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Abstract The Bismarck Sea Seismic Lineation (BSSL) is a 1000-km-long band of shallow earthquakes
that marks the boundaries between the North and South Bismarck Plates and the Manus Microplate, offshore
Papua New Guinea. These tectonic boundaries comprise a series of transform faults separated by spreading
ridges, and one extensional transform zone (ETZ). Since it was first identified in 1969, the deformation de-
tails of the faults along the BSSL have remained shrouded by the cloud of seismicity surrounding them. Here,
we employ a recently published surface wave earthquake relocation algorithm (Howe et al., 2019) to relo-
cate events along the BSSL and the previously proposed Adelbert block boundary. These relocations show
that left-lateral strike-slip seismicity concentrates narrowly along the known transform faults (the Schouten,
Willaumez, Djaul, and Weitin) and the western ETZ. Several events that relocate to inside the Manus Microplate
may represent distributed deformation by right-lateral bookshelf-style faulting. The spreading ridges are
aseismic at our scale of observation, as previously suggested, but we identify clusters of strike-slip events
at their terminations. The strike-slip events along the ETZ are at synthetic Riedel shear angles of ~10° to those
alongthe Willaumez transform. The earthquake relocations also show that the previously proposed SE bound-
ary of the Adelbert block is not well defined or localized. We carefully selected the best quality relocated focal
mechanisms to calculate new best-fit Euler poles for the transform segments. These calculations support ear-
lierindications that the Schouten transform is not well fit by the same Euler pole as the other BSSL transforms,
requiring internal deformation of the adjoining plates, for which we present additional evidence.

Non-technical summary When earthquakes occur, their signals are recorded by seismometers
on land. However, in oceanic areas, these seismometers can be distant or sparse, resulting in a high level of
earthquake location uncertainty. This uncertainty can pose an issue because many plate tectonic boundaries
are identified based on earthquake locations. Here, we focus on earthquakes recorded along a series of faults
known as the Bismarck Sea Seismic Lineation (BSSL) that separates the North Bismarck and South Bismarck
Plates and Manus Microplate, offshore Papua New Guinea. We use seismic data to improve the locations of
these earthquakes, showing that they occur on or near the known faults along this boundary. We then find
best-fit poles of rotation that describe these fault segments and show that not all fault segments along this
boundary can be well fit by the same pole, indicating some internal deformation of these plates and that not
all deformation is accommodated at their boundaries.
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1 Introduction

The deformation occurring between the obliquely and
rapidly converging Pacific and Australian Plates is par-
titioned around a series of microplates that are rela-
tively aseismic compared to the zones of intense earth-
quake seismicity that characterize their boundaries
(e.g., Johnson and Molnar, 1972; Bird, 2003; Hasterok
et al., 2022; Tregoning et al., 1999). The number of mi-
croplates and the nature of their boundaries continue
to be investigated and revised (e.g., Wallace et al., 2004;
Koulali et al., 2015; Benyshek et al., 2024).

One such boundary, between the North and South
Bismarck Plates, is the Bismarck Sea Seismic Lineation
(BSSL), a 1000-km-long band of shallow earthquakes

*Corresponding author: Anna Ledeczi (ledeczi@uw.edu)

that transects the Bismarck Sea, Papua New Guinea,
from 143.5°E to 152.5°E between 3°S and 4°S (Fig. 1).
Well located earthquake hypocenters and focal mech-
anisms are a necessary part of any tectonic interpreta-
tion of the BSSL. However, the location uncertainties for
events in the Global Centroid Moment Tensor (GCMT)
catalog, though improved from USGS values, are still on
average 20 to 30 km (Dziewonski et al., 1981; Ekstrom
et al., 2012; Smith and Ekstrom, 1996). As a result, the
structures along the BSSL appear surrounded by a dif-
fuse cloud of seismicity when plotting GCMT event loca-
tions (Fig. 1), and modern-day interpretations that rely
on these hypocenters can lead to imprecise or mislead-
ing results.

To develop a clearer view of the seismically active
structures along the BSSL, we apply the methods of
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Figure 1 Tectonic and physiographic map of the BSSL. Regional plate boundaries surrounding the BSSL are adapted
from Bird (2003), Hasterok et al. (2022), and Benyshek et al. (2024). Plate boundary segments of the BSSL include: ST:
Schouten Transform, WSR: Western Spreading Ridges, WiT: Willaumez Transform, ETZ: Extensional Transform Zone, MSC:
Manus Spreading Center, DT: Djaul Transform; SR, Southern Rifts, SER: Southeastern Ridges, WT: Weitin Transform. Other
features: WR: Willaumez Rise, NGT: New Guinea Trench, NGB: New Guinea Basin, MB: Manus Basin. Bathymetry used here
and in background of subsequent figures is from the GEBCO Bathymetric Compilation Group (2023). Focal mechanisms from
the Global CMT Project (Dziewonski et al., 1981; Ekstrom et al., 2012). Inset: 500-km-depth slice of the UU-P0O7 P-wave velocity
tomography that images the Manus plume (Hall and Spakman, 2002; Taylor and Benyshek, 2024). PA: Pacific, AU: Australia,

NB: North Bismarck, SB: South Bismarck.

Howe et al. (2019), which use surface waves to rela-
tively relocate groups of earthquakes with respect to
each other, reducing location uncertainties from Global
Seismographic Network values by a factor of ten or
more. Our relocations reveal narrow bands of seismic-
ity (few km wide) along the 100-to-200-km-long trans-
form segments of the BSSL. Our relocations also con-
firm the aseismic behavior of the intervening spreading
ridges, and identify strike-slip seismicity at their termi-
nations. The small relocation uncertainties (average 3
km) allow us to calculate Euler poles of rotation that
best fit the earthquake locations along the transform
segments, individually and collectively. They confirm
that the western (Schouten) transform is not well fit by
Euler poles that describe the other BSSL segments well
(Taylor, 1979). Oblique Mercator projections about the
Euler poles show tight clustering of the GCMT slip vec-
tors of the transform fault earthquakes along the best-
fit-pole-predicted directions.

