
1. Introduction
The fold and thrust belt of Papua New Guinea (PNG) is one of the most tectonically complex and seismically 
active arc-continent collision orogens in the world (Baldwin et al., 2012). The Papuan Fold Belt (PFB) is the 
manifestation of sinistral oblique convergence between the Australian continent and Pacific plate at a rate of 
∼110 mm/yr (Koulali et al., 2015). Based on GPS deformation measurements, Tregoning et al. (1998) suggest 
that ∼64% of the convergence is accommodated within the PNG mainland. The PNG mainland is commonly 
subdivided into three major tectonic provinces from southwest to northeast, referred to as the Stable Platform, 
PFB, and Accreted Terranes (Figure 1). Geologically, the Papuan Basin comprises 7–10-km thick sediments sepa-
rated from the underlying Australian crystalline basement by Cretaceous Ieru and Toro Formations, Late Jurassic 
Imburu, Barikewa, and Magobu Formations (mudstone and shale with siltstone), thick Eocene-Late Miocene 
limestones (Darai Limestone) and Late Miocene to recent clastics (Hill et al., 2010; Mahoney et al., 2017). This 
sedimentary cover is folded into anticlines, apparent in the topography of the fold belt, some of which host 
significant hydrocarbon fields (Abers & McCaffrey, 1988; Hanani et al., 2016; Hill et al., 2010; Hobson, 1986; 
Mahoney et al., 2017).

As one of the youngest folds and thrust belts on Earth (Mahoney et al., 2017), the PFB provides a natural labo-
ratory to explore the structures and kinematics of an active collisional orogen, including the involvement of 
thin-skinned and thick-skinned tectonics in the deformation. However, the PFB remains one of the least well 
documented fold and thrust belts due to the dense equatorial jungle and inhospitable, challenging conditions 
for field access (Hill et al., 2010; Ollarves et al., 2020). The involvement of tectonic thick-skinned basement 

Abstract Knowledge of the fault kinematics underlying the Papuan Fold Belt is important for better 
understanding the evolution of the orogen, but the active and long-term tectonics of the region remain widely 
debated. The 2018 Mw 7.5 Papua New Guinea earthquake provides an unprecedented opportunity to probe the 
active fault structure deep in the Papuan Fold Belt. Here, we use Interferometric Synthetic Aperture Radar data 
from four ALOS-2 acquisitions to study coseismic and postseismic ground deformation and invert for fault slip 
models. The results show that the oblique reverse earthquake reactivated a flat-ramp structure and ruptured 
through most of the crust with the majority of coseismic slip confined between 5 and 25 km. Additionally, we 
found three separated postseismic slip zones with variable spatial complementarity between coseismic and 
postseismic slip, dip-slip/strike-slip ratio, and seismic/aseismic budget at three separated postseismic slip zones. 
Our results demonstrate that thick-skinned tectonics dominate the current state of Papua New Guinea frontal 
orogen evolution.

Plain Language Summary On 25 February 2018, an Mw 7.5 earthquake struck the central Papua 
New Guinea Highland. We use Interferometric Synthetic Aperture Radar data (ALOS-2) to study the surface 
displacements associated with the great earthquake, seismogenic fault geometry, and coseismic and postseismic 
slip. We find complex seismic and aseismic slip occurred on a flat-ramp structure, which ruptured through most 
of the crust indicating thick-skinned basement-involved deformation during the earthquake. We also compare 
the uplift displacements and the topography and local folds, and highlight that thick-skinned tectonics play a 
significant role in the current frontal orogen evolution of Papua New Guinea.
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faulting structures in the PNG orogen is actively debated. Based on geological maps, geophysical imaging, and 
well data, Hobson  (1986) proposed the dominance of thin-skinned deformation in the evolution of the PNG 
mountain range. In contrast, Hanani et al. (2016) interpreted seismic reflection profiles to argue for an important 
role of thick-skinned faulting. This is consistent with the Triassic basement reached in gas well drilling reported 
by Valenti (1993). In addition, interaction of thin-skinned and thick-skinned faulting processes in PFB has also 
been proposed (Mahoney et al., 2017; Mason, 1997; Smith, 1990). These existing studies of the PNG moun-
tains are based on well data, topographic information and sparse 2D seismic data that are challenged by several 
factors, including the complex ray path and energy scattering (poor imaging) related to the thick, intensely karsti-
fied limestone (Darai Limestone) found at the surface throughout most of the PFB (Hill et al., 2010; Ollarves 
et al., 2020). In addition, the uncertainties of structural interpretation based on seismic reflection results increase 
with depth (Hill et al., 2010). Thus, these existing studies primarily illuminate the shallow faulting structure in 
the uppermost crust.

Moderate sized thrust earthquakes with minor or moderate strike-slip components are prevalent beneath the PFB 
(Figure 1). The centroid depths (11–22 km) of three earthquakes located in southeastern PNG near the Gulf of 
Papua indicate they occurred below the sedimentary section (Abers & McCaffrey, 1988). Mahoney et al. (2017) 
pointed to the importance of seismogenic structures extending into the basement in the PFB, which is confirmed 
by the prevalence of centroid depths (12–33 km) of all moderate historical earthquakes (Figure 1). The depth 
range of these earthquakes encompasses the average crustal thickness of about 35 km beneath the PFB from 

Figure 1. Regional seismotectonic context of the 2018 Papua New Guinea (PNG) earthquake. Smoothed blue and red 
contours with 1-m and 0.3-m intervals represent coseismic and postseismic slip of the PNG earthquake, respectively. Moment 
tensors are colored by depth and scaled by magnitude. Magnitude-labeled moment tensors represent the USGS W-phase 
solutions of the February 25 mainshock at 25.2 km hypocenter depth, and its five large aftershocks (≥Mw 6) including one 
largest aftershock (Mw 6.7, 20.5-km depth) occurred on 6 March 2018. Other moment tensors represent historical events 
(≥Mw 5) from 1977 to 2018 cataloged at the International Seismological Centre (ISC, http://www.isc.ac.uk/iscbulletin/search/
fmechanisms/interactive/). Black lines represent the regional active faults from GEM Global Active Faults (https://github.
com/GEMScienceTools/gem-global-active-faults). Gray dots represent aftershocks (through September 2018) from USGS. 
Gray boxes indicate the spatial extent of ALOS-2 imagery used in this study and labeled by path and frame number. The 
black rectangle represents the ground projection of the modeled fault plane with the red solid line indicating its surface trace, 
dashed lines indicating 10-km depth intervals and pink dashed line indicating transition depth (16 km) between shallow and 
deep fault parts. Two yellow lines represent the surface traces of two faults used by Chong and Huang (2020). Dashed line 
is the location of cross-section A–B in Figure 7b. The inset shows the location of the study area and relative plate motion 
(Koulali et al., 2015) with light yellow lines indicating plate boundaries. FF, Frontal Fault.

http://www.isc.ac.uk/iscbulletin/search/fmechanisms/interactive/
http://www.isc.ac.uk/iscbulletin/search/fmechanisms/interactive/
https://github.com/GEMScienceTools/gem-global-active-faults
https://github.com/GEMScienceTools/gem-global-active-faults
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CRUST1.0 (Laske et  al.,  2013), suggesting that lower-crustal basement-involved faulting accommodates the 
thick-skinned shortening of crystalline Australian basement beneath the PFB.

