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Abstract The Indonesia-Australia-New Guinea collision zone comprises a complex system of tectonic
blocks whose relative motion accommodates convergence of the Sunda Block, Pacific, Australian, and
Philippine Sea plates. Previous studies have considered either the western or eastern ends of this system,
in eastern Indonesia and Papua New Guinea, respectively. However, these studies had limited ability to
characterize either the kinematics of the central part of the system or transitions in tectonic regime across
it. In this study, we perform a simultaneous inversion of 492 earthquake slip vectors and 267 GPS velocities
to quantify the block movement spanning the Sunda-Banda Arc, Western New Guinea, and Papua New
Guinea. Our best-fitting kinematic block model comprises 23 elastic blocks, for which we estimate the
rotation rates and block boundary slip rates. We show how the Cenderawasih Bay sphenochasm was likely
formed by a combination of both rotations (2.82 + 0.11°/Myr anticlockwise) of the Bird's Head Block

and southwest-directed convergence (39.9 + 1.7 mm/yr) along the Lowlands fault. Our estimated relative
slip vectors across the New Guinea Fold-and-Thrust Belt indicate a transition in the tectonic regime of the
block boundary from predominately thrust faulting at its western segment, with a convergence rate up to
19.5 + 0.6 mm/yr, to predominately sinistral motion in the center segment with slip rate ~7 mm/yr, and
returning to thrust in the eastern segment with a convergence rate up to 9.0 & 0.5 mm/yr, implying the
combined effect of multiple driving mechanisms.

Plain Language Summary The Indonesia—Australia-New Guinea collision zone is an east-

west elongated belt of complex tectonics at the northern edge of the Australian Plate, where the northward
movement of the Australian continental lithosphere is accommodated by relative movement among a series

of “microplates” in Indonesia and New Guinea. The interactions among these plates span the full gamut of
tectonic phenomena. In this study, we use GPS measurements of crustal motion and earthquake data to estimate
the motion of the tectonic units (plates and microplates) within the collision zone. While previous studies

have considered either the western or eastern parts of this collision zone in isolation, in this study we consider
together all the blocks spanning the zone from west to east. We show that this provides greater insight into
changes in the tectonic regime through the center of the collision zone, and allows us to establish a new model
for the development of the Cenderewasih Embayment in north-central New Guinea.

1. Introduction

We define the Indonesia—Australia—New Guinea collision zone (IANGCZ) as the area where the Australian,
Philippine Sea, and Pacific Plates and the Sunda Block, all converge (Figure 1). The IANGCZ comprises the
eastern islands of the Indonesian archipelago, the island of New Guinea (the Indonesian provinces of West Papua
and Papua, and Papua New Guinea [PNG]), and the northern edge of continental Australia. The IANGCZ is
characterized by rapid oblique convergence, resulting in complex orogenesis, frequent earthquakes, and volcanic
activity (Figure 1; Figure 2; Baldwin et al., 2012; Bock et al., 2003; Hamilton et al., 1979; Koulali et al., 2015,
2016; Puntodewo et al., 1994).

Regions with active tectonic activity like the IANGCZ are often delineated in global plate models as “deform-
ing zones” (Kreemer et al., 2014) or "orogens” (Bird, 2003), for which crustal motion data are excluded from
the determination of the otherwise rigid plate motion. Even as early as the 1970s, however, it was recognized
that such areas of deformation are often themselves usefully described in terms of discrete “microplates” (e.g.,
Alvarez et al., 1974; Dewey et al., 1973), relatively small-scale blocks with little internal deformation except near
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their edges, where much higher strains are experienced relative to the microplate interiors. While imperfect—
microplate boundaries may be difficult to define, and their interiors are not perfectly rigid—kinematic microplate
models have proven useful in interpreting crustal motion and earthquake data in many regions worldwide (see
McCaffrey et al. (2002), for a useful overview with examples from Sumatra, Oregon, and Costa Rica). It is the
approach we use in this study, building on the many previous studies that have used it to describe different parts
of the IANGCZ.

Most early kinematic studies of the IANGCZ were based on earthquake and geologic data (Fitch, 1970, 1972).
The first GPS measurements took place in 1991, and early studies of GPS velocities provided preliminary
broad-scale estimates of relative motion between the major plates—the Australian and Pacific plates, and the
Sunda Block (Puntodewo et al., 1994; Socquet et al., 2006; Stevens et al., 2002; Tregoning et al., 1994). With the
ongoing development and full deployment of the GPS space segment, improvements in GPS receiver technology,
and continual reductions in GPS receiver costs, more detailed GPS-based studies of microblock motions were
possible. Studies in the 1990s and 2000s delineated the microblock motions of either the western part of the
IANGCZ in eastern Indonesia (Bock et al., 2003; Koulali et al., 2016, 2017; Nugroho et al., 2009; Puntodewo
et al., 1994; Simons et al., 2007; Socquet et al., 2006; Stevens et al., 2002; Tregoning et al., 1994), or the eastern
part in Papua New Guinea (Biemiller et al., 2020; Koulali et al., 2015; Tregoning, 2002; Tregoning, Lambeck,
et al., 1998; Tregnoning et al., 1999, 2000; Wallace et al., 2004, 2014). However, as indicated in Figure 1, several
major faults extend from the western to the eastern part of the IANGCZ, and these are likely associated with
large-scale deformation affecting both regions. Without considering the full breadth of the IANGCZ, previous
kinematic models cannot fully and accurately characterize changes in tectonic regimes along such faults.

In addition, in the central part of the IANGCZ—the Indonesian provinces of Papua and West Papua, as well
as western PNG—the kinematic studies are fewer and mainly focus on the Bird's Head region or regard all of
Western New Guinea as a single block, due to the lack of data and the remoteness of the region (e.g., Bock
et al., 2003; Pubellier & Ego, 2002; Stevens et al., 2002). The paucity of GPS data to constrain detailed kine-
matic models in the Banda Sea and West New Guinea led to a wide-ranging debate on the origin and mecha-
nism of the tectonic structures in this area. For example, the tectonic evolution of Cenderawasih Bay (Babault
et al., 2018; Charlton, 2000, 2010; Francois et al., 2016); along-strike changes in motion along the New Guinea
Fold-and—Thrust Belt NGFTB (Baldwin et al., 2012; Cloos, 2005; Hill et al., 2003);) and the driving mechanism
of some highly active faults (like the Tarera-Adiuna fault, Lengguru fault, and Seram Trough; Bailly et al., 2009;
Baldwin et al., 2012; Cloos, 2005). These studies are mainly based on geological and seismic data, and the defor-
mation in this complex plate boundary zone has not been well quantified. Due to the lack of GPS measurements,
it is difficult to determine the micro-block boundaries of a more sophisticated model. Therefore, the previous
kinematic results for West New Guinea have significant uncertainties, and the motion rates for the deformation
area have not all been accurately estimated.

To address the issues mentioned above, we develop a broad-scale kinematic model that spans 5,000 km from
longitude 110°E to 156°E, which in addition to microblocks in the western and eastern IANGCZ taken from
the studies mentioned above, includes several new microplates in western New Guinea, as described below. For
western New Guinea, the reprocessed data from 28 GPS sites allow us to develop a completely new model that
includes the Bird's Head Block and six new microplates in the central portion of the IANGCZ. These are the
Yapen, Cendrawashih Bay, Tarera-Adiuna, Forearc, and West New Guinea Highland blocks, and the Mamber-
amo deformation zone (YAPE, CEND, TABL, FORE, WNGH, and MDZ, respectively; Figure 3a). Also, some
block boundaries defined in previous studies are adjusted to optimize the fit to the full dataset. Our new model
links up the broader kinematic picture between PNG, Western New Guinea, and east Indonesia, which empha-
sizes first-order kinematic characteristics associated with deformation along the large-scale tectonic structures.
We synthesize the previous regional GPS studies in conjunction with newly available geologic and seismologic
observations from across the region to develop a consistent and coherent kinematic description for the whole
IANGCZ.