We discuss the implications of the Schouten trans-
form not sharing the same pole as the other transforms
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of the BSSL. One proposal is that it forms the northern
boundary of another block, the Adelbert block, sepa-
rate from the South Bismarck Plate (Abers and McCaf-
frey, 1988; Koulali et al., 2015; Wallace et al., 2004). We
relocated earthquakes along the proposed southeast-
ern boundary of the Adelbert block to show that these
events do not align into a narrow, well-defined zone. As
an alternative, we present other evidence for internal
deformation of the adjoining North and South Bismarck
Plates.

1.1 History of Work on the Bismarck Sea Seis-
mic Lineation

Denham (1969) first identified the BSSL based on earth-
quake hypocenter locations and, since it did not corre-
spond to seafloor features then known, he chose the
term ‘lineation’ to describe it. Johnson and Molnar
(1972) determined left-lateral strike-slip focal mecha-
nisms for three earthquakes aligned E-W along the west-
ern part of the BSSL and for three earthquakes aligned
NW-SE in the east, and noted that the geologically young
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left-lateral strike-slip fault that crosses the southern
end of New Ireland (the Weitin River Fault, Brooks
et al., 1971; Hohnen, 1970) may be an extension of the
BSSL. They suggested that the BSSL represented a sinis-
tral strike-slip fault that separated the largely aseismic
North and South Bismarck Plates.

An Australian Bureau of Mineral Resources marine
geophysical survey of the Bismarck Sea in 1970 acquired
40-50-km-spaced N-S profiles that documented the re-
gional physiography and sediment distribution (Con-
nelly, 1974, 1976; Taylor, 1975). A volcanic rise be-
tween Manus Island (on the northern remnant arc)
and the Willaumez Peninsula of New Britain (a cross-
chain of the southern active arc) separates the thickly
sedimented New Guinea Basin in the west from the
Manus Basin in the east (Fig. 1). A sediment-free zone
across the center of the Manus Basin with normally-
magnetized basement was recognized as a possible
spreading center, though seemingly with some strik-
ingly different characteristics to mid-ocean ridges (Con-
nelly, 1976).

Further study showed that the earthquakes along the
BSSL were too geographically scattered to represent a
single strike-slip fault (Taylor, 1979; Ripper, 1975a,b)
butinstead comprised 100-200-km-long linear segments
with left-lateral strike-slip focal mechanisms having
one slip plane parallel to the strike of the segments. In
addition to the Weitin fault, these segments included
what came to be known as the Djaul, Willaumez and
Schouten transform faults (Fig. 1). A Research Vessel
(R/V) Vema 3313 profile collected sub-parallel to the
bounding Willaumez and Djaul transforms allowed Tay-
lor (1979) to model magnetic anomalies on the Manus
spreading center back to 3.5 Ma, calculating a very fast
total opening rate (132 mm/yr). He also concluded
that the BSSL transform segments bounding the Manus
Basin could not lie on small circles to the same pole of
rotation as the Schouten transform to the west, which
transects the New Guinea Basin; pure strike-slip motion
(as suggested by the focal mechanisms) would require
either that the largely aseismic North and South Bis-
marck Plates undergo significant internal deformation,
or that the Schouten fault also undergoes a component
of extension (at different times than its strike-slip fault-
ing). Others have suggested that the Schouten trans-
form could be a boundary between the Adelbert block
and the North Bismarck Plate (Abers and McCaffrey,
1988; Koulali et al., 2015; Wallace et al., 2004). Mean-
while, the Willaumez Rise was associated with hot-spot
volcanism in St. Andrew Strait (southeast of Manus Is-
land, Johnson et al., 1978, 1979) above the Manus plume
subsequently imaged by mantle P-wave-velocity tomog-
raphy to extend from the surface to the core-mantle
boundary (Fig. 1 inset, Taylor and Benyshek, 2024; Hall
and Spakman, 2002).

Sidescan and underway geophysical profiling on R/V
Moana Wave cruise 85-17 mapped the offshore Weitin,
Djaul and Willaumez transforms and defined the in-
tervening extensional zones, including the Southeast
Ridges, Southern Rifts, Manus Spreading Center, and
Extensional Transform Zone (ETZ; Fig. 1; Taylor et al.,
1986, 1991). The Manus ETZ was categorized as a
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new type of plate boundary accommodating oblique
spreading on overlapping, en echelon volcanic zones
cut by faults oriented at Riedel shear angles of 10° to
15° synthetic to the Willaumez transform. Compara-
ble structures were later recognized globally in the Lau
Basin, Reykjanes Peninsula and Mak’Arrasou Afar (Tay-
lor et al., 1994; Zellmer and Taylor, 2001). A one-month
deployment of an array of eight ocean bottom seis-
mometers showed that the left-lateral earthquakes on
the Willaumez transform and the Riedel shear of the
ETZ had a very narrow distribution (few km wide) and
that the volcanic zones were aseismic (Eguchi et al.,
1986, 1989a). Spreading rates increasing SW along the
Manus Spreading Center were interpreted to be com-
plemented by rifting rates increasing to the NE along
the Southern Rifts, with a counter-clockwise-rotating
Manus microplate in between (Martinez and Taylor,
1996, 2003).