On 25 February 2018, the Mw 7.5 PNG thrust earthquake struck the PFB, making it one of the largest instrumen-
tally recorded earthquakes to have occurred in the central PNG mountains to date. Moment tensor solutions and 
aftershock locations indicate that the PNG earthquake ruptured a moderately (30°) northeast dipping thrust plane 
with a centroid depth of 19.5 km and hypocenter at 25 km (USGS). The depth of this earthquake is much greater 
than the thickness (7–10 km) of the overlying sedimentary units as defined by Hill et al. (2010) and Mahoney 
et al. (2017), indicating that it ruptured a basement fault structure. Numerous aftershocks include 175 globally 
recorded Mw 4.5+ events, including the largest Mw 6.7 aftershock on 6 March 2018 from the USGS catalog. 
These events provide a unique opportunity to study the fault slip distribution and to explore the fault structure 
within the central PNG mountain. Using seismic and Interferometric Synthetic Aperture Radar (InSAR) data, 
Zhang et  al.  (2020) found that the PNG earthquake was a dissipative and cascading rupture event including 
three asperities. Wang et al. (2020) found that a four-segment fault slip model best fits the InSAR data suggest-
ing possible strain partitioning in the Papuan Thrust Belt. Based on subpixel offset observations, Chong and 
Huang (2020) reconstructed the 3D coseismic displacement of the PNG earthquake and modeled the event with 
two fault segments. Combining seismological and geodetic observations, Mahoney et al. (2021) suggested that 
the architecture of the northern Australian passive margin plays an important role in the PFB structural style. 
These existing studies are primarily focused on the observations of surface displacements or coseismic kinemat-
ics. They do not examine the postseismic slip characteristics. Except for the study of Mahoney et al. (2021), other 
studies rarely analyze the associated structural styles, which are also important for understanding the evolution of 
the PNG orogen, fault frictional properties, and seismic hazard.

In this study, we employ InSAR data to image the coseismic and postseismic displacements caused by the 2018 
PNG earthquake. We constrain the geometry, location, and fault slip of the seismogenic fault associated with the 
mainshock and aftershocks. Our model results allow us to explore the subsurface structures and faulting kine-
matics beneath the PFB, and to assess the mechanisms that drive the current frontal orogen uplift. Finally, we 
discuss the dominance of thick-skinned tectonics, the topography building and fold growth, the heterogeneity of 
coseismic slip with multiple asperities and fault segmentation, and shallow slip deficit (SSD).

2. Coseismic and Postseismic InSAR Observations
2.1. InSAR Data Processing

The challenging conditions in the PFB make the weather-independent SAR satellite data especially important for 
studying the 2018 PNG earthquake. The L-band SAR data acquired by the Japan Aerospace Exploration Agency's 
ALOS-2 satellite provide a unique opportunity to quantify surface displacements of the PNG earthquake and to 
constrain the activated fault structures beneath the PFB. Using the Gamma software (Wegnüller et al., 2016), we 
constructed coseismic and postseismic interferograms with the primary and secondary Single Look Complex 
products from ascending and descending tracks with different viewing geometries (Table 1). After high-accuracy 
coregistration of the primary and secondary scenes, each interferogram was sampled to 30 m, and the 30 m 

Interferograms
Primary 

(yyyymmdd)
Secondary 

(yyyymmdd) Path Frame Direction Bperb (m) Aftershocks (Mw)
Ratio 
(%)

CoAT114 20170731 20180226 114 7,050 Ascending 77 6.3 (26 Feb.) 1.1

CoDT11 20180201 20180301 11 3,750 Descending 150 6.3 (26 Feb.), 1.7

6.1 (28 Feb.)

PostAT114 20180226 20180910 114 7,050 Ascending 216 6.1 (28 Feb.), 6.0 (4 Mar.), 6.7 (6 Mar.), 6.3 (7 Apr.) 7.5

PostDT11 20180301 20180816 11 3,750 Descending 60 6.0 (4 Mar.), 6.7 (6 Mar.), 6.3 (7 Apr.) 6

Note. CoAT114 and CoDT11 are the ascending and descending coseismic interferograms, respectively. PostAT114 and PostDT11 are the ascending and descending 
postseismic interferograms, respectively. Ratio is the moment ratio between the Mw > 6 aftershocks (except for the largest Mw 6.7 aftershock) and the total modeled 
coseismic/postseismic slip (Tables S1 and S4 in Supporting Information S1).

Table 1 
Details of the ALOS-2 SAR Data Used in This Study and Moment Release Contribution of Mw > 6 Aftershocks of the Mw 7.5 25 February 2018 Mainshock
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Shuttle Radar Topography Mission digital elevation model (Farr et al., 2007) was used to remove the effect of 
topography. Then the interferograms were filtered using an improved power spectrum filter to minimize the phase 
noise (Li et al., 2008) and unwrapped using a minimum cost flow method (Chen & Zebker, 2001). After phase 
unwrapping, we geocoded the unwrapped interferograms to World Geodetic System 1984 coordinates. As the 
study area is located in the PNG mountain belt with a tropical climate, atmospheric model data from the Generic 
Atmospheric Correction Online Service for InSAR (GACOS) were used to mitigate contributions of tropospheric 
delay (Yu et al., 2018) (Figure S1 in Supporting Information S1). Several large aftershocks contribute to defor-
mation in both coseismic and postseismic interferograms, but the moment release of these large aftershocks is not 
comparable (<10%) to the coseismic and postseismic moment release (see Table 1). Therefore, we focus mainly 
on the role of the largest Mw 6.7 aftershock and early afterslip.

