fault. The dip
angle of each fault is determined from the model that predicts
the lowest reduced y* value (Fig. 4).
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After obtaining the preferred dip angles of each fault, we
determine the smoothing parameter in the model. Similar to
Huang et al. (2013), we vary the smoothing parameter for a
few orders and select the highest smoothing value that can still
predict a relatively low mean reduced y? value of the three
components (the thick black lines in Fig. 4). The last step in
determining the fault geometry is to determine the rake of each
fault. We assume a uniform rake for each fault and vary the
rake of each fault between 70° and 110° while holding the other
fault rake as 90°. Once we determine the rake of one fault, we
repeat this process for the other fault. We did not vary the dip
and rake angle of the detachment fault as the surface geodetic
measurements could not constrain the fault geometry
well (Fig. S2).

RESULTS

Subpixel offset displacement

We identified and traced two distinct high-surface-displace-
ment regions from the sharp change of displacement in the
vertical component (Fig. 3). The Mubi fault is located closer
to the New Guinea Highlands, and the Mananda fault is
located closer to the Mananda anticline in the frontal Papuan
fold-and-thrust belt. The maximum vertical displacement near
the Mubi fault is ~2 m, and that near the Mananda fault is
~1 m. The peak horizontal displacement generated by the
Mubi and Mananda faults is 2.3 and 4.3 m, respectively. The
coseismic displacement of the Mananda fault has a curved fault
trace as opposed to the linear fault trace of the Mubi
fault (Fig. 3).

The surface subsidence detected by the subpixel offset high-
lights the earthquake-triggered landslides as close as ~5 km
away from the epicenter to more than 80 km away from
the epicenter (Fig. 3c,d). Optical satellite mosaic imagery pro-
duced by the Planet Lab one month after the earthquake shows
comparable locations and distributions of these earthquake-
triggered landslides with our subpixel offset results. Although
individual landslides are better recognized by the optical
imagery, optical imagery fails to capture the full landslide
distribution due to the presence of clouds. Our SAR subpixel
offset measurement, on the other hand, is able to show an
extensive, cloud-free distribution of landslides three days after
the earthquake. Detailed analysis of the landslides is beyond
the scope of this study, but we find that some of the triggered
landslides are far away from the areas with higher coseismic
displacements. This finding implies that these landslides were
triggered by coseismic ground motion rather than static dis-
placement. Nevertheless, to reduce bias due to fitting triggered
landslides in slip inversion, we remove the subpixel offset
results related to the triggered landslides prior to the finite-
fault inversions (black polygons in Fig. 3).

To evaluate the measurement uncertainty of subpixel off-
sets, we first assume that the uncertainty is spatially correlated,
as is common in InSAR (e.g., fig. S3 in Huang, Fielding, Liang,
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et al., 2017). By applying the method used in Bekaert et al.
(2015), we calculate the covariogram of the subpixel offset
measurement in three components with the earthquake-related
displacement removed. The result shows a very low spatial
noise correlation (<3 km) in each component (Fig. S1), so
we consider the noise to not be clearly correlated in space.
We then estimate the uncertainty of the subpixel offset
(0g N z) from calculating the standard deviation of the subpixel
offsets in an area without coseismic displacement (between
6.65°-6.6° S and 142.4-142.6° E). The standard deviation for
east-west, north-south, and vertical displacement is 31, 38,
and 20 cm, respectively. Coseismic interferograms are also gen-
erated during the subpixel offset process in ISCE; however,
they do not show a reliable deformation fringe pattern due to
high-phase decorrelation of C-band (wavelength = ~5.6 cm)
in densely vegetated regions (Fig. S1).

Figure 4. Reduced x? analysis for the dip, rake, and smoothing parameters
for the Mubi fault and the Mananda fault. (a) Dip analysis of the Mananda
fault; (b) dip analysis of the Mubi fault; (c) smoothing parameter analysis;
(d) rake analysis of the Mananda fault; and (e) analysis of the Mubi fault.
Red, blue, and green curves represent the reduced 2 values of the vertical,
north—south, and east—west components, respectively. The black curve is
the mean reduced x? of the three components. Red vertical dashed lines
indicate the lowest reduced y? mean value. The preferred fault parameters
can be found in Table 2. The preferred smoothing parameter is 2.5 x 1075,
The color version of this figure is available only in the electronic edition.