The neovolcanic zones identified on R/V Moana Wave
cruise 85-17 were extensively sampled on the following
cruise 85-18, allowing the identification of diverse mid-
ocean ridge and H,O-rich back-arc basin basalt types on
the Manus Spreading Center and ETZ, with the high ra-
diogenic helium signature of a mantle plume (Macpher-
son et al., 1998; Sinton, 2003; Sinton et al., 1986). Some
accompanying bottom photographs led to the discovery
of the first massive sulfide chimneys in the western Pa-
cific, along with their distinctive gastropod vent macro-
fauna (Both et al., 1986). This discovery was followed
by many international research cruises to study the hy-
drothermal activity, including ODP Leg 193 (Auzende
et al., 1996, 2000; Barriga et al., 2007; Binns and Scott,
1993; Crook et al., 1997; Tufar, 1990). Of these cruises,
those by the Metal Mining Agency of Japan and the
Institut Francais de Recherche pour I'Exploitation de
la Mer were most important in further defining the
BSSL in that they swath mapped what has been col-
lectively termed the (overlapping) Western Spreading
Ridges and the eastern Schouten transform fault (Fig. 1,
see summary in Lee and Ruellan, 2006). The western-
most segment of the BSSL, named the Schouten fault
after the island arc volcanoes it transects, was swath
mapped with sidescan and bathymetry and acoustic im-
agery on R/V Kilo Moana cruise KM0419 (Llanes et al.,
2009). The seafloor traces of the Schouten fault are ori-
ented E-W, with local restraining and releasing bends,
and may continue onshore in a series of anastomos-
ing faults along the northern coastal ranges of New
Guinea that accommodate some of the sinistral com-
ponent of oblique convergence across the easternmost
New Guinea Trench (Fig. 1, Cooper and Taylor, 1987).
In all, the four principal transform fault segments and
intervening spreading segments of the BSSL have been
completely swath mapped, with the exception of the
central segment of the Schouten fault from 145.15°E-
145.5°E. Crustal motion surveys using campaign GPS
have confirmed the rapid relative motion of the mi-
croplates in the region (Fig. 1 inset, Bird, 2003), includ-
ing sinistral motion along the BSSL (Koulali et al., 2015;
McClusky et al., 1994; Tregoning, 2002; Wallace et al.,
2004).
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Min. Max.  Starting Relocated Average uncer- Euler . pole Average uncer-
Segment Date range . calculation .
Mw Mw events (n) events (n) tainty (km) tainty (km)
events (n)
2004/01/01
Schouten to 4.7 6.6 137 137 3.00 76 2.82
2023/12/31
2004/01/01
Willaumez to 4.7 6.4 156 154 2.98 45 1.85
2023/12/31
. 2004/01/01
2;“'&“;:;‘2'5 to 47 63 114 114 2.93 39 2.22
’ 2023/12/31
2000/01/01
Weitin to 5.0 77 24 19 491 6 3.23
2023/12/31
1976/01/01
Adelbert to 53 6.4 28 9 841
2023/12/31
Table1 Inversion parameters and results. Events successfully relocated in the initial inversion are all events with depth less

than 50 km that relocate with uncertainty less than 10 km. Events for the Euler pole calculation are selected by procedures

detailed in the methods.

2 Dataand Methods

Our objective was to determine better locations for a
representative sample of earthquakes along the BSSL in
order to refine the characterization of the plate bound-
ary. We selected earthquakes based on location, mag-
nitude, and the existence of a moment tensor result in
the Global CMT (GCMT) catalog. The GCMT catalog
is nearly complete for earthquakes Mw > 5.0 globally
starting in 2004. To determine better locations for the
events, we use the surface-wave-relocation method of
Howe et al. (2019). In this approach, which is similar
to that of Cleveland and Ammon (2013), cross correla-
tion of intermediate-period surface waves recorded at
teleseismic distances is used to determine relative travel
times for pairs of earthquakes in a cluster of earth-
quakes. Travel-time differences for all pairs of earth-
quakes in the cluster are then inverted simultaneously
to determine a set of relative locations that best pre-
dict the observed travel-time differences. The method is
analogous to the more commonly used joint-hypocenter
determination and double-difference method used to
improve relative locations using body-wave phases.
Rayleigh and Love waves in the period band 30-80 s
at common stations are correlated at stations record-
ing both of the earthquakes in a pair of events. Mul-
tiple subsets of the travel-time data are inverted sepa-
rately to estimate realistic errors in the resulting loca-
tions. The uncertainties that encompass the locations
from all the subsamples are displayed as ellipses around
the final location, of which the length in km of the semi-
major axis is used to quantify the uncertainty. If an area
involves a mix of focal mechanisms, increased uncer-
tainty can be introduced into the relocation for which
Howe etal. (2019) apply a source correction. This source
correction is not applied here because we investigated
transform segments with almost exclusively strike-slip
mechanisms for which we do not expect the source
correction to significantly reduce uncertainty, as seen
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when applied to the Blanco and Balleny transform fault
zones by Howe et al. (2019). We used the slowness pre-
dicted by the global reference model PREM (Dziewonski
and Anderson, 1981) to convert the measured differen-
tial travel times to differential distances; however, since
interevent distances are short, varying the slownesses
does not appreciably change the relative locations of the
events. All events in this study are constrained by more
than 300 independent differential travel times. If the az-
imuthal coverage for a given event is not adequate, this
will increase the location uncertainties; thus, events
with inadequate azimuthal coverage are filtered out dur-
ing the subsequent steps.

Since the algorithm solves only for improved relative
locations, no improvement in the absolute location of
the cluster is obtained. The centroid of the cluster loca-
tions is therefore held fixed in the inversion, and other
methods, such as alignment with known structures, can
be used to reference the cluster geographically. We use
published bathymetry and other seafloor data to map in
detail the structures associated with the BSSL. In areas
where the relocations align with one of these segments,
we perform a final translation of the earthquake epicen-
ters to match these boundaries. This is viable because
the strike-slip focal mechanisms show that the dip of the
faults are very close to vertical. In regions where much
of the deformation may be distributed, diffuse, or un-
constrained, this final step is not performed.

We collected long-period digital seismograms from
the Global Seismographic Network (Albuquerque Seis-
mological Laboratory/USGS, 1988; EarthScope Consor-
tium, 1986), Geoscope (Institut de physique du globe de
Paris (IPGP) and Ecole et Observatoire des sciences de
la Terre de Strasbourg (EOST), 1982), GEOFON (GEO-
FON Data Centre, 1993), and MedNet (MedNet Project
Partner Institutions, 1990) seismic networks and from
a few additional stations from regional networks. Typi-
cally, data from around 200 globally distributed stations
are available for each earthquake. Smaller earthquakes
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(around Mw 5) may only record good surface-wave sig-
nals on a small subset of the stations. We correlated the
surface waves for all event pairs with an interevent sepa-
ration smaller than 200 km, and only considered travel-
time observations with a cross-correlation coefficient
greater than 0.9 in the inversion. We relocated events
in sections of 3.5° in longitude and smaller to minimize
any errors that heterogeneities in shallow earth struc-
ture over longer distances may introduce. Horizontal-
location uncertainties can be influenced by the number
of earthquakes, area of analysis, or mix of focal mecha-
nisms, which can impact the quality of the relocations.
We relocated subsamples of the earthquakes with re-
placement and determine how the location of each in-
dividual event is impacted. Horizontal location uncer-
tainties from this process are reported as ellipses and
we exclude any events that relocate with an uncertainty
greater than 10 km on the semimajor axis.