2. Tectonic Setting and Kinematic Blocks

The east-west trending IANGCZ accommodates relative plate motion between the major tectonic plates through a
complex system of fault-bounded tectonic blocks (Socquet et al., 2006; Stevens et al., 2002; Tregoning et al., 2000;
Wallace et al., 2004). In this section, we consider the details of the tectonic setting along the IANGCZ, starting
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Figure 1. Topography and tectonic map of Indonesia—Australia—New Guinea collision zone. Tectonic boundaries are derived from Baldwin et al. (2012), Chen

et al. (2019), Cloos (2005), Cummins et al. (2020), Frangois et al. (2016), Jaya and Nishikawa (2013), Koulali et al. (2015), and Spencer et al. (2016). Faults are from
the East and Southeast Asia (CCOP) 1:2,000,000 geological map (downloaded from https://www.orrbodies.com/resource/ccop-geology-south-east-asia/). AFTB: Aure
Fold-and-Thrust Belt; BSSL: Bismarck Sea seismic lineation; BTFZ; Bewani-Torricelli fault zone; BA: Banda Arc; BD: Banda Detachment; CB: Cenderawasih Bay;
DI: D’Entrecasteaux Islands; HP: Huon peninsula; KSZ: Kawa Shear Zone; LFTB: Lengguru Fold-and-Thrust Belt; LFZ: Lagaip fault zone; LLFZ: Lowlands Fault;
NBT: New Britain Trench; MDZ: Mamberamo deformation zone; MF: Masupu Fault; MT: Moresby Trough; NGFTB: New Guinea Fold-and-Thrust Belt; OSFZ: Owen
Stanley fault zone; PFZ: Paniai fault zone; PP: Papuan peninsula; PTFB: Papuan thrust-and-fold belt; RFZ: Ransiki fault zone; RMFZ: Ramu-Markham fault zone; SF:
Semau Fault; SFZ: Sorong fault zone, SLT: Selayar Trough; ST: Seram Trench; TAFZ: Tarera-Aiduna fault zone; TFZ: Tahin fault zone; TT: Trobriand Trough; WR:
Woodlark Rift; WF: Walanae Fault; WT: Weyland Thrust; YFZ: Yapen fault zone. The green patch represents the internal zone of Lengguru fault, and the dark orange
patch represents the external zone of the Lengguru fault, showing different tectonic regimes.
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Figure 2. The global positioning system (GPS) velocity field with 95% confidence interval ellipses was utilized in this study with respect to the Australian Plate. The
names of the GPS sites are shown in Table S1 of Supporting Information S1. In the Sunda-Banda region and West New Guinea, the relocated seismicity data (Mw > 5)
are derived from Supendi et al. (2020), from 2009 to 2018, with depth of less than 150 km. In the Papua New Guinea area, the relocated seismicity data (Mw > 5) are
derived from the ISC Bulletin catalog with the same time and depth range. The solid red lines represent the free-slipping boundaries (locking constrained to zero); the
solid black lines represent the block boundaries.
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Figure 3. (a) Map showing our best-fit block model consisting of 23 plates/blocks. Abbreviations are Sunda block (SUND), East Java block (EJAV), Sumba
block(SUMB), West Makassar block (WMAK), East Makassar block (EMAK), Timor block (TIMO), Banda block (BAND), Seram block (SERA), Bird's Head block
(BRHD), Yapen block (YAPE), Cendrawasih Bay block (CEND), Tarera-Adiuna fault zone block (TABL), Mamberamo deformation zone block (MADB), Forearc
block (FORE), West New Guinea Highland block (WNGH), East New Guinea Highland block (ENGH), North Bismarck block (NBBL), South Bismarck block (SBBL),
Adelbert block (ADBL), Papuan Peninsula block (PPBL), Woodlark block (WDBL), Australian Plate (AUST), and Pacific Plate (PACI). The focal mechanisms are
derived from GCMT. (b) The inset figure corresponds to the red dashed rectangle area in panel a, showing the close-up view of the observed and modeled global
positioning system velocities in Western New Guinea. The zoomed-in view of the two black dashed rectangle areas (Ramu-Markham fault zone and Woodlark Rise) are
shown in Figure S4a and Figure S4b of Supporting Information S1, respectively.

from eastern Java in the west and proceeding eastward to Papua New Guinea. We refer to Figure 1 for the locations
of faults, deformation zones, fold-and-thrust belts, etc., and Figure 3 for the names of the blocks/microplates.

The western part of the IANGCZ has a tectonic setting that continuously transitions from subduction of Austral-
ian plate oceanic lithosphere south of Java to arc-continental collision in the Lesser Sunda Islands, in the western
part of the Banda Arc. The Australian Plate has migrated northward rapidly since the Eocene, leading to the
subduction beneath Java (Hall, 2011). This northward movement is also associated with the collision of the
Australian continental lithosphere with the western Banda arc that began in the Pliocene (Hall, 2011; Roosmawati
& Harris, 2009). This region marks a transition from Eurasian tectonic units in Java and Bali to Australian units
in the Sumba and Savu Islands (Harris et al., 2009). Fold-and-thrust structures have been inferred from marine
seismic surveys and the seismicity distribution, suggesting that back-arc thrusting occurs off the northern shores
of Flores and Sumbawa Islands (McCaffrey & Nabélek, 1984; Silver et al., 1983). This back-arc thrust system,
referred to as the Flores Back-arc Thrust (FBT), seems likely to have an important bearing on the evolution of
the convergent margin.

Global Positioning System (GPS) measurements of crustal deformation in this region demonstrate how the
convergence between the Australian and Sunda Plate transitions from 95% accommodation at the subduction
megathrust off eastern Java to 40% accommodation taking place along the FBT; this is in addition to strike-slip
motion along the Semau Fault, stretching from the western tip of Timor to the island of Alor (Koulali et al., 2016;
Nugroho et al., 2009). This variation in convergence style between eastern Java and the Banda Arc is associ-
ated with the lateral offset of continental collision and oceanic subduction (Miller et al., 2021). In one of the
most recent GPS studies of eastern Indonesia, Koulali et al. (2016) divided the Sunda-Banda Arc into the three
microblocks: East Java, Sumba, and Timor (EJAV, SUMB, and TIMO, respectively, in Figure 3). Taking six
new GPS velocities located in the Banda area into account, Cummins et al. (2020) revised the block geometry
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of Koulali et al. (2016) by using the active Banda detachment fault as a block boundary that separates the Banda
block of Koulali et al. (2016) into the two microblocks, Banda and Seram (BAND and SERA in Figure 3a).

The Banda arc in the central part of the IANGCZ is well known for its near 180° bend within a tight 350 km
radius of curvature. However, the formation of this spectacular curve has long been the subject of debate; there
are two main hypotheses, the single-slab model and the two-slab model (Baldwin et al., 2012; Carter et al., 1976;
Hamilton et al., 1979; Hinschberger et al., 2000, 2001; Spakman & Hall, 2010). According to the model of
Chase (1978), based on intraslab seismicity, two plates are subducting beneath the Banda Sea. One subducts
from the north at the Seram Trough, and the other subducts from the south at the Aru and Timor troughs.
Where the Seram and Aru Troughs merge at the eastern end of the Banda Arc, they are separated by the sinistral
Tarera—Aiduna Fault (Figure 1). These results were reinforced by later studies mainly based on fault plane solu-
tions of earthquakes in Western New Guinea and the Banda arc (Abers, 1989; Das, 2004). However, Spakman
and Hall (2010) put forward a single-slab model which indicates that the spoon-shaped structure of the Banda
slab is primarily caused by the rollback of dense oceanic lithosphere into an embayment enclosed by the conti-
nental crust of the Australian plate. This hypothesis also explains the lack of oceanic lithosphere, or signs of
its consumption, between the Seram and Bird's Head blocks. It is further hypothesized that this slab rollback
has driven lithospheric extension in the Banda Sea, much of which is accommodated by a massive normal fault
known as the Banda Detachment on the western margin of the Weber Deep (Pownall et al., 2016).