2.2. Coseismic and Postseismic Deformation

Coseismic interferograms of the PNG earthquake show relatively well-defined surface displacements along the 
southwestern foreland boundary of the PFB (Figure 2 and Figure S2 in Supporting Information S1). Due to the 
limited revisit frequency of current SAR satellites, the interferograms that are dominated by coseismic fault slip 
and formed by the shortest time interval covering the event are referred to as coseismic interferograms. Both 
ascending and descending coseismic deformation maps cover strike length ∼170 km of the PFB and show up 
to ∼1 m surface displacement toward the satellite in the radar line of sight (LOS) (Figure 2 and Figure S2 in 
Supporting Information S1). There is no obvious range increase in the radar LOS direction (Figure 2 and Figure 
S2 in Supporting Information S1). This is in contrast to other thrust events on shallowly dipping faults with dip 
angle of 5°–15° causing a double-lobe deformation pattern with well-resolved uplift and subsidence regions 
(Elliott et al., 2016; Liu & Xu, 2019), indicating that the PNG earthquake may have ruptured a relatively steep 
fault beneath the PFB. Similar uplift-dominated deformation patterns of ascending and descending interfero-
grams suggest that the coseismic fault slip may be dominated by thrusting. It should be pointed out that the 
coseismic interferograms span some larger aftershocks (but not the largest Mw 6.7 on the 6 March, Table 1), 
whose contributions to the interferometric phase are not separable from the much larger mainshock deformation.

The postseismic displacement maps show clear evidence of the early postseismic (about half a year after the 
mainshock) deformation transient (Figure 3 and Figure S3 in Supporting Information S1). Postseismic interfero-
grams are referred to as interferograms containing only deformation following the mainshock and span different 
time intervals. Due to several large aftershocks (Mw > 6.0) including the largest Mw 6.7 aftershock on the 6 March 
following the PNG earthquake (Figure 1), the postseismic deformation contains the contributions of aftershocks, 
afterslip, and other possible postseismic relaxation processes. Considering that deformation from the large after-
shocks is captured by the coseismic and postseismic interferograms (see Table 1), we focus mainly on the role of 
the largest Mw 6.7 aftershock and early afterslip. Two obvious postseismic deformation zones with a peak value 
of ∼0.5 m LOS decrease are concentrated in the northwestern and southeastern region on the ascending track 
(Figure 3). These two deformation zones can also be observed on the descending track. The postseismic defor-
mation features a double-lobe pattern, which is clearly different from the corresponding coseismic deformation 
(Figures 2 and 3). If the postseismic deformation were dominated by subsidence (uplift), the LOS displacement 
from both ascending and descending tracks would show very similar range increase (decrease), given the imaging 
geometry of SAR sensors. Thus, ascending and descending postseismic deformation maps show opposite range 
decrease and increase patterns, indicating that the postseismic transient is dominated by horizontal motions, 
possibly including contributions from strike-slip component. GNSS-measured shear in the strike direction 
(Mahoney et al., 2021), supporting long-term oblique strain accumulation due to the oblique plate convergence.

3. Coseismic and Postseismic Slip Inversion
3.1. Nonlinear Fault Geometry Inversion

Before performing fault geometry inversion, we downsampled the full-resolution interferograms to a computa-
tionally tractable size (∼370 datapoints for each data set) using a quadtree algorithm (Figure S4 in Supporting 
Information S1; Jónsson et al., 2002). We estimated the covariances of the downsampled data and employed them 
to weight the observations in the following inversions (Jónsson et al., 2002). We used a single rectangular dislo-
cation model in a homogeneous, elastic, and isotropic half-space (Okada, 1985) and a multipeak particle swarm 
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optimization approach (Feng & Li,  2010) to determine the fault geometry parameters (i.e., location, length, 
width, strike angle, dip angle, rake angle, and uniform slip). To better cover the solution space and quantify the 
associated uncertainties, we applied relatively loose search bounds for the fault parameters according to prior 
knowledge (e.g., focal mechanisms from USGS/GCMT/published literature) (Tables S1 and S2 in Supporting 
Information S1). The optimal fault parameters and their uncertainties are determined by the Monte Carlo strategy 
(Xu, 2017). During the model optimizations, 500 perturbed data sets were generated by adding random Gaussian 
white noise with a standard deviation set as the root-mean-square (RMS) based on each residual data set (Figure 
S4 in Supporting Information S1). Subsequently, we inverted the perturbed data and obtained a set of model 
solutions. The solution set was binned into histograms and fit by a Gaussian function to estimate the parameters' 

𝐴𝐴 1𝜎𝜎 uncertainties (Figure S5 and Table S1 in Supporting Information S1). Although some common trade-offs are 
observed between the fault parameters such as the proportional relationships between the fault length, width, 
and slip, the model uncertainties are relatively small, and the moment magnitudes calculated from the respective 

Figure 2. Unwrapped and then rewrapped coseismic interferograms (containing Mw ≥ 6 aftershocks marked by black 
stars) with one fringe corresponding to 20 cm in (a–c) ascending and (d–f) descending tracks, respectively. The time spans 
of interferograms are indicated in the bottom of first row plots. First row: data; second row: model predictions; third row: 
residuals. Range decrease from warm to cold color; range increase from cold to warm color. Red line and star represent the 
surface trace of the modeled seismogenic fault and the USGS epicenter, respectively. Gray dots scaled by magnitude are 
aftershocks during the corresponding time intervals and black squares represent main towns. Numbered black polygons in (c) 
and (f) delineate the extents of anticlinal ranges called (1) Juha, (2) Lavani, (3) Hides, (4) Angore, (5) Mananda, (6) Moran, 
(7) Paua, (8) Agogo, and (9) Kutubu, respectively.



Journal of Geophysical Research: Solid Earth

XU ET AL.

10.1029/2022JB024227

6 of 18

fault length, width, and slip remain similar (Table S1 and Figure S5 in Supporting Information S1). The optimal 
uniform slip model is 144-km long and 36.5-km wide with a strike angle of 297°, a dip angle of 27°, and a rake 
(96°) close to pure thrusting. These estimated fault parameters are generally consistent with those reported by 
other sources (Table S1 in Supporting Information S1).

3.2. Coseismic Distributed Slip Inversion

To check the subsurface fault geometry in the dip direction and resolve a more detailed slip distribution, we design 
a nonplanar fault structure with different shallow and deep dip angles, fixed fault strike (297°), and extended 
fault length (250 km) and depth (50 km). Then a 3-D grid search method is used to find the optimal results for 
the shallow dip angle (search interval 17°–37°), the deep dip angle (search interval 20°–60°), and the transition 
depth (search interval 2–30 km) between these two connected fault sections, involving a total of 3,465 model 
runs. During the reversion of 3-D grid search, an automated fault discretization method was adopted to invert the 
detailed coseismic slip model (Barnhart & Lohman, 2010). This approach iteratively discretizes the fault plane to 
account for the spatial variations of model resolution. To stabilize the slip estimation, the higher order Tikhonov 
Regularization strategy was adopted, and the regularization factor was determined by using the 𝐴𝐴 𝑗𝑗𝑅𝑅𝑖𝑖 strategy to 

Figure 3. Similar to Figure 2 but for postseismic data and modeling results. The yellow and black stars represent the 
epicenters of the largest Mw 6.7 aftershock and other Mw ≥ 6 aftershocks during the corresponding time intervals.
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balance the perturbation error (the influence of observation noise on inversion results) and regularization error 
(the difference of noise-free observations and regularized model results) (Barnhart & Lohman, 2010).