Throughout the study area, we first chose events with
Mw>4.5 and a centroid depth shallower than 50 km. Our
initial selection of events along the Schouten transform
(Fig. 2), Willaumez transform (Fig. 3), and Manus mi-
croplate (Fig. 4) includes all events in the GCMT catalog
for the period 2004/01/01 to 2023/12/31 that are located
between 2.8°S and 4.0°S, 143.9°E and 147.2°E; 2.6°S and
4.2°S, 147.2°E and 150.1°E; and 3.0°S and 4.4°S, 149.7°E
and 152.2°E, respectively (Table 1). For the Weitin trans-
form (Fig. 4), we selected earthquakes from 2000/01/01
through 2023/12/31, in the geographic region 3.6°S to
4.8°S, 152.2°E to 153.4°E, to capture two notable events,
the 2000 Mw 8.0 and 2019 Mw 7.7 (see e.g., Chen et al.,
2019). Because the Adelbert block region (Fig. 5) has
fewer earthquakes, we used a longer period of observa-
tion from 1976/01/01 through 2023/12/31 within the area
3.5°S and 5.0°S, 145.4°E and 147.2°E. These criteria lead
to the identification of events shown in Table 1. The ma-
jority of relocated events fall near the BSSL and have the
expected left-lateral strike-slip mechanisms. We show
all events that successfully relocated with horizontal-
location uncertainties less than 10 km and depth less
than 50 km in each region, and display focal mecha-
nisms scaled by magnitude listed in Table 1.

When calculating new best-fitting Euler poles, we
carefully selected events that we believe are likely to
represent the motion along the BSSL. We excluded
events that relocate to greater than 10 km away from
the fault and those that are not left-lateral strike-slip
events, which may not represent motion on these spe-
cific fault structures. We calculated the strike of the
closer nodal-plane of each event and eliminated those
that are greater than 15° away from the median of each
fault segment. We also excluded events from clusters
thatalign at different azimuths compared to the mapped
faults (e.g., cluster at 3.3°S, 146.9°E in Fig. 2). Finally,
we removed all events bordering the Manus microplate,
such as along the Djaul transform, as these represent
motion other than that strictly between the North and
South Bismarck Plates. We report the resulting number
of events and their uncertainties in Table 1.

We compared the locations of the earthquakes asso-
ciated with the different transform segments to those
predicted by a relative plate-motion pole. On each seg-
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ment, we assumed the earthquakes lie on a small cir-
cle defined by an Euler pole. Euler poles were calcu-
lated by minimizing the root-mean-square error (RMS)
of the angular distance A between the relocated events
and the predicted location from all possible Euler poles
by solving

cos A = sin ¢ sin A, + cos A cos Ap cos (g — ¢p) (1)

where (), ¢,) and (A, ¢.) are the latitude and longitude
of the test Euler pole and each relocated earthquake, re-
spectively. We conducted a grid search across all pos-
sible latitude and longitude combinations at 0.1° incre-
ments. When fitting Euler poles to plate boundaries rep-
resenting multiple fault segments, we performed this
calculation for each segment separately, then weighted
the RMS values by the number of earthquakes along
each segment. We then performed bootstrapping, or
sampling with replacement, 1000 times on the earth-
quake locations and recalculated the pole to derive a
95% confidence region for the pole locations.

Once these best-fit Euler poles had been chosen, we
used oblique Mercator projections about the best-fit Eu-
ler poles to evaluate their validity. A correct pole turns
fault segments into linear, east-west striking segments
(i.e., lines of latitude in the oblique Mercator projec-
tion), and thus produces slip vectors oriented at 90-270°
(see e.g., Joseph et al., 1993). These projections allowed
us to confirm whether the poles calculated using the re-
located earthquake locations are correct, since the Eu-
ler pole calculation itself does not take the slip vectors
into account and is thus an independent assessment. Fi-
nally, given these Euler poles, we calibrated the angular
velocities to estimates of rotation rates obtained from
campaign GPS data in Tregoning (2002) and Koulali et al.
(2015).

3 Results

3.1 Earthquake relocations
3.1.1 The Schouten transform

The trace of the Schouten transform was mapped from
swath bathymetry of Llanes et al. (2009) in the west and
of Auzende et al. (2000) in the east, with an intervening
middle section from 145.15°E to 145.5°E with no high-
resolution seafloor imagery. We relocated 137 events
with less than 10 km uncertainty and applied a 0.05°
shift to the north to align the events with the fault trace
(Fig. 2a). The average uncertainty is 3.0 km for the suc-
cessfully relocated events (Fig. 2b). In each region, re-
location results without any removed events or seafloor
alignment shifts can be found in the Supplemental Ma-
terial (Ledeczi et al., 2025).

After relocation, the earthquake locations collapsed
from a diffuse cloud down to a narrow, linear clus-
ter of events that closely follow the mapped fault trace
to within their average uncertainty. The events have
primarily left-lateral strike-slip motion, with a few
oblique reverse mechanisms at the western end of the
Schouten, and no normal mechanisms. The Schouten
has two ~2 km long extensional relays at 145.1 and
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Figure 2 Relocated earthquakes along the Schouten transform. a. Events shown before (square) and after (focal mecha-
nism) relocation. The size of the focal mechanism is proportional to the moment magnitude, which varies between Mw=4.7
and Mw=6.6. Locations of the 2019 earthquake sequence and extensional relays of the Schouten are indicated. b. Associated
horizontal-location uncertainty ellipses represent a geographic area of uncertainty at the scale of the map throughout this
manuscript. Red events are those included in pole calculations and pink events are excluded.