East of the Banda Arc, the outline of the island of New Guinea is often described as having the shape of a
bird, and it is divided geographically from west to east into the Bird's Head, Neck, Body, and Tail segments, as
described in many studies (e.g., Cloos, 2005). The Seram Trough, Sorong Fault, and Lengguru fold-and-thrust
belt make up the Bird's Head region, which converges obliquely with Seram Island at the Seram Trough, driving
a sinistral shear zone (Bock et al., 2003; Pubellier & Ego, 2002; Stevens et al., 2002). The Lengguru fault zone
consists of internal and external zones, which have different tectonic regimes (Bailly et al., 2009). The inter-
nal zone is undergoing active extension which is believed to have started ~3 Ma, whilst the external zone is a
compressional regime that accommodates the Australia-Pacific collision. The nature of this young extensional
structure is still under debate (Babault et al., 2018; Bailly et al., 2009; Charlton, 2000). The Tarera-Aiduna fault
zone is the southern boundary of the Bird's Head and Neck regions, comprising a set of highly active east-west
trending sinistral echelon faults (Hamilton et al., 1979; Katili, 1986; McCaffrey, 1989; Watkinson & Hall, 2017).
For most of its length, the Tarera-Aiduna Fault strikes almost parallel to the western end of the New Guinea
Fold-Thrust Belt to the south, before it is terminated in an asymmetrical graben consisting of several NE-SW
trending normal faults (Watkinson & Hall, 2017). Hence, the eastern Tarera-Aiduna Fault is highly seismically
active with different stress regimes.

Cenderawasih Bay is a north-opening triangular embayment linking the Bird's Head block to the Central Ranges
(Bird's Body) of mainland New Guinea (Babault et al., 2018). Charlton (2000), and Charlton (2010) described
the Cendrawashih Bay region as a triangular embayment formed by the 30~40° anticlockwise rotation of the
Bird's Head block with respect to the Australian Plate since ~5 Mya, which suggests a rotation rate of 6~8°/
Myr. However, according to some stratigraphic and geomorphologic studies (e.g., Babault et al., 2018; Dow &
Sukamto, 1984; Francois et al., 2016), the geometry of Cenderawasih Bay has not changed significantly since the
Neogene collision. Francois et al. (2016) suggested that the Bird's Head block and the Lengguru Fold-and-Thrust
Belt both belonged to the north Australian passive margin before the Neogene collision, and their southwestward
drift in the late Miocene resulted in the formation of Cenderawasih Bay, a hypothesis that was supported by
Babault et al. (2018) by combining drainage network analysis, interpretation of seismic lines and thermochron-
ological data assessment.

The GPS measurements from 1991 to 1997 show 75.0 to 80.0 mm/yr southwest motion of Bird's Head block
(BRHD, Figure 3) relative to Australia along a wide shear zone (Stevens et al., 2002). This result is consistent
with the study of Pubellier and Ego (2002), which suggested that the BRHD of West New Papua is an example
of escape tectonics, resulting from the collision between the remnants of volcanic belts carried by the Pacific
Plate and the Australian Plate with the rate reaching 70.0 mm/yr based on seismicity, micro-tectonic data, and
synthetic aperture radar. Bock et al. (2003) generated a relatively simple kinematic model for Western New
Guinea, which regarded the Bird's Head region and Cenderawasih Bay as a single block. They computed the Euler
pole of rotation for the Bird's Head block, suggesting that it rotated anticlockwise at the rate of 2.92 + 0.45°/Myr
with respect to the Australian Plate.
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There are two active inland deformation areas in the Bird's Body section, the Memberamo deformation zone and
the New Guinea Fold and Thrust Belt (NGFTB). The Memberamo region is characterized by fields of active mud
volcanoes and an irregular swampy landscape. It has been regarded as a broad compressive arc that connects the
Yapen and Bewani-Torricelli sinistral strike-slip fault zones (Sapiie et al., 1999; Williams et al., 1984). Further
west, the Yapen fault links with the Sorong fault zone (Baldwin et al., 2012).

The NGFTB is a 4-km-high, 1,300-km-long, E-W trending mountain belt, which stretches from the Bird's Neck
(at the eastern Tarera-Aiduna Fault) to its Tail (west of the Papuan Peninsula) (Abers, 1989; Baldwin et al., 2012;
Bock et al., 2003; Cloos, 2005). Convergence resulting from the oblique collision between the Australian Plate
and the Pacific Plate is partially accommodated by sinistral motion on the Tarera—Aiduna Fault in western New
Guinea and reactivation of the thrust front of the NGFTB (Abers & McCaffrey, 1988; Dow & Sukamto, 1984;
Puntodewo et al., 1994). The convergence rate between the Australian and Pacific plates is around 110 mm/
yr, and only 5%-20% of the convergence is accommodated by the NGFTB based on the volume of the uplifted
mountain range and present-day earthquake activity (Abers & McCaffrey, 1988; Bock et al., 2003). The other
candidates for the accommodation of the remaining convergence are the New Guinea Trench inside the Bird's
Body section, and a complicated array of microplates with a variety of plate boundary types in the Bird's Tail
region, including a strike-slip transform system (Bismarck Sea Seismic Lineation [BSSL]; Taylor, 1979), colli-
sion orogenesis (Abers & McCaffrey, 1988, 1994; Finisterre Arc; Silver et al., 1991), a rifting system (Woodlark;
Taylor et al., 1991) and subduction zones (New Britain Trench; Silver et al., 1991).

The active Bismarck Sea Seismic Lineation (BSSL) is a zone of spreading segments and sinistral transform faults
which separates the Bismarck Sea into South Bismarck (SBBL) and North Bismarck (NBBL) blocks (Taylor
et al., 1991; Tregoning et al., 1999). The subduction of the Solomon Sea forms the New Britain Trench (NBT),
which also drives the seafloor spreading and rifting in the Woodlark Basin and Woodlark Rift (WR), respectively
(Weissel et al., 1982). The style of the plate boundary between the Australian and Woodlark plate accommodates
a transition from divergence (the Woodlark Rift) to convergence (the Papuan Peninsula) over 500 km, along a
reactivated megathrust known as the Owen-Stanley fault zone, which connects with the Ramu-Markham fault
that is formed due to the collision between the New Guinea Highland Block and the SBS block (Davies &
Smith, 1971; Ott & Mann, 2015; Wallace et al., 2004).

In PNG, the first tectonic block model was developed by Tregoning, Lambeck, et al. (1998), which divided the
PNG area into South Bismarck and Woodlark blocks (SBBL and WDBL, Figure 3a). Tregoning (2002) added a
new block (North Bismarck block denoted NBBL in Figure 3a) into their PNG model. The Eastern New Guinea
Highland, Adelbert, and Papuan Peninsula blocks (ENGH, ADBL, and PPBL) were proposed and analyzed by
Wallace et al. (2004, 2014). Wallace et al. (2004) used GPS data in the New Guinea Highlands to show the
ENGH has motion distinct from the Australian Plate, and similarly proposed the existence of a separate ADBL.
They simultaneously estimated block Euler vectors in eastern New Guinea and interseismic fault locking on
the Ramu Markham Fault using a densified network of sites through the New Guinea Highlands and Finisterre
collision zone, adding 35 new sites to the previously sparse network in the region. In contrast, the model of
Koulali et al. (2015) included additional data from the New Guinea Highlands region and found that the ENGH
rotates clockwise about a pole located northwest of the block. Wallace et al. (2014) made geodetic measurements
at a dense network of sites in the Woodlark Basin/Papuan Peninsula region in southeast Papua New Guinea, to
undertake a detailed assessment of the distribution and rates of rifting in the WR, defining several microblocks
along the WR.

3. Data and Method
3.1. GPS Velocities and Earthquake Slip Vectors

We reprocessed GPS observations collected from 28 campaign stations located in West New Guinea and acquired
two new GPS data from the stations at Timor Island (McCaffrey, 2002, 2005). The reprocessed data were
collected from 2002 to 2004 and processed using the GAMIT/ Global Kalman Filter (GLOBK) software suite
(Herring et al., 2010; Herring, King, & McCkusky, 2015; Herring, King, Flyod & McClusky, 2015). The GPS
sites were observed with three different antenna and receiver combinations: TRM29659.00/Trimble 4000 SSI,
TRM41249.00/Trimble 5700, and ASH701975.01A-GP/Ashtech UZ-12.