The 3-D grid search results show that the optimal shallow dip angle of 26.6° is well constrained (black star in 
Figure S6 in Supporting Information S1). The overall deep dip angles of solutions with low RMSs are larger than 
40°; however, the optimal deep dip angle of 45.7° is not as well constrained as the shallow dip angle. The optimal 
transition depth between the shallow and deep fault parts is about 16 km. This indicates a flat-ramp fault struc-
ture beneath the PFB, which is consistent with the observation that fault dips are often lower in the sedimentary 
cover than in the deep basement (Mahoney et al., 2017). In terms of the residuals' RMS, the RMS of this model 
is substantially lower (∼35%) than the results for a single plane fault (Figure S6 in Supporting Information S1). 
In addition, this kind of flat-ramp structure is similar to that found beneath the Himalaya and Zagros orogens 
(Barnhart et al., 2018; Elliott et al., 2016), although the dip angles here are much larger on both shallow and deep 
fault segments.

The coseismic slip inversion on flat-ramp fault configuration results indicate that the PNG earthquake ruptured 
on a fault structure with a length of ∼150 km beneath the PFB (Figure 4). The PNG earthquake rupture propa-
gated ∼50 km to the northwest and ∼100 km to the southeast from the USGS hypocenter. The complex bilateral 
rupture characteristics captured by the coseismic slip model are in agreement with seismic back-projection results 
that track the source of high-frequency radiation during the rupture (Zhang et al., 2020). No obvious shallow 
(0–5 km in depth) coseismic slip suggests that the PNG earthquake may not have ruptured the surface (Figure 4), 
which is in line with no clear discontinuities in the InSAR coseismic data (Figure 2). However, patches of shallow 
slip inverted from subpixel offset data with large uncertainty (up to 0.8 m) suggest possible local near-surface 
faulting (Chong & Huang, 2020, Figure 1). Coseismic slip (>0.5 m) mainly concentrates at 5–25 km in depth, 
and the maximum total slip (4.9 m) from the preferred slip model is located at a depth of ∼15 km (Figure 4a). The 
coseismic fault slip is dominated by thrust slip; however, confined regions located at the southeastern and north-
western ends of the rupture zone shows large left-lateral slip with a peak value of about 3 m (Figure 4b). This is 
supported by oblique horizontal GNSS displacements characterized by a dominant fault-normal component and 
moderate fault-parallel motions (Mahoney et al., 2021).

Figure 4. Results of the distributed coseismic slip inversion. (a) Total coseismic slip, (b) strike-slip component, and (c) thrust 
slip component. Red star represents the USGS hypocenter of the 2018 Papua New Guinea (PNG) earthquake. Black arrows 
indicate the slip vector. Gray dashed lines are the 16 km transition depth separating shallow (27°) flat and deep ramp (46°) 
fault segments.
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Although the exact fault trace of the seismogenic fault is not available, the coseismic slip model suggests one 
continuous primary fault (Figure 4a) or up to a two-segment rupture trace based on the strike-slip component 
(Figure  4b), indicating at most one major step-over along the ∼150  km rupture zone. This indicates a low 
step-over density (number of step-overs per kilometer along strike is ≤10 −2/km), implying a relatively mature 
fault structure hosting the 2018 PNG earthquake, given the scaling relation between segmentation and fault struc-
tural maturity (Manighetti et al., 2021). In addition, the ratio between the maximum slip (∼5 m) and the rupture 
length (∼150 km) indicates a high degree of structural maturity of the faults (Manighetti et al., 2007; Figure S7 
in Supporting Information S1).

The predicted displacements from the best-fitting model explain both ascending and descending coseismic obser-
vations well with RMSs of ∼6.0 cm for the ascending and descending InSAR data sets (Figure 2 and Figure 
S2 in Supporting Information S1). The residuals may result from the combined contributions of interferogram 
decorrelation, residual atmospheric artifacts, up to 6 days of unmodeled early postseismic deformation, possible 
multisegments faulting along strike and inelastic deformation (e.g., localized folding, landslides, or liquidation). 
We used an average shear modulus of 33 GPa according to the CRUST1.0 model (Laske et al., 2013), and calcu-
lated a geodetic moment (M0) as ∼2.82 𝐴𝐴 ×  10 20 Nm, which is equivalent to Mw 7.57, which is comparable with 
other studies (Table S1 in Supporting Information S1). Our estimated coseismic slip distribution and moment 
magnitude of Mw 7.57 is comparable with those reported in previous studies using geodetic and/or seismological 
data set (Table S1 in Supporting Information S1).

We decompose the quasi-2D (two-dimensional) coseismic ground deformation fields from the ascending and 
descending coseismic interferograms, neglecting the North-South motions due to their much smaller contri-
bution to the LOS compared to the East-West and Up-Down components (Hu et al., 2014). The decomposed 
2D displacement maps show that the coseismic ground deformation is dominated by vertical displacements 
(Figure 5), which is consistent with the inverted relatively steep dip angle of the coseismic rupture. Comparing 
the vertical coseismic displacements and topography, we found the vertical displacements are positively related 
to the frontal orogen anticlines and associated topography (Figures 5b–5e), indicating that the 2018 PNG earth-
quake raised the frontal PFB with a maximum uplift of about 1.2 m (Figure 5b). Considering that the main uplift 
is close to anticlinal structures hosting oil and gas fields (Figures 5b–5e) (Hanani et al., 2016; Hill et al., 2010), 
we suggest that great earthquakes play an important role in structural growth and raising of topography in the 
fold and thrust belt. Additionally, a fault section (flat) with a low dip angle (5°–7°) is required to explain the 

Figure 5. Quasi-2D coseismic ground deformation maps. (a) East-West displacement map; (b) vertical displacement 
map. Vertical deformation (orange lines) along profiles A–Aʹ (c), B–Bʹ (d), and C–Cʹ (e) in comparison with topography 
(gray outlines). Names in (c)–(e) marked several anticlines.
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double-lobe (uplift and subsidence) displacement pattern in the case of 2015 Mw 7.8 Nepal earthquake (Elliott 
et al., 2016). The 2015 Nepal earthquake caused significant subsidence in the high Himalaya, which is charac-
terized by interseismic uplift at about 4 mm/yr (Herman et al., 2010). However, given the dominant one-lobe 
uplift pattern related to the steep dip angles (shallow 27° and deep 46°), and the apparent correlation between the 
one-lobe uplift and topography in the 2018 PNG earthquake, we infer that coseismic uplift makes a significant 
contribution to the long-term permanent deformation in the PFB. Both coseismic and postseismic slip in this 
study likely contribute to the permanent deformation (Figure 5, Figures S2 and S3 in Supporting Information S1). 
However, the long-term permanent deformation needs to be studied further by continuous acquisitions of post-
seismic geodetic data for a long period.