145.95°E which are reflected in the relocation of the
events. Events east of 146.45°E show a rotation in the
strike of the cluster of events, as well as a less linear
alignment, which we interpret is due to interaction be-
tween strike-slip motion on the Schouten and spread-
ing on known nearby ridges. Clustered just north of the
Schouten near 3.2°S, 146.5°E, our relocations document
a sequence of 11 earthquakes that occurred in January
through March of 2019, during which no other events
on the Schouten occurred. These events occurred in an
area with no high-resolution bathymetry, but close to
and at a similar trend to nearby bathymetric ridges.

For our Euler pole calculation, we selected 76 events
as being strike-slip events occurring strictly on the
Schouten following the criteria described in the meth-
ods. We excluded the aforementioned 2019 sequence
and the events close to the Western Spreading Ridges.
To better fit the relocated earthquakes, we calculated
the Euler pole using three small circles at different
distances separated by the two extensional relays de-
scribed above. The average uncertainty of these events
is 2.82 km; the reported RMS error, defined as the av-
erage of the three segments weighted by the number of
events on each, is 1.58 km (Table 2).
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3.1.2 The Willaumez transform and the ETZ

We mapped the traces of the Western Spreading Ridges
with swath bathymetry from Auzende et al. (2000) and
the Willaumez transform fault, ETZ, and Manus Spread-
ing Center with acoustic imagery from Taylor et al.
(1994). Out of 156 events, 154 are relocated with a loca-
tion uncertainty smaller than 10 km. We applied a static
shift of 0.05° to the south in order to align the locations
with the bathymetric fault trace (Fig. 3a). The success-
fully relocated events on Fig. 3 have an average uncer-
tainty of 2.98 km (Fig. 3b). The earthquakes all have left-
lateral strike-slip mechanisms.

All the events between 148.1-149.0°E relocated onto
the Willaumez as a narrow curvilinear band bearing
109° in the west to 115° in the east, parallel to the strike
of their slip planes (Fig. 3). Farther west a cluster of
32 events occurs in two bands bearing 100°, the major-
ity between the overlapping spreading segments of the
Western Spreading Ridges and a handful farther north
across the eastern spreading segment and towards the
Willaumez transform. This cluster of events does not
occur in a specific time period, like the sequence north
of the Schouten, but throughout the period of study.
Meanwhile, the spreading ridges themselves are aseis-
mic, as an OBS study of the ETZ indicated (Eguchi et al.,
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Figure 3 Relocated earthquakes along the Willaumez transform. a. Events shown before (square) and after (focal mecha-
nism) relocation. The size of the focal mechanism is proportional to the moment magnitude, which varies between Mw=4.7
and Mw=6.4. WSR: Western Spreading Ridges. b. Associated horizontal-location uncertainty ellipses. Red events are those

included in pole calculations and pink events are excluded.

1986). Events on the ETZ include a linear band bearing
106° from 149.0°E to 149.5°E, parallel to their slip planes,
consistent with the Riedel shear interpretation of Taylor
et al. (1994). Where the ETZ overlaps with the south-
west end of the Manus Spreading Center, from 149.5-
149.8°E, the seismicity zone widens and includes slip
planes parallel to both the transform and to the Riedel
shear. Two isolated strike-slip events occur north and
south of the ETZ near 149.4°E. We included events only
on the Willaumez for our Euler pole calculation, exclud-
ing both the WSR clusters and events along the ETZ. The
remaining events have a small location uncertainty of
1.85 km.

3.1.3 The Djaul and Weitin transforms

We mapped the trace of the Djaul transform, Manus
microplate, and Southern Rifts with sidescan imagery
from Taylor et al. (1994); the Southeast Ridges with
swath bathymetry from Auzende et al. (2000); and the
Weitin transform from Taylor et al. (1991) and the sur-
face ruptures detailed in Chen et al. (2019). We per-
formed two separate inversions, one for the Djaul,
Manus, and Southeast Ridges area, and one for the
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Weitin transform area, for higher precision over a large
longitude range, but plotted all events on Fig. 4. For
the Manus microplate and Southeast Ridges areas, 114
events were successfully relocated with < 10 km of un-
certainty and a 0.05° northward static shift was applied.
The majority of these events have strike-slip focal mech-
anisms, but there are a few normal and reverse faulting
events. The cloud of seismicity around the Manus mi-
croplate shown in Fig. 1 collapses down to linear, nar-
row left-lateral strike-slip features, primarily along the
Djaul transform (Fig. 4). However, the interior of the
Manus Microplate also hosts seismicity. While both the
Southern Rifts and Southeast Ridges themselves appear
aseismic, there is a cluster of events at the end of each
ridge. To calculate the NB/SB Euler pole, we excluded
most of the events from this inversion. While the Djaul
is technically part of the BSSL, since it is the boundary
of the Manus microplate, these earthquakes may not
reflect motion between the North and South Bismarck
Plates. We did include two small clusters of strike-slip
events, one between the Southern Rifts and Southeast
Ridges the other between two of the Southeast Ridges,
totaling 27 and 12 events with 2.04 and 2.64 km uncer-
tainties, respectively (in Fig. 4a “SR1” and “SER2”).
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The New Ireland region has many reverse-faulting
earthquakes resulting from subduction of the Solomon
Sea Plate beneath New Britain (Fig. 1). Once excluding
all events deeper than 50 km, which are largely asso-
ciated with the subducting slab, 19 events relocated in
the Weitin region (Fig. 4). We applied a 0.06° shift to
the south to this inversion to align the relocated events
with the mapped fault trace. Many of the remaining
earthquakes have reverse-faulting mechanisms, which
we excluded. In addition, removing all events >10 km
away from the Weitin fault and events with nodal-plane
strikes greater than 15° away from the average leaves
just 6 events that relocate with an average uncertainty
of 3.23 km for the Euler pole calculation. We included
these 6 events despite their slightly lower quality to get
a larger longitude range to constrain our Euler pole cal-
culations. The 2019 Mw 7.7 event successfully relocated
and is used in our final Euler pole calculation. However,
the 2000 Mw 8.0 earthquake was excluded because of its
larger uncertainty of 13.2 km, which is likely because its
fault slip ruptured at minimum the entire length of the
Weitin fault exposed on land (61 km; Chen et al., 2019),
and thus it is not well characterized by relocation to a
point.
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3.1.4 The Adelbert block