In East Timor, new GPS observations from the stations DILI and SAME were processed. The DILI station is
a semi-permanent station occupied from 2018 to 2019. The SAME station is a campaign station that has been
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surveyed in 2005, 2018, and 2019. Both stations were occupied using TRM39105.00/Trimble 5700. The GPS
data processing procedure follows the two-step approach described by Reilinger et al. (2006). In the first stage, we
used GAMIT to obtain the ‘h-files’, a loosely constrained covariance matrix of station positions. Using GAMIT,
the ionosphere-free combination of phase observations was used to estimate station positions, phase ambiguities,
earth rotation parameters, and the zenith troposphere delay while the International GNSS Service (IGS) final
satellite orbits were held fixed. The IERS2010 standard solid Earth tide and sub-daily earth rotation correction
models and the FES2004 ocean tide loading model corrections computed by the Onsala Space Observatory were
applied. In the second stage, we used the GLOBK to combine data in a single solution and generate velocity
field estimates and position time-series. We include the GPS data from 13 continuous IGS global stations to tie
our local network into the ITRF 2014 reference frame. We also used the first-order Gauss—Markov extrapolation
algorithm described in Herring, King, and McClusky (2015) to estimate the realistic noise properties of the
GPS time-series used to scale the estimates of velocity uncertainties. This procedure has been used previously
and reviewed extensively in many studies (e.g., Koulali et al., 2015, 2016, 2017; Reilinger et al., 2006; Wallace
et al., 2004, 2014). The position time-series are examined for offsets and outliers, resulting from antenna changes
or earthquakes (Tregoning et al., 2013). However, the GPS sites at Western New Guinea are not temporally dense
enough to enable correcting of the coseismic offsets. Therefore, we excluded the nine GPS velocities which
were displaced coseismically by a series of earthquakes with Mw > 5.5 that occurred at the southern Lowland
faults and northern Lengguru fault, between 2002 and 2004 in Western New Guinea (Figure S1 of Supporting
Information S1).

‘We combined the velocity estimates from the 28 reprocessed and two newly processed stations with the velocities
published in previous studies, including Biemiller et al. (2020); Bock et al. (2003); Cummins et al. (2020); Genrich
et al. (1996), Koulali et al. (2015, 2016, 2017); Kreemer et al. (2014); Meilano et al. (2021); Phillips (2003);
Tregoning, Lambeck, et al. (1998); Tregoning, Tan, et al. (1998); Tregoning et al. (1999); Stevens et al. (2002);
Simons et al. (2007); Wallace et al. (2004, 2014). Since this study combined data from several different solutions
and studies, there are often multiple velocity estimates available for sites; in this case, we computed the weighted
average of the velocity estimates which are within two standard deviations, and we also considered the uncer-
tainty of the estimates from different studies. After removing duplicates and outliers as described above, 267
high-quality GPS velocities were selected for inversion. Finally, in order to better analyze the kinematic pattern of
the entire broad-scale model, we choose the Australia Plate which interacts with the entire length of the IANGCZ
as the reference frame. All the velocity solutions were optimally rotated into the Australia-fixed reference frame
by resolving a rotation of the dataset that minimizes the velocities at the sites located in the Australia Plate using
TDEFNODE (McCaffrey, 2009), which applies simulated annealing to downhill simplex minimization (Press
et al., 1989). The 267 GPS velocities are presented and plotted in an Australian-fixed reference frame in Table S1
of Supporting Information S1, Dataset S1 of Supporting Information S1, Figure 2, and Figure S2 of Supporting
Information S1.

Earthquake slip vectors are derived from earthquake focal mechanisms, which provide important information
about the directions of plate motion in estimating the Eulerian pole of each block/plate (Aki & Richards, 1980;
DeMets et al., 1990, 1994). For the kinematic modeling, earthquake slip vectors can be used to constrain the
azimuth of block motions (Koulali et al., 2015, 2016; Tregoning & McQueen, 2001; Wallace et al., 2004). In
our study, we utilized 492 earthquake slip vector azimuths in total (Figure S3 of Supporting Information S1;
Dataset S2 of Supporting Information S1). Most of them are derived from the Global Centroid Moment Tensor
(GCMT; Ekstrom et al., 2012) catalog for events shallower than 100 km and Mw > 5.5 from 1976 to 2018.
We also include the earthquake slip vectors used in Koulali et al. (2015). We allowed 20° uncertainties in slip
orientation in the inversion. Since for any moment tensor, there are two nodal planes, either of which may corre-
spond to the actual fault plane, each calculated earthquake slip vector can have one of two possible azimuths
(Cronin, 2004). Hence, we made geologically reasonable choices for the slip vectors, by considering the detailed
tectonic maps and mapped faults (Figure 1).

3.2. Kinematic Modeling

Observed long-term crustal velocities can be modeled as a sum of high rates of internal strain accumulation in
the areas adjacent to block boundaries and rigid block rotations specified by Euler pole rotations(McCaffrey
et al, 2000, 2002; Meade & Hager, 2005). We follow the block modeling method in TDEFNODE
(McCaffrey, 2009), which specifies the block motions via angular velocities on the surface of a sphere and
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applies interseismic “back-slip” along the block boundaries (Savage & Burford, 1973). All the GPS velocities
and earthquake slip vectors are inverted simultaneously to estimate the Euler vectors of blocks and coupling
fractions, defined as the ratio of locked to total slip on the major block boundary faults. Block boundaries are the
most important prerequisites for the inversion, and they were initially determined from the seismicity (Mw > 5)
distribution (Figure 2), GPS velocity field (Figure 2), mapped faults (Figure 1), and the models from previous
studies (e.g., Bock et al., 2003; Cummins et al., 2020; Koulali et al., 2015, 2016; Stevens et al., 2002; Wallace
et al., 2004, 2014). The choice of threshold magnitude for earthquake data varies among the previous kinematic
studies, which choose a similar or even smaller magnitude threshold than used here for the initial boundary deter-
mination (Koulali et al., 2015, 2016; Reilinger et al., 2006; Wallace et al., 2004, 2014). The block boundaries
were then adjusted by minimizing the data misfit as expressed by the chi-square statistic y,> value and applying
the ratio F-test to verify the significance of fit improvement (Stein & Gordon, 1984).

In Western New Guinea, the downdip geometry for the subduction zone is based on the U.S Geological Survey's
Slab 2.0 model (Hayes, 2018), and seismicity cross-sections for the other block boundary faults not covered
by Slab 2.0 (e.g., Lengguru fault zone, Lowlands fault zone, Ransiki fault zone, and Mamberamo deformation
zone). Fault nodes are placed along the depth contours of the faults, every 5 km in the upper 30 km and every
10 km from 30 to 50 km. We considered as free-slip (i.e., locking is constrained to zero) boundaries those block
boundaries that are less well determined due to: the lack of historical earthquakes; no coverage by the Slab 2.0
model; lack of good GPS coverage and/or ambiguity in the tectonic maps (Figure 1). As described above, in the
Sunda-Banda region and PNG, most boundary faults and block geometries are mainly described based on Koulali
etal. (2015, 2016), respectively. Compared to Koulali et al. (2015), Wallace et al. (2014) have given the Woodlark
region, southeast PNG, a more detailed kinematic analysis, including additional microblocks. Considering that
the main aim of our study is to investigate the large-scale first-order tectonic structures, our southeast PNG block
geometries were derived from the simpler model in Koulali et al. (2015), rather than attempting to reproduce
the work in Wallace et al. (2014). However, some geometries of the blocks located in the central IANGCZ (e.g.,
FORE and ENGH blocks) are revised in this study according to recently mapped faults, updated GPS velocity
field, and relocated seismicity distribution so that the merged broad-scale block model is tectonically and geodet-
ically reasonable. The updated GPS velocities give us more comprehensive observations of the deformation,
which allows us to improve the block model constraints. We parameterize the locking along the Sunda-Banda
forearc and Flores back-arc thrust as a modified Wang et al. (2003) function such that the full coupling ratio
(@ = 1) decreases down-dip exponentially until no coupling (@ = 0). The depth of the top and bottom of the
transition zone are parameters determined by the inversion. The locking parameters for the active boundaries of
PPBL, SBBL, NBBL, and WDBL are derived from the previous PNG kinematic model in Koulali et al. (2015).
The parameterization of the other boundary faults in our model is simplified by fixing uniform locking to the
depth of 10~20 km, in order to reduce the number of free parameters.