3.3. Postseismic Slip Inversion

To determine whether both postseismic and coseismic slip occurred on the same fault, we applied the same inver-
sion method and Monte Carlo approach to invert for the fault source parameters during the postseismic period 
spanning about 6 months starting only 1 day (ascending interferogram) and 5 days (descending interferogram) 
after the mainshock (Table 1). The estimated fault strike and dip angles are about 290° and 35°, respectively 
(Tables S1, S3, and Figure S8 in Supporting Information S1), which are close to those of the estimated coseismic 
fault. The estimated surface traces of the coseismic and postseismic model faults are very close to each other. 
Thus, considering the small differences in fault geometry, the overlapping fault traces, and inherent parameter 
uncertainties, we suggest that the postseismic fault slip occurred on the same fault hosting the coseismic rupture.

Our preferred distributed afterslip model shows three major postseismic slip zones. The shallow postseismic 
slip (SPS) zone extends from the surface to 10-km depth with a maximum slip of 1.7 m, located updip from the 
hypocenter and coseismic slip zone (Figure 6). A deeper postseismic slip (DPS1) zone is found at 7–20-km depth, 
overlapping with the peak-slip zone of the coseismic rupture. And another, even deeper postseismic slip (DPS2) 
zone is situated at 15–27-km depth near the USGS hypocenter and located below the SPS. It is worth noting that 

Figure 6. Results of distributed postseismic slip. (a) The total afterslip with black dashed polygons delineating the SPS, 
DPS1, and DPS2 zones. (b) and (c) show the strike and thrust slip components, respectively. The red and yellow stars 
represent the hypocenters of the 2018 Papua New Guinea (PNG) earthquake and largest Mw 6.7 aftershock, respectively. 
Smoothed 1 m contours of coseismic slip are shown in red. Arrows indicate the slip vector. Gray dashed lines are the 16-km 
transition depth separating shallow (27°) flat and deep ramp (46°) fault segments.
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the SPS shows a substantial component of left-lateral slip, but the DPS1 and DPS2 are dominated by thrust fault 
movement.

We estimated a postseismic moment release of 7.12 𝐴𝐴 ×  10 19 Nm from the postseismic fault slip model, which is 
equivalent to Mw 7.17. This corresponds to ∼25% of the coseismic moment release. We determined the ratio 
of moment released by afterslip and aftershocks within the three postseismic zones according to the Mw > 4.0 
aftershocks reported by USGS for the same time period (Table S4 in Supporting Information S1). Overall, the 
estimated aseismic afterslip moment of 4.12 𝐴𝐴 ×  10 19 Nm (Mw 7.08) is about 1.7 times that released by the recorded 
aftershocks (Table S4 in Supporting Information S1). The moment release in the SPS and DPS1 zones is charac-
terized by a dominant contribution from aseismic afterslip with a ratio of 3.03 and 3.86, respectively. In addition, 
the aseismic afterslip contributes only 18% of the moment released in the DPS2 zone, primarily due to the largest 
Mw 6.7 aftershock (20.5 km).

The postseismic slip in SPS and DPS2 is mostly located updip and downdip of the coseismic rupture, respec-
tively. This complementary spatial pattern suggests that postseismic slip is driven by coseismic static stress 
changes (Remy et al., 2016; Wallace et al., 2017). Considering that several large aftershocks (≥Mw 6) occurred in 
the postseismic slip area and the moment estimated from afterslip is larger than that of aftershocks (Figure 1 and 
Table S4 in Supporting Information S1), we suggest that most of the aftershocks are driven by surrounding aseis-
mic afterslip (Avouac, 2015; Hsu et al., 2006; Liu & Xu, 2019). The predicted postseismic displacements from 
our preferred model (Figure 6) fit both ascending and descending InSAR observations well (Figure 3). The RMS 
misfits are 3.0 and 2.6 cm for the postseismic ascending data and descending data, respectively. The remaining 
residuals may be explained by residual atmospheric artifacts, secondary failures and nonplanar fault geometry, 
and other postseismic mechanisms which we did not explicitly consider in our modeling of the early deformation 
transients (e.g., poroelastic rebound and viscoelastic relaxation).

3.4. Uncertainty of Slip Distribution

In order to quantitatively assess the slip distribution, we determined the uncertainty level of the discrete slip 
values by perturbing our downsampled data 100 times with random Gaussian white noise (the noise level is 
determined by the standard deviations from covariances determined in the downsampled process (Figure S4 in 
Supporting Information S1; Liu & Xu, 2019)), which are then inverted to generate 100 perturbed slip distribu-
tions. The 𝐴𝐴 1𝜎𝜎 standard deviations of the slip distribution are calculated from these perturbed results (Figures S9 
and S10 in Supporting Information S1). The estimated uncertainties are generally low for both coseismic slip 
(𝐴𝐴 1𝜎𝜎  < 20 cm) and postseismic slip (𝐴𝐴 1𝜎𝜎  < 10 cm) inversions. In addition, the resolution of the slip distribution 
is also determined to qualitatively assess the slip results (Barnhart & Lohman, 2010; Figures S11 and S12 in 
Supporting Information S1). While this analysis does not account for unmodeled factors, such as the effects off 
geometric complexity or heterogeneous elastic properties, we can conclude that all first-order features of the slip 
models are well resolved.

4. Discussion
4.1. Basement-Involved Thick-Skinned Structure in PNG Orogen

The dominant tectonic deformation style of the PFB (i.e., thin-skinned and/or thick-skinned) remains under 
dispute. The basement-involved thick-skinned scenario considers that the fold and thrust belt deformation 
reaches down into the crystalline basement, while the pure thin-skinned scenario argues that fault-fold defor-
mation solely occurs in shallow thrust sheets where the deforming sedimentary cover is detached from the crys-
talline basement (Chapple, 1978; Pfiffner, 2017). Thus, one of the key criteria to distinguish thin-skinned and 
thick-skinned orogens lies in whether deformation due to faults in the crystalline basement significantly contrib-
utes to near-surface displacements (Craig & Warvakai, 2009).