Finite-fault inversion

Following the Finite-Fault Model section, the inferred dip of
the Mubi and Mananda faults is 26° and 15°, respectively
(Fig. 4 and Table 2). The Mubi and Mananda faults are trun-
cated by the detachment at a depth range between 8 and 10 km

TABLE 2

Preferred Fault Parameters for the Mubi Fault, the Mananda Fault, and the Detachment Fault

Fault Parameter Mubi Fault

Strike, dip, and rake (°)

Fault size (along strike and dip) (km) 70 and 22
Number of subfaults (horizontal and vertical) 35and 11
Starting depth (km) 0.49

308, 26, and 90

Mananda Fault Detachment Fault

305, 15, and 83 307, 6, and 90
86 and 32 130 and 40
43 and 16 65 and 20
0.26 7.9

The subfault size is 2 km x 2 km.
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(Fig. 5). We vary the smoothing parameter between 107® and
1072 and find a significant increase of reduced y*> when the
smoothing is greater than 107°. We then determine the
smoothing parameter as 2.5x 107® to ensure a relatively
smooth slip distribution that fits the data well (Fig. 4). The
inferred rake is 90° and 83° for the Mubi and Mananda faults,
respectively. Our inferred dip of the two faults is ~10°-20°
shallower than the USGS NEIC solution (33°), and the inferred
rakes are also lower than the NEIC solution (110°).

The peak slip of the Mubi fault and the Mananda fault is
~4.1 and ~6.5m, respectively. The peak slip of the
Mananda fault is shallower (less than 2 km in depth) than that
of the Mubi fault (~2-5 km in depth) (Fig. 5). The slip on the
detachment is less than 3 m; however, as suggested in the
checkerboard test (Fig. S3), the slip on the northwest corner
of the detachment may not be reliable and is likely due to over-
fitting data noise at greater depth.

The estimated moment of the three faults is
~1.51 x10® N .- m (M,, 7.42). Our modeled seismic moment
is lower than the USGS NEIC solution (M,, 7.5), but it is
similar to the estimation by Wang et al. (2020) (M,, 7.46) using
ALOS-2 InSAR as constraints.
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Figure 5. (a) 3D view, (b) top views, (e) and cross-section view of the fault
model. Yellow-to-red colors indicate a greater amount of slip on the fault.
Panels (c,d) highlight shallow slip of the Mananda and Mubi faults. The
peak slip of the Mananda fault is less than ~2 km in depth, and the peak
slip of the Mubi fault is located between 2 and 5 km in depth. The slip on
the detachment may not be well resolved (also see the checkerboard tests in
Fig. S3). Red lines indicate the up-dip edge of each fault, and gray lines
indicate the surface-fault traces. The white circle is the epicenter from
the U.S. Geological Survey, and the green circle is the centroid location from
the Global CMT solution. The blue circle outlines the location of Mount Sisa.
The color version of this figure is available only in the electronic edition.

Overall, our model fits the observations well (Fig. 6).
However, by comparing individual transects across the
Mubi and Mananda faults (Fig. 7) after removing the land-
slides, our model overestimates uplift near the Mananda fault.
Although most of the measurements related to the triggered
landslides are excluded in the fault modeling, we suspect that
some of them, especially those close to the Mananda fault, may
still influence the result of the slip model. Alternatively, this
higher misfit in the shallow Mananda fault could be due to
the improper assumption of a planar fault geometry in slip
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inversions to represent the observed curved fault trace as
shown in Figure 3.

DISCUSSION

Fault geometry

The results of the subpixel offset suggest that both the
Mananda and Mubi faults were involved in the 2018 event,
which is more complicated than the single-fault solution pro-
posed in the USGS solution. This two-fault system is also sup-
ported by the regional topography, in which one fault trace
shown in the subpixel offset follows along the strongly folded
belt and another along the imbricate belt (Figs. 1 and 3).
Because the USGS epicenter location is in the Mananda fault,
we propose that the slip initiated from the Mananda fault,
propagated southeastward, and then triggered slip on the
Mubi fault. Zhang et al. (2020) perform back-projection imag-
ing using teleseismic data and find slip propagation from
northwest to southeast with relatively low-rupture velocities.
Although they infer that all of the slip asperities are on the
same fault geometry, the southeast propagation of slip is in
agreement with our proposed slip process.