4. Preferred Best-Fit Model Geometries

Our best-fit kinematic model consists of 23 crustal blocks (Figure 3) and was compared with 10 models having
different geometrical configurations (Figure S5 and Table S3 of Supporting Information S1). We compare the
values of normalized root mean square (NRMS) and weight root mean square (WRMS) of the corresponding
blocks in the different models, which provides a statistical measurement of the variance between the predicted
values and observed GPS velocity values on common blocks (Barondess & Utku, 1963; Chen et al., 2010; Di
Piazza et al., 2016; Willmott & Matsuura, 2006). The F-ratio test put forward by Stein and Gordon (1984) is
also performed in this study to verify the significance of changes in the fit between competing models (Table
S3 of Supporting Information S1). The best-fit model suggests a higher goodness-of-fit for the earthquake slip
vectors in the eastern PNG area (Figure S3 of Supporting Information S1). This is consistent with the defor-
mation in the Bismarck Sea seismic lineation and NBT in eastern PNG being predominantly controlled by the
high-slip first-order tectonic structures. Whereas some deformation zones in the Banda arc and West New Guinea
regions (e.g., Lowlands and Lengguru fault zones) comprise a series of small-scale faults with similar regimes,
which leads to the relatively high residuals, as our model simplifies these deformation zones as single large-scale
tectonic boundaries.

In Western New Guinea, we suggest a new model geometry that subdivides the region into eight micro-blocks.
Unlike previous studies (e.g., Bock et al., 2003; Stevens et al., 2002), which defined the Bird's Head and Neck
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regions as a single block, we consider the Bird's Head and Neck regions as separate blocks. We split the Cend-
erawasih Bay area into three micro-blocks (YAPE, CEND, and TABL) using the Biak Thrust, Yapen Fault,
Weyland Overthrust, Lowlands fault zone, Lengguru fold-and-thrust belt, and Tarera-Adiuna Fault as the active
block boundaries. The highly seismically active MDZ connects sinistral strike-slip motion on the Yapen Fault in
the west with the same style motion on the Bewani-Torricelli fault in the east (Cloos, 2005; Sapiie et al., 1999).
Together these are considered as the southern boundary of the FORE block in our study. According to the distri-
bution of the historic earthquakes in this area (Figure 2), the southeast tip of the MDZ connects with the sinistral
Tahin fault zone (Figure 1), which separates the Bird's Body region into WNGH and ENGH blocks (Figure 3).
Although the seismological data illustrates that the WNGH and CEND blocks could be subdivided into more
complex configurations, additional microblocks will not improve the goodness of fit statistically due to the low
density of GPS observations (Figure 3).

For the Sunda-Banda area, we applied similar block geometries to Koulali et al. (2016). However, since new GPS
observations from the Banda region were used in the inversion, the previous kinematic model configurations from
Koulali et al. (2016) illustrated distinct residuals, especially for site CUAL, which revealed that the Tual Island
site should not be modeled in the TIMO block (Figure S5b of Supporting Information S1). Cummins et al. (2020)
put Tual Island (site CUAL) and Yamdena Island (site CSAU) into the same SERA block, obtaining a relatively
small residual at each site, whilst the SERA block exhibited large NRMS/WRMS and ¥, values (9.14/2.69 and
11.1, respectively), (Figure S5¢ of Supporting Information S1). We found that these NRMS/WRMS and y,2
values for the SERA block can significantly decrease to 2.71/0.75 and 9.4 when the site CSAU is instead included
in the TIMO block, while for the TIMO block, the statistic measurements did not show a demonstrable change.
This indicates that the tectonic block in which site CSAU is located has the same kinematic properties as the sites
in the TIMO block. Hence, we modeled the SERA block as one curved block, including the entire Weber deep
and bounded in the east by the Aru and Seram Troughs, and bounded in the west by the Banda Detachment and
Kawa Shear Zone, which cuts through the length of Seram Island. We merge Yamdena Island into the TIMO
block, utilizing the Timor Trough and Tanimbar Trough as the southern boundary of the TIMO block. We utilized
a boundary based on seismicity separating the TIMO and SERA blocks to decrease the y,? value and satisfy an
F-test (Figure S5 and Table S3 of Supporting Information S1). This new boundary setting is consistent with the
seismic zone defined by Rahmadani et al. (2022).

Koulali et al. (2016) defined the boundary between the Western and Eastern Makassar Blocks (WMAK and
EMAK, respectively) by combining the southern Palu, Masupu, and Walanae Faults, extending the latter offshore
along the Selayar Trough, and then continuing this boundary in a southward direction until it connects with the
Flores Back-arc Thrust. We note, however, that this latter southward extension is not well supported by bathym-
etry or seismicity, and does not follow the Selayar Islands chain where it bends sharply eastward, just south
of the Selayar Trough. In December 2021 a large, Mw 7.3 earthquake occurred with a dextral rupture along a
fault oriented along this southeast extension of the Selayar Islands chain (GCMT). We have therefore adjusted
the EMAK/EMAK boundary to follow this eastward bend in the Selayar island chain, extending southeastward
along the strike of the 2021 earthquake until it connects with the Flores back-arc thrust (Figure 2; Figure 3a).
This coincides with the Kalaotoa Fault identified by (Supendi et al., 2022) as the source of the 2021 earthquake.

5. Some Implications Based on the Broad-Scale Kinematic Model Results

The relative slip rates across the block boundaries between the adjacent blocks and the Euler rotation rate of each
block derived from our best-fit model are shown in Figure 3 and Table S2 of Supporting Information S1, respec-
tively. We compared our estimated Euler vectors with the results from previous studies, as summarized in Table
S2 of Supporting Information S1. To understand the slip partitioning mechanism, we also decompose slip rates
into normal and parallel components (Figure 5).

Most of our results show some agreement with previous estimates, and our more comprehensive datasets give
better constraints and smaller uncertainties. On the other hand, there are many areas that still lack enough GPS
measurements to provide well-constrained block velocities, in which case the uncertainties are considerable. The
Yapen fault zone (YFZ), as expressed in the Biak Basin, actually consists of two parallel, active sinistral faults
striking WNW-ESE and separated by a 30 km zone of complex faulting (Memmo et al., 2013). The GPS sites
on Yapen Island (POM2 and YAPE) are affected by this complex internal deformation on the island, causing
the relatively large modeling residuals at these two sites. In addition, according to the earthquake distribution
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(Figure 2) and focal mechanisms (Figure 6), a dextral strike-slip fault extends from Yapen Island to the Lowlands
fault zone, forming an active strike-slip deformation zone at the northeast corner in our CEND block, which
drives the slip at the north Lowlands fault zone but is not involved in the block modeling since there are no GPS
observations to constrain this unmapped strike-slip fault (Figure 3). Hence, we exclude from our analysis the GPS
site WREN located near this possible active boundary, to avoid having NW-SE motion on this fault influence
the block modeling (Figure 2; Figure 6). In our model, the Yapen fault and Tarera-Adiuna fault are highly active
with 36.9 + 3.9 and 61.3 + 1.4 mm/yr predominantly sinistral slip, respectively, consistent with the existence of
local extensional structures (Charlton, 2000, 2010; Cloos, 2005). Our estimated relative motion rate along the
Tarera-Adiuna fault is consistent with the early seismic study of McCaffrey and Abers (1991), which suggested
the Tarera-Adiuna fault zone accommodates ~60 mm/yr of sinistral motion.