The location of the 2018 PNG earthquake is consistent with having occurred on an active thrust fault referred to as 
Frontal Fault (Figure 1), although the exact location and name of the main frontal fault are variable in the published 
literature (e.g., Abers & McCaffrey, 1988; Koulali et al., 2015; Mahoney et al., 2021; Wallace et al., 2004). Our 
estimated coseismic rupture on a flat-ramp thrust fault reaches deep down into the crystalline basement to about 
30-km depth, which is well below the depth (7–10 km) of the sedimentary cover (e.g., Hill et al., 2010; Mahoney 
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et al., 2017, 2021), clearly indicating deep basement-involved deformation and accommodating thick-skinned 
style shortening in part via large earthquakes (Figures 4 and 7). Thus, the brittle crustal deformation during the 
2018 PNG earthquake penetrates most of the crust, considering the average crustal thickness of 35 km in the PFB 
(Laske et al., 2013). Within this framework, we suggest that thick-skinned structures are currently active in the 
frontal PFB. This is also supported by the moment centroid depths (11–22 km) of other earthquakes deep below 
the sedimentary section in the PNG mountain belt reported by (Abers & McCaffrey, 1988) and the centroid 
depths (12–33 km) of historical earthquakes in the PFB with high-quality depth estimates (L1 events with depth 
error <5 km) cataloged by ISC-EHB (Figure S13 in Supporting Information S1). The differences in relocated 
depths by Engdahl et al. (1998) with the ISC-EHB estimates are generally small (0.3 km).

In addition, surface exposures of elevated crystalline basement also suggest that present-day tectonic activity is 
controlled by thick-skinned basement structures (Craig & Warvakai, 2009). In addition, thick-skinned deforma-
tion due to basement inversion of Mesozoic normal faults has been considered as one of the main reasons for many 
of the observed structures in the PFB (Buchanan & Warburton, 1996). Mahoney et al. (2021) note the reactivated 
inversion of the Komewu and Darai extensional basement faults on the northern Australian passive margin and 
propose that they share morphological and geometric similarities with the scale and pattern of ground displace-
ment associated with the PNG earthquake. Moreover, granodioritic basement (K-Ar dated at 205 ± 5 Ma, P-Tr) 
was encountered by the well in the P'nyang gas field (Valenti, 1993). Seismic lines show that the northeast hinter-
land (hanging wall) is consistently elevated above the corresponding footwall blocks in the southwestern foreland, 
meaning that basement-involved deformation substantially contributes to the observed near-surface topography. 
This fits well with the thick-skinned structure deformation model (Figure 7) (Craig & Warvakai, 2009).

The positive relationship between mapped folds and their topographic expression and dominant vertical displace-
ments during the PNG earthquake suggests a contribution of the fault slip on the Frontal Fault on the topography 
building and fold growth (Figure 5; Daout et  al.,  2021). Numerical models suggest that deformation only of 
shallow weak sedimentary cover cannot support the regional topography in the Zagros Mountain (Lacombe & 
Bellahsen, 2016), indicating that shortening associated with thick-skinned structures has a significant role in 
the topography building. Thus, the likely scenario for driving the frontal uplift in the PFB is a contribution of 
thick-skinned deformation via large earthquakes, which probably involves tectonic inversion of an earlier exten-
sional fault system beneath the PFB (Mahoney et al., 2021). Fault-related folds represent a significant defor-
mation in compressional regimes (i.e., fold and thrust belts) (Brandes & Tanner, 2014). Numerical simulations 
suggest that fault bends (e.g., flat-ramp fault geometry) lead to contemporaneous faulting and folding in the upper 
plate (Mallick et al., 2021; Sathiakumar et al., 2020). The residual interferograms (Figures 2 and 3 and Figures 
S1 and S2 in Supporting Information S1), show clear unmodeled residual LOS signal that coincides spatially 
with some anticlinal ranges, which can be explained by structural growth controlled by faulting propagations 
during earthquakes (Hanani et al., 2016). For instance, in the Lavani Range, ∼15 cm localized LOS uplift can be 
observed in both ascending and descending residuals (Figures 2c and 2f), which cannot be explained by residual 
atmospheric artifacts (Figure S1 in Supporting Information S1). Significant LOS residuals can also be recognized 

Figure 7. Schematic illustration of the seismogenic fault geometry of the 2018 Papua New Guinea (PNG) earthquake and geologic cross-section to illuminate the 
basement-involved fault rupture and earthquake-related fold growth. (a) Coseismic rupture on the resolved flat-ramp geometry (with the hangingwall block removed 
to reveal the slip zone). The deep flat/ramp structure (dashed lines) is poorly constrained. (b) Geologic SW-NE profile A–B (Figure 1) across the Mananda anticline 
modified from Mahoney et al. (2021).
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near the Hides, Angore, Mananda, Moran, and Agogo anticlines, which host the main gas/oil resources in PNG. 
Several anticlines in the frontal PFB have been interpreted as manifestations of primarily deeply rooted and 
thick-skinned deformation, including the Juha Anticline (Hanani et al., 2016; Smith, 1990) and the Cecilia Anti-
cline (Cole et al., 2000). This suggests that thick-skinned ruptures, including the 2018 PNG earthquake, play an 
important role in the deformation, erosion, and deposition of shallow sediments of the frontal fold and thrust belt, 
and indicates current active fold growth of the PFB (Hamilton, 1979; Wallace et al., 2004). Fold growth caused 
by faulting during earthquakes has also been proposed in other regions based on geodetic observations (Belabbès 
et al., 2009; Nissen et al., 2007; Pezzo et al., 2013; Stein & King, 1984; Tizzani et al., 2013). Considering our 
geodetic evidence of basement-involved thick-skinned deformation and flat-ramp fault geometry, we suggest 
that the topography/fold growth during the PNG earthquake is likely dominated by the underlying thick-skinned 
rupture (Madritsch et al., 2008). However, the SPS suggests the activation of short-term thin-skinned processes 
during the postseismic period, indicating interaction between thick-skinned and thin-skinned deformation. This 
is consistent with the stress loading in the shallow crust (Figure S14 in Supporting Information S1) induced by 
the thick-skinned coseismic rupture.

A nearly universal assumption is that slip on underlying causative faults dominates crustal-scale fold growth, 
however, off-fault deformation especially in the shallow sedimentary cover is a significant component of fold 
growth (Johnson, 2018; Mallick et al., 2021; Sathiakumar et al., 2020). Boundary element models of fault-related 
folding with viscoelastic layers suggest that fold growth involves distributed off-fault deformation and bedding 
plane slip (Johnson, 2018). Stress perturbation caused by slip of active faults will promote fold growth especially 
within thick sedimentary cover (Johnson, 2018; Ramsey et al., 2008). The stress change in the shallow sedimen-
tary cover induced by slip on the causative faults during the 2018 PNG earthquake (Figure S14 in Supporting 
Information S1), shows apparent positive stress perturbation at the locations of several anticlines (e.g., Juha, 
Lavani, Angore, Mananda, Agogo). This indicates the fold growth during the PNG earthquake also involved 
distributed off-fault deformation, which is supported by numerical simulation framework that combines an 
elastoplastic model of folding with a rate-state frictional model of fault strength in a layered medium (Mallick 
et al., 2021). However, due to the mechanical coupling between elastic coseismic slip and off-fault deformation 
(i.e., fold growth), it is difficult to distinguish quantitively the folding-related contribution during large earth-
quake, which should be considered in the fault kinematics inversion and deserves further study to illustrate 
more realistic earthquake deformation processes in fold and thrust belts. Numerical modeling of short-term and 
long-term deformation with elastoplastic rheologies, using the finite element method, is one approach to tackle 
this kind of coupled problem (e.g., Baden et al., 2022).