Because the Mubi fault is located closer to the New Guinea
Highlands, the steeper dip angle fits into a general concept that
the fault dip angle gradually increases toward the hinterland (e.g.,
Fossen, 2016). In fact, a higher amount of horizontal than ver-
tical displacements of the Mananda fault already suggests a shal-
lower dip angle than the Mubi fault (Figs. 6 and 7). This finding
is in contrast to the fault geometry proposed by Wang et al.
(2020), in which they infer a gentler fault dip angle (fault 4
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Figure 6. Comparison of observed and modeled surface displacement. The
residual is the difference between the observed and modeled displacement.
(a—0) horizontal displacement and (d—f) vertical displacement. Red rectangles
outline the Mubi fault and the Mananda fault, and the yellow rectangle
outlines the detachment. rmse, root mean square error. The color version of
this figure is available only in the electronic edition.

in Wang et al., 2020) toward the hinterland. In addition, we
do not find clear evidence of coseismic slip toward the southeast
extension of the Mananda fault (fault 3 in Wang et al., 2020).

Because the ascending and descending InSAR cannot well
resolve displacement in the north-south direction, we expect a
better constrained fault geometry in our study using a full 3D
measurement, especially for a fault system that has dominantly
north-south and vertical displacements (Fig. 3).

In addition, the ALOS-2 InSAR used in Wang et al. (2020)
may not reliably resolve coseismic displacement near the faults
due to high-phase decorrelation in the near field and phase
unwrapping errors (e.g., Fialko ef al., 2001). As shown in their
slip distribution, there is no shallow slip, which is likely due to
lack of measurements in the near field. The subpixel offset
results, on the other hand, clearly show more than 1 m of dis-
placement along the Mananda and Mubi fault traces (Figs. 3, 6,
and 7), which require shallow slip to predict the displace-
ment (Fig. 5).

Slip distribution on Mananda fault
The subpixel offset result shows a halt of displacement toward
the north side of Mount Sisa (north of the Mananda fault trace;
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see Fig. 3¢). This displacement pattern is also observed in the
ALOS-2 InSAR and is explained by a fault geometry with a
curved strike (Wang et al, 2020). However, in comparing with
the two transects perpendicular to the Mananda fault strike
(transects b-b and c—c  in Fig. 7), the coseismic displacement
across the west Mananda fault (transect c-c) is more gradual,
implying deeper slip. The relatively simple Mananda fault
model proposed in this study can predict the coseismic dis-
placement with deeper slip northeast of Mount Sisa (Fig. 5).

Our fault slip model suggests that there is no shallow slip on
the west side of the Mananda fault. The absence of slip can
possibly be influenced by the location of Mount Sisa, a dor-
mant volcano that intersects the Mananda fault here (the blue
circle in Fig. 5). The increased geothermal gradient below
Mount Sisa may have prevented brittle failure (i.e., dynamic
rupture) from occurring. Similar observations were found in
the 2016 M,, 7.1 Kumamoto, Japan, earthquake (e.g., Yagi et al.,
2016) in which rupture was terminated by the Aso volcano and
the 2017 M,, 6.5 Ormoc, Philippines, earthquake in which no
coseismic slip was observed below the Tongonan Geothermal
Power Plant (Yang et al, 2018).

Coulomb stress analysis and the role of the
detachment fault

Stress transfer from an earthquake can trigger seismic and/or
aseismic slip in the nearby fault systems laterally or at different
depths (Freed, 2005; Hicks and Rietbrock, 2015; Huang et al.,
2016; Nissen et al., 2016). Because the Mubi and Mananda
faults are not spatially connected, to better understand the
stress transfer from the Mananda fault to the detachment
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Figure 7. Coseismic displacement across transect (a) a—a’ (Mubi fault),
(b) b—b" (west of Mananda fault), and (c) c—c’ (east of Mananda fault).
For each transect, black dots represent the subpixel offset measurements
that are less than 6 km away from the transect. Red and blue curves show
the predicted displacement from the fault-slip models with and without the
removal of landslide subpixel offset measurements, respectively. The color
version of this figure is available only in the electronic edition.

and the Mubi fault, we calculate the coulomb stress change
using Coulomb 3.3 (Toda et al., 2011). As discussed in the
Fault Geometry section, we choose the Mananda fault as
the source fault and calculate the static coulomb stress change
on the Mubi fault and the detachment.