5.1. Kinematics for Three Triple Junction Systems in the Model

Along the eastern boundary of the SERA block, the kinematic scenario shows a transition from thrusting to
normal faulting, marked by its intersection with the highly active sinistral Tarera-Adiuna Fault which separates
the Seram from the Aru Trough. The Banda block shares the same boundary as the SERA block, indicating
23.8 + 1.2 mm/yr of sinistral slip rate along the Kawa Shear Zone. This sinistral slip continues along the Banda
Detachment with a small component of normal slip (~12 mm/yr). The Bird's Head Block rotates anticlockwise
relative to the Australian Plate at a rate of 2.82 + 0.11°/Myr, resulting in an average 26.7 + 1.3 mm/yr of south-
westward motion that is accommodated by the Tarera-Adiuna fault to the south, and contributes to convergence
along the Seram Trough (Figure 4; Figure 5). The Tarera-Adiuna Fault intersects the outer Banda Arc where the
Seram and Aru Troughs meet, accommodating a shift in footwall movement from SW (i.e., convergent) to NE
(i.e., divergent) motion relative to the Australian plate with an average rate of ~25.1 mm/yr. This extensional
movement is consistent with the recorded focal mechanisms (Figure 3) and also provides kinematic evidence for
the Spakman and Hall (2010) rollback model in the Banda arc, explaining the formation of this spoon-shaped
embayment. The SERA, BRHD, and AUST blocks comprise a triple junction system. The three boundaries
consist of a compressional Seram Trench, an extensional Aru Trough, and a sinistral strike-slip Tarera-Adiuna
Fault, following the Ridge—Trench-transform Fault type put forward by McKenzie and Morgan (1969) and show-
ing high stability based on the estimated relative velocity vectors (Kearey et al., 2013).

In the PNG area, comparing with Koulali et al. (2015), in addition to the GPS data derived from Koulali
etal. (2015), we added the GPS velocities from Wallace et al. (2014) and Biemiller et al. (2020) into the inversion.
These additional velocities are mainly distributed around the Huon Peninsula, Papuan Peninsula, and D’Entrecas-
teaux Islands. Although some of the tectonic complexity of this region results in internal block deformation not
associated with block boundary locking, our model provides a good fit for the GPS observations in Southeastern
PNG. This suggests that most of the deformation is associated with the rotation and locked boundaries of the
blocks in our model. Also, our results for block boundary slip are mostly consistent with previous studies on the
crustal block rotation and strain associated with fault locking (Biemiller et al., 2020; Wallace et al., 2014). For
example, the rapid clockwise rotation of the south Bismarck plate results in a rapid escalation of convergence
rate along the Ramu-Markham fault: from 3.4 + 0.3 mm/yr at the northern end of the west ADBL boundary to
25.2 + 1.7 mm/yr at the Huon Peninsula area, and it increases further to 45.5 + 1.5 mm/yr at the junction of
the NBT and Ramu-Markham fault, which is consistent with Wallace et al. (2004) (Figure 3 and Figure 4). The
convergence rate also increases along the New Britain Trench, reaching 149.6 + 3.3 mm/yr at 152.8°E, which
is consistent with Wallace et al. (2014) indicating the highest convergence on the NBT is up to ~150 mm/yr.
The estimation of the pole of rotation of the Woodlark block with respect to the Australian Plate is at longitude
147.82°E, latitude —9.19°S with an anticlockwise rotation of 2.61 + 0.06°/Myr, resulting in decreasing exten-
sional rates from 43.4 + 0.9 mm/yr at 156.8°E to 10.4 + 0.3 mm/yr at 149.8°E along the Woodlark Rift, with
continued reduction in slip rate along the Owen Stanley fault zone to as low as ~1 mm/yr. Again, these are close
to the estimated slip rates along the same faults in Wallace et al. (2014) using the Trobriand Block/Austral-
ian Plate Euler pole rotation. Wallace et al. (2014) studied the Woodlark area in more detail, subdividing the
WDBL of this paper into six smaller microblocks, including a Trobriand Block and the Solomon Sea and Wood-
lark Plates. While this finer microblock configuration reveals important details of the extension and continental
breakup occurring in this part of PNG, our results for the larger-scale block movement and fault slip are very
similar to those of Wallace et al. (2014). For example, the Trobriand block in Wallace et al. (2014) is the largest
of the six microblocks, accounting for over 60% of our WDBL, and the estimated pole of rotation of our WDBL is
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Figure 4. (a) Relative fault slip vectors across the active block boundaries with 95% error ellipses. The abbreviation of each active fault has been defined and indicated
in Figure 1. The magnitude of the slip vectors is proportional to the size of the arrows. Arrows show the movement of a hanging wall relative to a footwall, and the
tails of arrows are located on the hanging wall. The green wedges represent the block rotation rate with respect to the Australian Plate. If the wedge is open to the

west, it represents the anticlockwise rotation of the block, or conversely (scale is located at the lower right corner in red). The blue wedges indicate the uncertainties

of the rotation rates. Since the YAPE, TABL, and MABL blocks only contain one global positioning system (GPS) observation, the rotation estimates have significant
uncertainties. Therefore the results are not shown here. For the northern boundary of the Yapen fault, we chose to use the estimated slip vector with the smallest
uncertainty located both near the GPS velocity in the Yapen block and related earthquake slip vectors to indicate the deformation of the Yapen fault northern boundary.
The estimated location of the Euler pole for each block is given in Table S2 of Supporting Information S1. (b) The inset figure corresponds to the red dashed rectangle
area in panel a, showing the close-up view of the estimated slip vectors in Western New Guinea. Note that the color scale is different for each figure.

consistent with that of Wallace et al.’s (2014) Trobriand block, —2.69 + 0.13°/Myr with the pole at the longitude
147.85°E, latitude —9.54° (Table S2 of Supporting Information S1).

The pre-rift evolution of the Woodlark Basin includes arc volcanism, subduction, and arc-continent collision,
which was partially accommodated by the Moresby Trough (MT; Baldwin et al., 2012). As the southwest bound-
ary of the PPBL Block, we estimate a convergence on the order of 4 mm/yr across the MT. While the Aure Fold
and Thrust Belt (AFTB) is a region of diffuse seismicity likely reflecting activity on the distribution of small
faults, we have represented it as a single fault that separates the Eastern Highlands and the Papuan Peninsula
blocks (ENGH and PPBL, respectively). Our estimate for relative motion on the AFTB increases from 5.7 + 0.9
at its southern end, where it merges with the MT, to 6.5 + 0.6 mm/yr at its northern end, where it intersects the
RMFZ.

We note our kinematic model results in extremely high relative velocity along the Weitin Fault, at the bound-
ary between the North and South Bismark blocks (NBBL and SBBL, Figures 1 and 3a). Previous studies have
also resulted in high slip rates along this transform fault zone, with Tregoning et al. (1999) obtaining 130 mm/
yr, Wallace et al. (2004) 140 mm/yr, and Koulali et al. (2015) 144 mm/yr. The sinistral relative block motion
we obtain is 145.7 + 3.1 mm/yr but could be higher (up to ~171 mm/yr) if include site RABL in the analysis
(Tregoning et al., 1998a; Figure S1 of Supporting Information S1). The site RABL was not included in our anal-
ysis because it is on a highly active volcano and its velocity may be strongly influenced by volcanic processes
unrelated to plate motion. However, the influence of the volcano activity on site RABL has not been quantified,

ZHAO ET AL. 11 of 20

851901 SUOLULLIOD) SISO |qedlidde au) Aq pauieA0B 8.2 s3I YO B8N JO 3N J0j ARG 8UIIUO A3]IA UO (SUORIPUOD-PUB-SLLLBILIOD A |IMAR.q 1 PUIIUO//SI) SUORIPUOD PUe SW 1 8U) 885 *[GZ0Z/70/20] U0 AT 8UIIUO AB]IA *|1UNOD UD1easay [EIINBIN PUY UIESH [BUO RN AQ 0T8YZ0ECZZ02/620T OT/I0p/L0d A8 |1 Afeiq 1 puljuo'sandnBe//sdny Wwoiy papeojumod ‘g ‘€202 ‘9566912



I Y ed N | . .
A\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB024810
110°E 113°E 116°E 119°E

122°E 125°E 128°E 131°E 134°E 137°E 140°E 143°E 146°E 149°E 152°E

1°s

10°s

Parallel slip rate (mm/yr)

10°s

Normal slip rate (mm/yr)

N
o
1S)

T

110°E 113°E 116°E 119°E

Figure 5. (a) The fault-parallel componen

122°E 125°E 128°E 131°E 134°E 137°E 140°E 143°E 146°E 149°E 152°E

t of relative fault slip rates; positive value represents dextral strike-slip, and a negative value represents sinistral strike-slip

(b) The fault-normal component of relative fault slip rate; positive value represents an extension, and a negative value represents compression. The value of the slip
rate is logarithmically proportional to the size of the symbol for better visualization. The dashed rectangles A and B represent the area that will be further discussed in

Figures 6 and 7, respectively.

so we cannot exclude the possibility that it is small, and that the velocity of RABL is reflecting an even higher
slip rate along the Weitin Fault of 171 mm/yr.