4.2. Variable Coseismic and Postseismic Slip Behaviors

We observe that the distribution of coseismic slip is characterized by dominant thrust slip (Figure 4), while the 
postseismic slip is mainly confined to three separate regions at different depths with different dominant strike/
thrust slip patterns (Figure 6). The coseismic and postseismic slip areas appear spatially overlapped in the DPS1 
zone, but not in the SPS and DPS2 zones (Figure 6), where both seismic and aseismic slip behaviors are observed 
(Table S4 in Supporting Information S1). Postseismic slip model with the constraint of no slip in zones of large 
coseismic slip (>0.5 m), show much larger residuals than for the model with no constraint (Figure S15 in Support-
ing Information S1), suggest the reasonability of the overlapped coseismic and postseismic slip. The shallow part 
of reverse faults is often described as having velocity-strengthening frictional properties, e.g. (Marone, 1998), 
due to the presence of unconsolidated sediments, which generally impedes the coseismic rupture propagation 
and favors aseismic slip, e.g. (Brooks et al., 2017; Wang & Bürgmann, 2020). The observed complicated slip 
behaviors suggest that there exists strong spatial heterogeneity of fault frictional properties on the fault host-
ing the PNG earthquake (Qiu et al., 2019). The coexistence of seismic and aseismic slip in the SPS and DPS1 
zones indicates that either the frictional behavior is neutral with the rate-state frictional parameter a-b near zero 
allowing for transitional fault behavior (Liu & Xu, 2019) or that complex and variable ambient conditions (e.g., 
fluid pressure and material heterogeneity) allow for dynamic weakening mechanisms (Noda & Lapusta, 2013; 
Perfettini & Avouac, 2014; Qiu et al., 2019). Experimental results suggest that fault gouge can transition from 
velocity-strengthening to velocity-weakening behavior under certain conditions of displacement and induration, 
which may explain the mixed slip behavior (Biegel et al., 1989; Roesner et al., 2020).
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The shallow postseismic oblique slip observed in the SPS zone may be partially associated with the horizontal 
shear-stress changes induced by the 2018 PNG earthquake. To test if the inferred strike-slip component repre-
sents afterslip driven by the coseismic rupture, we calculated the mainshock-induced coulomb stress change 

𝐴𝐴 Δ𝐶𝐶𝐶𝐶𝐶𝐶 = Δ𝜏𝜏 + 𝜇𝜇
′
Δ𝜎𝜎 with the estimated coseismic slip (Figure 8), assuming an effective friction coefficient 

of 𝐴𝐴 𝐴𝐴
′
= 0.4 on the receiver fault (Lin & Stein, 2004). Here, 𝐴𝐴 Δ𝜏𝜏 is shear-stress change (Figure S16 in Supporting 

Information S1, positive when sheared in the rake direction) and 𝐴𝐴 Δ𝜎𝜎 is normal stress change (Figure S17 in 
Supporting Information S1, positive if the fault is unclamped). The maximum Coulomb stress change in the 
along-strike direction caused by the PNG mainshock is about 0.2 MPa in the SPS zone (Figure 8a), which is far 
less than the stress changes encouraging thrusting (Figure 8b) and the calculated static postseismic horizontal 
stress drop of ∼3.5 MPa (Ripperger & Mai, 2004). This implies the postseismic strike-dominant slip in the SPS 
zone was a triggered episode involving both seismic and aseismic release of long-term stress build up. In addition, 
the moment released in the DPS2 zone is dominated by thrust slip indicates the coseismic stress perturbation 
induced the moment release in the DPS2 zone (Figure 8). This is confirmed by the coseismic Coulomb stress 
changes mostly encouraging thrusting (Figure 8b, dominating by shear-stress change (Figures S16b and S17b in 
Supporting Information S1)) but inhibiting sinistral slip (Figure 8a, dominating by normal stress change (Figures 
S16a and S17a in Supporting Information S1)) in the DPS2 zone.

Figure 8. Coulomb stress change on fault plane (Figure 1) caused by 2018 Papua New Guinea (PNG) earthquake 
calculated with the estimated coseismic slip model. Note that the rake angle of the receiver fault is set as (a) 0° (encouraging 
left-lateral strike-slip), (b) 90° (encouraging thrust slip), and (c) 44° (encouraging oblique slip). Gray dashed polygons and 
arrows indicate the corresponding SPS/DPS1/DPS2 zones and mean postseismic slip rake directions in SPS/DPS1/DPS2, 
respectively (Figure 6a). Black smoothed 0.5 m contours and star represent coseismic slip and USGS hypocenter.
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Strain partitioning is well documented along oblique convergent tectonic boundaries (Loveless & Meade, 2010; 
McCaffrey, 1992; Seeber & Pêcher, 1998), involving the accommodation of oblique convergence by separate 
strike-slip and thrust fault structures (Seeber & Pêcher, 1998). Our coseismic slip model shows that the fault 
rupture is dominated by thrust slip with a minor, left-lateral strike-slip component near the DPS1 zone (Figure 4). 
The postseismic slip shows similar dominant dip-slip with an average rake angle of 66° for the slip patches 
(>0.3 m) in the DPS1 zone, indicating the postseismic slip kinematics is similar to that of the coseismic slip. In 
contrast, the postseismic slip (>0.3 m) has an average rake angle of 44° (strike-slip-dominated) and 90° (pure 
thrust slip) in the SPS and DPS2 zones, respectively. The layered slip behaviors with depth support partitioning of 
deformation between deep inherited basement fault structures and shallow fold-thrust structures in the sedimen-
tary cover (Figures 7 and 9; Allen et al., 2017). We also calculate the moment-release ratio between strike-slip 
and thrust slip for both coseismic (23%) and postseismic (67%) slip models (Figures 4 and 6). The strike-slip 
moment-release ratio in the postseismic observation period is much higher than the coseismic one, indicating 
more obvious slip partitioning and that the strike-slip component of plate motion may be largely accommodated 
during postseismic slip. It, however, will take decades or even centuries of geodetic data to validate whether this 
phenomenon persists over a longer period.