We relocated events along the proposed SE boundary of
the Adelbert block (Abers and McCaffrey, 1988; Koulali
et al., 2015; Wallace et al., 2004). There is little high-
resolution seafloor imagery in this area except a few
tracks of multibeam bathymetry from Lee and Ruel-
lan (2006) shown in Fig. 5, making it difficult to deter-
mine whether there are any continuous seafloor fault
traces in this region. Once excluding all deep seismicity
and earthquakes far from the region of interest, only 9
events relocate with a location uncertainty smaller than
10 km. The average location uncertainty is high at 8.41
km (Table 1). These strike-slip earthquakes have left-
lateral mechanisms relative to their NE- to ENE-nodal-
planes, with T-axes almost orthogonal to their location
trend of ~040° (Fig. 5). Having no seafloor imagery con-
straints, we neither apply a static shift of the events nor
exclude any due to distance from the fault. There is
a short lineation in the bathymetry near 4.0°S, 146.4°E
that aligns well with the earthquake slip planes and
could be a fault scarp, but the relocated earthquakes do
not cluster there (Fig. 5a).
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Source Euler pole
Martinez and Taylor (1996)

(NB/SB) -11.0,145.0
Tregoning (2002) (NB/SB) -10.2,146.5
Wallace et al. (2004) (NB/SB) -10.45, 146.0
Koulali et al. (2015) (NB/SB) -10.4, 146.6
This study, all BSSL (NB/SB) -10.5,145.5
This study, Willaumez, SER, and

Weitin (WSW) -13.2,144.2
This study, Schouten only -64.9, 146.3

Omaj (o)
N/A

02
126
N/A
0.49

3.07

56.32

o . o o RMS misfit with  Overall RMS
omin (°) - AZIMUth () w (/MY g0 ven (km)  misfit (km)
N/A N/A 54 2.64 1.97
0.1 7 8.75 3.32 2.94
0.30 281.7 8.29 2.35 2.10
N/A N/A 8.65 3.47 3.17
0.07 199.7 7.85 2.07 1.66
0.09 204.1 6.02 N/A 1.18
3.16 180.1 1.41 1.58 1.58

Table 2 Published and newly calculated Euler poles and associated error ellipses and RMS misfit to the relocated earth-
quakes. RMS misfit over multiple segments is calculated separately and then weighted by the number of earthquakes per

segment to get an average value

t M= R 2
a I o) 3.2°S
\ 1 3.6°5
dl
A <
o A 4°s
o searpP—11 [\
- 5
. ;=) | 4.4°S
A 4.8°S
sl 2 5.2°S
| S .
) i< [RRER?, L 2
b L 1 3.2°5
N . P 3605
X ‘ 4
. -
b \Y T
' ®
Wl . I 4.4°S
" @—? )
R 4.8°S
o
U7 5.2°S

145°E 146°E 147°E

Figure5 Relocated earthquakesalongthe proposed Adel-
bert block boundary. a. Events shown before (square)
and after (focal mechanism) relocation. The size of the fo-
cal mechanism is proportional to the moment magnitude,
which varies between Mw=5.3 and Mw=6.4. b. Associated
horizontal-location uncertainty ellipses. Red events are all
events which relocated along this boundary, but none are
included in the pole calculation. There is a short lineation
in the bathymetry near 4.0°S, 146.4°E which may be a fault
scarp.

3.2 Euler pole calculations

Several Euler poles that describe the relative motion
between the North and South Bismarck Plates have
been published; all lie between -10.2° and -11°, 145° and
146.6° (Table 2). Previous work has also found that the
Schouten transform is not well fit with the same Euler
pole as the other segments of the BSSL (Taylor, 1979).
We used the locations of the earthquakes and small cir-
cle predictions from the various poles to calculate an
RMS misfit associated with each pole location, assum-
ing that the earthquakes all lie on a single small circle.
Finally, we calculated new best-fit Euler poles for the
BSSL. To assess these newly calculated poles, we pro-
jected the slip vectors of the focal mechanisms about the
best-fit Euler poles using oblique Mercator projections.

Our calculations show that the small circle paths as-
sociated with published Euler poles fit the relocated
earthquakes along the Schouten worse than the BSSL as
a whole and any other segment individually (Table 1).
Of the published Euler poles, that of Wallace et al. (2004)
has the lowest RMS misfit between the predicted small
circle locations and the relocated earthquakes for both
Schouten (2.35 km) and the entire BSSL (2.10 km). We
calculated a new Euler pole for the entire BSSL of (-
10.5°%, 145.5°) (Fig. 6). We calibrated the predicted rela-
tive motion rates along the BSSL from Tregoning (2002)
to our new pole and derived an angular rate of 7.85°/Myr.
While this newly calculated pole does overlap with the
confidence region of the pole of Wallace et al. (2005), it
is significantly different from the Euler pole reported in
Tregoning (2002) and that of Koulali et al. (2015), though
the latter does not report an error ellipse (Fig. 7).

The small circles associated with this new Euler pole
have a lower total RMS misfit to the earthquake loca-
tions along the entire BSSL of 1.66 km. However, the
RMS misfit for the Schouten earthquake locations is
higher than average at 2.07 km. The Schouten misfit
is visible in Fig. 6, where both the eastern and western
ends of the small circle predicted by the BSSL pole are
misaligned with the earthquake locations and slip az-
imuths.