This compares with 50-57 mm/yr along the Queen Charlotte Fault offshore western British Columbia, described
by Brothers et al. (2020) as having “the fastest rate for a continent-ocean strike-slip fault on Earth”, or 42 mm/year
for the Palu Koro Fault in Indonesia (Socquet et al., 2006), which is also regarded as having a very high slip rate.
While some ocean transform faults, such as some relatively short transform segments along the East Pacific Rise
(Lonsdale, 1978) or near the northern edge of the Tonga Trench, may have higher slip rates, we believe the Weitin
fault has by far the highest slip rate of any major (i.e., greater than 200 km length) transform fault on earth. This is
possible even if we allow that accommodation of the relative block motion may be shared with other small-scale
parallel faults in New Ireland (Lindley, 2006). The Weitin fault experienced an overlapping rupture in two recent
major earthquakes in 2000 and 2019 (Mw 8.0 and 7.7, respectively), and Ghasemi et al. (2020) have shown that
high seismicity is commensurate with a very high slip rate.

5.2. Deformation Rates on the Sunda-Banda Subduction System

From the Java Trench to the Timor Trough, the estimated relative slip rates show an eastward decreasing trend,
from 65.1 + 0.3 mm/yr (at 112.4°E) to 10.9 + 0.3 mm/yr (at 126.7°E). The direction of the slip rates across this
boundary shows a sudden change from southward to southeastward, a transition which is accommodated by and
coincides with the intersection with extensional/sinistral motion on the Semau Fault (Figure 4). This progressive
change in the relative velocity and slip azimuth is also apparent in the back-arc region, where it has the opposite
sense to the change in motion on the megathrust. The slip rate on the Flores back-arc thrust gradually increases
eastward from 4.8 + 0.5 mm/yr at 110.4°E to 29.9 + 2.0 mm/yr at 126.5°E, with the change again dictated by
its intersection with the Semau Fault (Figure 4). Furthermore, in the east, the relative velocity along the back-
arc changes to a more eastward direction, indicating a shear component of motion, which is consistent with the
earthquake focal mechanisms as shown in Figure S3b of Supporting Information S1. The relative slip rates we
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Figure 6. The distribution of the earthquake focal mechanisms in Cenderawasih Bay region (rectangle area A in Figure 5a). The seismicity data are derived from the
global centroid moment tensor catalog with depth less than 50 km and Mw > 5 from 1976 to 2021. The purple arrows show the undergoing oblique compression and
extension along the active block boundaries represented by the solid line. The black solid arrow represents the global positioning system velocity WREN, which was
excluded in the inversion, and the dashed line represents the locus of the unmapped boundary based on the seismicity distribution. The bathymetry data are from https://
www.gebco.net/. The modeled earthquake slip vectors for this region are shown in Figure S3c of Supporting Information S1.

obtained along the Sunda-Banda megathrust and Flores back-arc thrust are slightly smaller than those estimated
in Koulali et al. (2016), mainly because of the GPS velocities we newly applied on Java and Timor Island, which
have slightly slower velocities, and the revised block boundaries for SUND, EMAK, and WMAK blocks. In the
TIMO block, our two new GPS observations (stations DILI and SAME) first reveal the deformation in East Timor
and better constrain the deformation rate on the boundary of the block. Compared with the motion of the TIMO
block suggested by Koulali et al. (2016), our block scenario decreases the NRMS/WRMS value significantly,
from 4.05/2.14 to 2.48/1.34.

5.3. Geodetic Implications for the Tectonic Evolution of Cenderawasih Bay

As mentioned above, the origin of Cenderawasih Bay is the subject of ongoing debate. Our kinematic model
provides some geodetic constraints for the development of Cenderawasih Bay by quantifying the movement
on the active block boundaries. The decomposition of relative block motion depicted in Figure 5 highlights
the opposing tectonic regimes on the west and east boundaries (Lengguru and Lowlands fault zones) of CEND
(Figure 5). The relative movement along the west boundary shows significant partitioning of extensional defor-
mation decreasing southward, from 50.3 + 1.8 to 25.8 + 1.7 mm/yr, supported by the recorded focal mechanisms
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Figure 7. The distribution of the earthquake focal mechanisms in Cenderawasih Bay region (rectangle area B in Figure 4b). The seismicity data are derived from the
GCMT catalog, using events with depth less than 50 km and magnitude larger than five from 1976 to 2021. The arrows show the undergoing oblique compression and
sinistral strike-slip along the active block boundaries represented by the solid line.

in this area (Figure 6). This dramatic extension is interpreted as a very recent tectonic movement, probably since
the Pleistocene, which is coeval with the onset of the transtensional regime of the Tarera-Adiuna fault and the
Paniai fault leading to the collapse of Cenderawasih Bay (Bailly et al., 2009).

The nature of this extension may be closely related to the evolution of Cenderawasih Bay and is a matter of some
debate. One hypothesis involves tectonic escape caused by the rollback of the Seram Trench and is associated
with the sinistral movement on the Tarera-Adiuna strike-slip fault. The other hypothesis is the anticlockwise
rotation of the Bird's Head block (BRHD) driven by the convergence between the Australian and Pacific Plates
(i.e., the oblique convergence between BRHD and the Pacific Plate in the north pushes the top of the BRHD
westward, while the oblique convergence with the Australian Plate in the south pushes the bottom of BRHD east-
ward) (Charlton, 2000, 2010). Our kinematic evidence is more consistent with the second hypothesis, considering
the estimated extension rate on the northern part of the Lengguru fault zone is significantly larger than that on
the southern part. However, the anticlockwise rotation rate (2.82 + 0.11°/Myr) of the Bird's Head block derived
from our kinematic model is much smaller than that estimated by Charlton (2000, 2010), which suggests that the
rotation of the Bird's Head block is not the only driver of the Cenderawasih sphenochasm formation. The signifi-
cant volume of sediments accumulated in Cenderawasih Bay and Waipoga Basin also indicates that the evolution
of the embayment should have started before ~12 Ma rather than the Pliocene opening of the bay suggested by
Babault et al. (2018).

The convergence rate on the northern Lowlands fault zone is larger than that on the southern part, whilst the
fault-parallel rates are uniform along the entire fault zone, which has an average sinistral strike-slip rate of
36.5 + 1.7 mm/yr (Figure 5a and 5b). This is consistent with the distribution of thrust and strike-slip earthquake
focal mechanisms, as well as with the tectonic setting (Figure 1 and Figure 6). This uniform southwestward
fault-parallel translation of blocks TABL and CEND provides geodetic evidence supporting the southwestward
drift hypothesis for the formation of the Cenderawasih Bay sphenochasm put forward by Francois et al. (2016),
which suggested that the Weyland overthrust has migrated 25-km-southwestward during the Late Miocene
(Babault et al., 2018). This southwestward translation is consistent with the dextral strike-slip motion on the
southwestern part of the Lengguru fault zone with an average slip rate of 24.1 + 3.9 mm/yr, which is supported
by geological and seismic evidence (Figure 6; Babault et al., 2018; Cloos, 2005; Dow & Sukamto, 1984; Frangois
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et al., 2016; Pubellier & Ego, 2002; Stevenset al., 2002), as well as by the sinistral motion on the Lowlands fault
(Figure 7; Babault et al., 2018; Cloos, 2005; Dow & Sukamto, 1984; Francois et al., 2016; Pubellier & Ego, 2002;
Stevens et al., 2002). Extensional earthquakes are distributed all along the entire Lengguru fault zone, but the
dextral strike-slip earthquakes are primarily concentrated in the southwestern part. This seismicity pattern is
in excellent agreement with our kinematic model. We deduce that the WSW drift of blocks CEND and TABL
is accommodated mainly by the sinistral slip along the entire Lowlands fault zone, but is also partially accom-
modated by the dextral slip on the southern part of the Lengurru fault. The shift of the strike-slip style and the
northward increasing extension rate on the Lengguru fault zone indicate that both driving mechanisms (Bird’
Head rotation and southwestward drift of the Weyland overthrust) have been and still are active, contributing to
the development of Cenderawasih Bay. We note that the sparsity of the GPS data in the TABL block results in
large uncertainties on the estimated relative slip rates along the boundary faults.