4.3. Shallow Slip Deficit and Seismic Hazard

A SSD, that is a pronounced reduction or lack of coseismic slip in the uppermost crust, has been quite commonly 
observed for different strike-slip (Fialko et al., 2005; Liu, Xu, He, et al., 2022; Xu et al., 2016), normal faulting 
(Liu, Xu, Radziminovich, et al., 2022; Xu et al., 2019), and reverse faulting earthquakes (Liu & Xu, 2019; Wang 
& Fialko, 2015). A better understanding of the nature of the SSD is important for improved understanding of seis-
mic hazard and crustal rheology. One possible explanation of the SSD suggests that the uppermost few kilometers 
of the brittle crust impede the coseismic rupture propagation according to the rate-and-state law (Liu & Xu, 2019; 
Marone et al., 1991). The rate-and-state law describes stable velocity strengthening regions with positive a-b 
value preferring aseismic slip and unstable velocity-weakening regions with negative a-b value preferring seismic 

Figure 9. Normalized fault slip as a function of depth. (a) Postseismic slip with coseismic slip indicated by 1-m interval red 
contours, and red dashed line divides the slip model into South-East (SE), middle, and North-West (NW) parts. The gray 
dashed line is the 16 km transition depth separating the shallow flat (27°) and deep ramp (46°) fault segments. (b), (c), and (d) 
show the comparation between normalized coseismic and postseismic slip in SE, middle, and NW parts, respectively. (e) The 
total normalized slip comparation.
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slip (nucleation) or slow slip events with low slip values. This implies that the SSD can be compensated by afters-
lip and/or shallow interseismic creep (Marone et al., 1991; Scholz, 2019). Poorly consolidated shallow sediments 
combined with low fault-normal stress also favor the likelihood of more distributed cataclastic deformation in the 
shallow crust (Brooks et al., 2017; Fialko et al., 2005; Kaneko & Fialko, 2011). Fialko et al. (2005) suggested that 
the origin of the SSD can be attributed to inelastic deformation in the uppermost crust including young and devel-
oping faults, which is not considered in elastic slip models. Kaneko and Fialko (2011) also suggest a maximum 
SSD of 15% can be explained by inelastic deformation in the model scenarios they considered.

In addition, limited data coverage near the surface rupture of strike-slip earthquakes (1992 Landers, 1999 Hector 
Mine, etc.) can lead to underestimated shallow slip (Xu et al., 2016, and references therein). However, with data 
near the fault trace (Figure 2a and Figure S1a in Supporting Information S1), our model results still show an 
obvious SSD for the PNG thrust earthquake (Figure 9), which is consistent with the coseismic results from pixel 
offset observations showing shallow SSD (Chong & Huang, 2020). This suggests that a lack of near-fault-trace 
data has much less impact on SSD for thrust earthquakes not breaking to the surface than that for strike-slip 
earthquakes breaking to the surface.

An obvious SSD is found in the top ∼5 km of the shallow crust during the PNG earthquake (Figures 4 and 6). 
The postseismic slip can account for ∼35% of the SSD if only the middle part of the fault hosting the SPS is 
considered (Figure 9c), while the southeastern and northeastern parts show no obvious postseismic SSD compen-
sation (Figures 9b and 9d). This discrepancy may be explained by the existence of thick sedimentary units near 
the SPS, with a different lithology from the adjacent sections of the rupture (Mahoney et al., 2021). In total, 
postseismic slip associated with afterslip and aftershocks compensates only about 15% of the SSD (Figure 9d). It 
should be noted that the postseismic interferogram does not capture the signal of the first day after the mainshock 
due to the limited revisiting period of the SAR satellite, which may lead to the underestimation of postseismic 
slip. However, the missing very early postseismic phase is far from enough to make up the large SSD.

Our results suggest that prevalent inelastic deformation and/or future large shallow earthquakes on the same or 
nearby faults are required to compensate the observed SSD. Folding is widely distributed in the PNG orogen 
belts, and we see evidence of localized fold growth in our residual deformation maps (Figures 2 and 3). This 
may be the dominant mechanism of permanent inelastic deformation in the PFB (Hanani et al., 2016), and upper 
crustal folding likely plays an important role in accommodating the convergence between the Pacific and Austral-
ian plates. However, inelastic fold growth is mainly concentrated in the coseismic surface displacement zone 
(Figures 2 and 3), and thus provides little compensation for the observed SSD in the PNG earthquake. Unless 
substantial shallow fold growth also occurs interseismically, the existence of a large SSD may indicate that the 
shallow part of the fault remains locked. Therefore, the occurrence of a future large shallow earthquake on the 
PNG seismogenic fault or other thrusts accommodating the convergence in the shallower sedimentary section 
(e.g., fold-thrust deformation) could be possible.

5. Conclusions
In this study, we generate both coseismic and postseismic displacement fields covering the 2018 PNG earthquake 
using InSAR data. We find that the InSAR observations can be well explained by fault slip on one flat-ramp 
seismogenic fault dipping northeastward beneath the PFB, with a strike angle of 297°, a shallow dip angle of 
27° and deep dip angle of 46°. Coseismic slip is dominated by fault thrust slip with a peak value of 4.9 m, and 
postseismic slip is mainly located in two separate deep postseismic slip (DPS) and one SPS zones. The fault 
slip models suggest that coseismic slip ruptured down to 30 km in the crystalline basement implying that active 
thick-skinned structures exist beneath the PFB and play an important role in the current PNG frontal orogen 
evolution. Complex fault slip patterns, including the coexistence of seismic and aseismic slip behaviors in the 
SPS zone and the overlapped coseismic and postseismic slip in the DPS zone, indicate remarkable heterogeneity 
in fault frictional properties. Distinct shallow and deep fault slip patterns, and deep inherited basement deforma-
tion and shallow fold-thrust deformation in the sedimentary cover confirm that stress-strain partitioning exists in 
the oblique collision PNG orogen. The observed SSD was not fully compensated by postseismic slip and off-fault 
inelastic deformation during the observation period, indicating that the occurrence of future shallow earthquakes 
in the area cannot be ruled out.
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Data Availability Statement
ALOS-2 SAR images are provided by the Japan Aerospace Exploration Agency (No. ER3A2N521). The 
GAMMA commercial software is obtained from https://www.gamma-rs.ch/software. The Coulomb3 software 
is available from https://www.usgs.gov/software/coulomb-3. The Generic Mapping Tools created figures are 
obtained from https://www.genericmapping-tools.org/. Regional faults are obtained from http://datashare.igl.
earthquake.cn/map/ActiveFault/introFault.html. The seismicity catalog used in this work is openly available at 
the United States Geological Survey (https://earthquake.usgs.gov/earthquakes/search/) and International Seismo-
logical Centre (http://www.isc.ac.uk/iscbulletin/search/fmechanisms/interactive/). Several figures were prepared 
using the Generic Mapping Tools software (Wessel et al., 2019). The processed data used in the study are avail-
able (http://doi.org/10.5281/zenodo.6596540).
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