The inability of a given small circle to fit the earth-
quake locations is evident when using an oblique Mer-
cator projection (OMP) about the calculated Euler pole,
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Figure 7 Previously published and newly calculated Eu-
ler poles and error ellipses. The Schouten Euler pole lies
outside the map and only a portion of its 95% error el-
lipse is shown. Parameters for Euler poles are from Table 2.
Plate boundary segments of the BSSL include ST: Schouten
Transform, WSR: Western Spreading Ridges, WiT: Willaumez
Transform, ETZ: Extensional Transform Zone, MSC: Manus
Spreading Center, DT: Djaul Transform; SR, Southern Rifts,
SER: Southeastern Ridges, WT: Weitin Transform.

where a correct pole should turn curved transforms
into linear east-west striking segments. When apply-
ing our newly calculated BSSL Euler pole, the Schouten
transform becomes curved (Fig. 8a). We used rose dia-
grams to display the projected strikes of the earthquake
nodal-planes to evaluate whether the predicted small
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circles fit the earthquakes. Correctly fit events should
plot at 90-270° since each OMP turns curved transforms
into east-west striking segments. Along the Schouten,
only about half of the selected and excluded events are
well fit with the BSSL Euler pole, while the remain-
der plot ~10° anticlockwise, showing a systematic mis-
fit (Fig. 8b). Meanwhile, the strikes of the nodal-planes
along the Willaumez, Djaul, and Weitin plot close to
90 or 270° (Fig. 8c-e). The majority of both the West-
ern Spreading Ridges cluster and the ETZ nodal-plane
strikes plot in the 80 or 260° bin, showing a systematic
~10° anticlockwise rotation from east-west (Fig. 8c). Ad-
ditionally, most of the nodal-plane strikes along the se-
lected Southern Rifts and Southeast Ridges segments
between the spreading ridges also appear to not align
with the predicted small circles, instead showing the
same 10° anticlockwise rotation (Fig. 8d).

Calculating an Euler pole for the segments with-
out Schouten (Willaumez, Southern Rifts and Southeast
Ridges, and Weitin, hereafter “WSW”) gives a value of
(-13.2°, 144.2°), where the predicted small circles and
the earthquake locations have a reduced overall RMS
misfit of 1.18 km (Table 1, Fig. 6). We calibrated the
predicted relative motion rates along the eastern BSSL
(i.e., excluding Schouten) from Tregoning (2002) to our
new pole, deriving an angular rate of 6.02°/Myr. The
exclusion of events along the Schouten causes the 95%
confidence region to expand (Table 2); however, it does
not overlap with that of our newly calculated BSSL pole
(Fig. 7). The corresponding OMP (Fig. 8f) shows a sim-
ilar pattern to that of the overall BSSL Euler pole, with
a curved Schouten transform and linear segments oth-
erwise. Notably, the rose diagrams show that the WSW
Euler pole projection places more of the nodal-plane
strikes in Southern Rifts, Southeast Ridges, and Weitin
in the 90 or 270° bin (Fig. 8i) compared to the BSSL Eu-
ler pole. However, there is a roughly equal number
of nodal-plane strikes along the Djaul (Fig. 8i-j), and
slightly fewer along the Willaumez (Fig. 8h), at 90 or
270°. With Schouten events excluded from this calcula-
tion, the OMP plot shows that an Euler pole that fits the
remainder of the segments well, causes almost none of
the Schouten nodal-plane strikes to be fit correctly, in-
stead most nodal-plane strikes plot at 80 or 260° (Fig. 8g).
If these fault segments were copolar, the slip vectors of
the relocated events along the Schouten would be ex-
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Figure 8 a. Oblique Mercator projection (OMP) about the BSSL Euler pole (-10.5°, 145.5°). Nodal-plane strikes of all events
are shown and are color coded to match the fault segments on the maps. Other events not shown in any rose diagram are
in grey. b-e. Rose diagrams in BSSL OMP space for various fault segments. f. OMP about the WSW pole (-13.2°, 144.2°). g-j.
Rose diagrams in WSW OMP space for various fault segments. k. OMP about the Schouten pole (-64.9°, 146.3°). WSR: Western
Spreading Ridges (see labelin Fig. 3a). l-0. Rose diagrams in Schouten OMP space for various fault segments. SR1: Southern
Rifts, SER2: Southeast Ridges (see labels in Fig. 4a). Those rose diagrams enclosed in boxes are the segments relevant to each
pole calculation. Radial grey lines on rose diagrams are at 5° increments.

pected to be fit regardless of being excluded from the
calculation.

We found that we can reduce the misfit of the pre-
dicted small circles with the earthquake locations along
the Schouten by calculating a separate Euler pole for the
Schouten segment alone. We calculated (-64.9°, 146.3°)
as the Euler pole of best fit, with an RMS error of 1.58 km
(Fig. 6, Table 2). Due to the linearity of this fault seg-
ment, the Euler pole has a large uncertainty (Table 2);
even so, its 95% confidence region does not overlap with
our WSW or BSSL poles (Fig. 7). We used the predicted
relative motion along the Schouten transform shown in
Koulali et al. (2015) to calculate an angular velocity for
this pole of 1.41°/Myr. While the uncertainty around
this newly derived Euler pole is large, the OMP in Fig. 8k
shows that it fits the Schouten well, for the first time pro-
ducing a linear, east-west striking segment. The nodal-
plane strikes are mostly aligned east-west in the mid-
dle of the segment. In the rose diagram (Fig. 8l), the
majority of nodal-plane strikes plot at 90 or 270°, unlike
the Schouten in the other projections shown in Figs 8b
and 8g. However, even following our careful event se-
lection process, some of the events have nodal-planes
that do not align with the transform, causing a minor-
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ity of events to plot 10° misaligned on either side. Ad-
ditionally, in all projections we show (Figs 8a, 8f, 8k)
there are some events at the eastern end of the Schouten
with nodal-plane strikes that show greater variability
and misalignment from east-west. All other transforms
along the BSSL have nodal-plane strikes that are not well
fit by the Schouten pole. In the Schouten OMP projec-
tion, the nodal-plane strikes of events in the Willaumez
(Fig. 8m), Djaul (Fig. 8n), and Weitin (Fig. 80) regions
plot in the ranges of 100 to 120°, 110 to 130°, and 130 to
150°, respectively.

4 Discussion

The improved earthquake locations presented here pro-
vide the first modern look at seismicity along the BSSL.
They allow us to characterize the nature of this plate
boundary, including describing which fault segments
host seismicity, confirming the aseismic nature of the
spreading ridges, and identifying new clusters of seis-
micity. Locations from standard earthquake catalogs
suggest the BSSL is a region with diffuse seismicity
(Fig. 1), and better earthquake relocations are needed
to better constrain plate boundary zone deformation.
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Our results here show that the earthquakes associated
with the transforms along the BSSL relocate to local-
ized zones of seismic deformation. In particular, the
earthquakes along the Schouten and Willaumez trans-
forms, as well as the western ETZ, relocate to discrete
lineations only a few km across (Fig. 2-4), comparable in
width to their average horizontal-location uncertainty
(~3 km, Table 1) and half the thickness of oceanic crust.
We suggest that these segments are well described as fi-
nite strike-slip faults rather than zones of distributed de-
formation and show that the earthquakes on each trans-
form lie on a small circle defined by an Euler pole.