5.4. Tectonic Regime Change Along the New Guinea Fold-And-Thrust Belt

The NGFTB covers much of the island of New Guinea, and our model predicts relative velocities across this belt
that undergoes two different transitions from west to east. The relative motion along the NGFTB decreases from
25.8 + 0.9 mm/yr at the western end of the belt to 7.1 + 0.4 mm/yr at 141.2°E, then increases to 12.3 + 0.6 mm/
yr at the eastern end of the belt (Figure 6). Additionally, the direction of relative motion also exhibits a variation,
from southwestward to westward then back to southwestward again, indicating a transition from oblique thrust to
sinistral strike-slip and back to oblique thrust that is consistent with the observed earthquake focal mechanisms
(Figure 7).

The NGFTB formed because of the diachronous collisional orogenesis resulting from the Melanesian arc-continent
oblique collision that occurred in the Late Oligocene-Miocene, beginning from the west and propagating to the
east (Baldwin et al., 2012; Cloos, 2005). According to our decomposed relative motion results, the average conver-
gence of the western part of the NGFTB (west of longitude 141°E) is ~10.6 mm/yr. The relative fault-normal
motion decreases from 19.5 + 0.6 to 1.4 + 1.2 mm/yr toward the east. The average fault-parallel velocity is
13.5 + 0.9 mm/yr (Figure 5). In the east segment, the average convergence is ~8.5 mm/yr with an increase of
relative fault-normal motion from 2.2 + 0.7 to 9.0 + 0.5 mm/yr toward the east, and the average fault-parallel
velocity is ~5.7 mm/yr. Geologic evidence indicates that the shortening across the western NGFTB may have
already ceased at ~4 Mya, and the eastern segment is undergoing a shortening stage similar to that of the western
segment prior to 4 Mya, implying that the convergence rate of the western NGFTB should be lower than that of
the eastern NGFTB (Bailly et al., 2009; Baldwin et al., 2012; Cloos, 2005; Hill et al., 2003). However, in our
estimation, both fault-parallel and fault-normal rates on the western segment of the NGFTB are larger than those
on the eastern segment, which suggests that the western NGFTB also accommodates oblique shortening from
some other tectonic activity. This seems likely, considering that the westernmost NGFTB conjuncts with multiple
active diffuse fault zones, including the Tarera-Adiuna fault zone, Lowlands fault zone, and Paniai fault zone,
which accommodate transtensional deformation from the rotation of the Bird's Head block and the southwestward
drift of Weyland overthrust(Francois et al., 2016; Stevens et al., 2002; Watkinson & Hall, 2017). The relatively
large oblique motion on the western end of the NGFTB is more likely the consequence of the combination of the
sinistral movement along these intersecting fault zones rather than the collisional orogenesis. In addition, the low
convergence rate we obtained for the center NGFTB that increases toward the east is consistent with prior studies,
in the sense that the east NGFTB is still active. However, in the central section, our geodetic results suggest that
the NGFTB is still undergoing slow convergence rather than having ceased shortening completely.

6. Conclusions

This study is the first attempt to give the entire Indonesia-Australia-New Guinea collision zone a broad quanti-
tative interpretation by utilizing over 200 available GPS observations and 492 earthquake slip vectors. As one
of the most tectonically complicated and seismically active regions globally, the kinematic framework for the
deformation in this boundary zone has hitherto been piecemeal. The new GPS velocity field has filled important
knowledge gaps in the Banda Sea and West New Guinea areas and updated previous studies in the Sunda-Banda
arc and Papua New Guinea. Our broad-scale kinematic model emphasizes the motion change along the active
boundary faults, which is in some cases quite pronounced, thereby enhancing our understanding of the evolution
of some large tectonic structures. Although the estimated kinematic results of the first-order block properties
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presented in this study may not account for some localized effects that may require more detailed microblock
parameterization, we believe they are useful for understanding the broad-scale tectonics and provide a useful
framework for further, more detailed studies.

We suggest that the western New Guinea Fold-and-Thrust Belt accommodates larger convergence (between 4
and 18 mm/yr) than the eastern segment of NGFTB (between 3 and 11 mm/yr), which is mainly caused by the
stress transfer from the highly active Tarera-Aiduna, Lowlands and Paniai fault zones. The combined effect of
these active faults is diminished eastward, and the shortening accommodated on the NGFTB becomes the only
driving mechanism of the ongoing convergence, increasing from the middle segment (~138°E to 142°E) to the
eastern NGFTB (~142°E to 144°E). Hence, we can observe a double shift in the tectonic regime along this
~2,000 km highland belt. The estimated rotation rate of the Bird's Head block and the slip style transitions along
the Lowlands and Lengguru fault zones provide the geodetic evidence that the formation of the Cenderawasih
Bay sphenochasm is due to both the interaction of both Bird's Head rotation and the southwestward drift of the
Weyland Overthrust, and that both these mechanisms continue to be active.

One of the important reasons for developing our kinematic block model is to guide the assessment of seis-
mic hazards. Recent seismic hazard assessments for both Indonesia (Irsyam et al., 2020) and PNG (Ghasemi
et al., 2016, 2020) make extensive use of such tectonic block models to refine estimates of seismic hazard. In
both cases, these have revealed areas where the hazard level was significantly higher than earlier assessments
done without the benefit of detailed kinematic block models. For example, the high rate and dramatic eastward
increase in the rate of convergence of the Ramu-Markham Fault, which passes near PNG's second-largest city,
Lae, confirms the very high seismic hazard inferred by Ghasemi et al. (2020), based on the earlier kinematic
block models of Wallace et al. (2014) and Koulali et al. (2015).

The plausible kinematic scenario presented by our model is consistent with other seismic and geological evidence,
whereas we also note that some blocks are not fully explained; the relatively large yn2 values for some blocks
imply the potential existence of other micro-blocks in these regions. The lack of observations in some blocks
leads to large uncertainty on some estimated block motions. The locking coefficient of the block-bounding active
faults in the West New Guinea region is also largely unresolved due to the lack of nearby GPS observations.
Therefore, to better investigate the potential existence of active structures and quantify the seismic hazard posed
by these structures, and provide the local populations with information about the likely nature of future earth-
quakes, more dense, long-term, and continuous GPS observations are essential.

Data Availability Statement

GPS velocities utilized in this study and the earthquake focal mechanisms picked for calculating the slip vectors
are given in supporting information, including the two new GPS measurements in East Timor. The raw GPS data
of our reprocessed velocities (McCaffrey, 2002, 2005) and two new velocities (SAME and DILI) are provided
and archived via UNAVCO, Inc; all of them can be downloaded on request from the UNAVCO data porta (https://
www.unavco.org/data/gps-gnss/data-access-methods/dail/campaign.php). The corresponding DOI links of the
RINEX files are https://doi.org/10.7283/T5765CDW and https://doi.org/10.7283/T5BZ643V for the repro-
cessed velocities; https://doi.org/10.7283/XZNW-NO19, https://doi.org/10.7283/18YM-D875, and https://doi.
org/10.7283/KVQF-TP50 for the new aquisitions. The control and input files for the modeling we performed in
this study are available in the Supporting Information S1.
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