The coulomb stress transfer (Fig. S4) indicates more than 5
bars (0.5 MPa) of coulomb stress increase on the detachment.
As a result, even though slip on the detachment is not well
resolved (Fig. S3) due to high measurement uncertainty in
the subpixel offset, this amount of coulomb stress increase
(>5 bars) may be able to trigger slip on the detachment
(Freed, 2005). At this point, whether or not there is slip on
the detachment during this event remains inconclusive.

For the Mubi fault, there are up to 5 bars of coulomb stress
increase at a 5 km depth. This level of stress increase also sug-
gests slip on the Mubi fault that can be directly triggered by the
Mananda fault without the involvement of the detachment. In
addition, the USGS epicenter location is on the west side of the
Mananda fault, whereas the location of the Global Centroid
Moment Tensor (Global CMT) solution (Dziewonski et al.,
1981; Ekstrom et al., 2012) is very close to the peak slip of
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our slip model located at the east side of the Mananda fault
(Fig. 5). The difference in distance between the USGS epicenter
and the Global CMT centroid-location suggests that the event
initiated from the west side of the Mananda fault and reached
peak slip toward the east side of the Mananda fault. This south-
eastward slip directivity may significantly increase the dynamic
stress change that is not calculated here, and therefore further
increase the probability of triggering slip on the Mubi fault
(e.g., Wallace et al., 2017).

CONCLUSION

In this study, we use the subpixel offset of the Sentinel-1 SAR
images to measure coseismic displacement and conduct finite-
fault inversions to model fault geometry and slip distribution
of the 2018 M,, 7.5 Papua New Guinea earthquake. The results
show two distinct fault structures, the Mubi fault and the
Mananda fault, and a plausible detachment that ruptured dur-
ing this event. Although there are more than 5 bars of coulomb
stress increase on the detachment, slip on the detachment
remains inconclusive due to the high measurement uncertainty
of the subpixel offset. The termination of shallow slip toward
the west side of the Mananda fault could be due to the elevated
geothermal gradient in the currently dormant volcano Mount
Sisa. For the Mubi fault, both the coulomb stress transfer
analysis and the possible southeastward rupture directivity
suggest that the slip on the Mubi fault is triggered by the
Mananda fault. In addition to fault movement, we also observe
earthquake-triggered landslides using the subpixel offset. For
earthquakes that generate greater (>1 m) surface displace-
ment, our study demonstrates that the subpixel offset could
be a reliable method in mapping fault traces and earth-
quake-triggered landslides, as well as measuring surface
displacement for slip inversions in a densely vegetated
and high topographic relief region such as in Papua New
Guinea.

DATA AND RESOURCES

We use the U.S. Geological Survey (USGS) National Earthquake
Information Center (NEIC) solution for epicenter and aftershock
locations  at  https://earthquake.usgs.gov/earthquakes/eventpage/
us2000d7q6/executive (last accessed August 2018) and https:/
earthquake.usgs.gov/earthquakes/search/ (last accessed September
2018). The centroid moment tensor (CMT) is from Global CMT
at https://www.globalemt.org/CMTsearch.html (last accessed June
2020). The Sentinel-1 IW single-look-complex (SLC) data were down-
loaded from Alaska Satellite Facility (ASF) Vertex at https:/
search.asf.alaska.edu/#/ (last accessed August 2018) and processed
with using Interferometric Synthetic Aperture Radar (InSAR)
Scientific Computing Environment (ISCE; Rosen et al., 2012). In
the fault inversion, we used EDGRN/EDCMP code (Wang et al,
2003) to calculate Green’s functions based on the Earth’s model from
the CRUST1.0 model (Laske et al., 2013). All of the subpixel offset
results used for inversion can be found in the supplemental material.
The optical satellite imagery is the monthly mosaic for March 2018
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provided by the Planet Labs, Inc. at www.planet.com (last accessed
August 2018). QGIS 3.10 was used to plot Figures 1 and 3 and to
remove the landslide displacement. The inset in Figure 1 was acquired
from GeoMapApp.
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