4.1 The Schouten transform

Relocations along the Schouten transform successfully
define the zone of seismicity as a narrow region a few
kms in width, that widens somewhat east of the exten-
sional jog at 145.95°E. The mechanisms are primarily
left-lateral strike-slip, with a few reverse faulting events
mainly located close to Papua New Guinea. However,
at the eastern end of the Schouten, we also show that
the nodal-plane strikes of events are more variable and
trend more directly northeast than those on the remain-
der of the Schouten (Fig. 8k-1). The locations are also
more distributed rather than aligned with a feature. We
ascribe this complexity to interactions between the ter-
mination of the Schouten and the Western Spreading
Ridges.

4.2 The Willaumez transform and the ETZ

Along the Willaumez transform, our relocations pro-
duce the most linearly aligned, narrow zone of earth-
quakes along the entire BSSL. They are exclusively left-
lateral strike-slip events with no normal or reverse
mechanisms. The low horizontal-location uncertain-
ties of the relocations allow us to characterize the ETZ
with new precision (Fig. 3). We show that the seismic-
ity of the Willaumez transform and the ETZ behave as
an intersection at 149.0°E of two linear segments of dif-
ferent azimuths, which was also shown in the previ-
ous OBS work of Eguchi et al. (1986) (see Taylor et al.,
1994). Taylor et al. (1994) first described motion along
the ETZ as occurring on many faults oriented at 13°
to the Willaumez transform, representing Riedel shear
motion synthetic to motion on the Willaumez. These
Riedel shear faults cut across volcanic fissures on the
seafloor. Our OMPs and rose diagrams further support
the Riedel geometry of strike-slip motion, as we find
an approximately 10° anticlockwise offset in earthquake
nodal-planes along the ETZ compared to the Willaumez
(Figs 8a, 8c, 8f, 8h), clearly showing that the events along
the ETZ cannot be fit with the same Euler pole as the
other segments along the BSSL.

4.3 The Djaul and Weitin transforms

Earthquake relocations along the Djaul and Weitin
transforms (Fig. 4) succeed in highlighting active fault
strands but show more distributed deformation than
along either the Schouten or Willaumez transforms.
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The Djaul is mapped as having two strands which par-
allel each other for most of its length; our reloca-
tions show that this area does have a slightly more dif-
fuse seismicity pattern that may corroborate faulting
on both strands. Several events in this region relocate
to inside the Manus microplate. They may represent
distributed deformation, possibly from bookshelf-style
faulting (consistently right-lateral strike-slip on NNE
planes), as suggested by Martinez and Taylor (1996).

The focal mechanisms along the Weitin are similarly
more distributed in location; while several larger events
align well with the fault strand (Fig. 4), a few left-lateral
strike slip mechanisms are slightly rotated and relocate
farther south of the fault, and there are commonly re-
verse, oblique reverse, and normal fault mechanisms in
this region. One earthquake with a strike-slip mecha-
nism is relocated to south of the Weitin Fault, which we
suggest may have occurred on the parallel Sapom Fault.
There is a more complex crustal structure in this region
due to northward subduction of the Solomon Sea Plate
(Cooper and Taylor, 1989), which may lead to the more
complex distributed deformation patterns we show in
our relocations. It is possible that some of the reverse
fault mechanisms we relocate are deeper events which
are unrelated to the Weitin transform itself.

4.4 The Adelbert block

The Adelbert block was first suggested by Abers and Mc-
Caffrey (1988) and later included in the GPS analysis of
Koulali et al. (2015). However, our relocations show that
events along this boundary are rare and do not align
consistently. Others who have included Adelbert block
in their plate models note a much slower displacement
along its southeastern boundary, on the order of ~20
mm/yr, compared to the segments of the BSSL (Koulali
etal., 2015). Despite extending our catalog search to be-
ginin 1975, we identify just 28 events in this region, only
9 of which relocate successfully and with a high aver-
age location uncertainty of 8.41 km (Table 1). A lack of
high-resolution seafloor imagery means we cannot map
any seafloor fault signatures in this region, though we
do note one lineation which may represent a scarp. The
relocated events do not define a narrow zone and the
nodal-planes are not aligned with the lineation of earth-
quake locations, both being inconsistent with a simple
block boundary. We conclude that an Adelbert block is
not well defined, so we do not calculate an Euler pole
for these events. However, given our newly derived Eu-
ler pole locations and angular velocities for WSW and
Schouten, we can perform a three-plate circuit calcula-
tion to determine what the corresponding pole and an-
gular velocity for Adelbert-South Bismarck would be if
these blocks behaved rigidly. This calculation results
in an Adelbert-South Bismarck pole of (-0.84, 144.07,
5.27°/Myr). Such a pole location and rate would predicta
high relative motion along the SE Adelbert block bound-
ary (e.g., ~42 mm/yr at -4.5°, 146.0°) which is inconsis-
tent with the level of seismicity observed and the GPS
results from Koulali et al. (2015). We infer, therefore,
that these blocks are not behaving rigidly.
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4.5 Ridge-related seismicity

We confirm previous work that extensional volcanic
zones along the BSSL, including the Manus Spreading
Center, Western Spreading Ridges, Extensional Trans-
form Zone, Southern Ridges, and Southeast Ridges
(Fig. 1), are aseismic at Mw>5 (e.g., Eguchi et al., 1986).
We identify almost no events with normal faulting
mechanisms along the entire BSSL, except for a few
events in the Weitin region (Fig. 4), which is in contrast
to the other spreading centers in the region, such as
those in the eastern Woodlark Basin, that do host nor-
mal as well as strike-slip earthquakes (e.g., Benyshek
and Taylor, 2021).

The low location uncertainties of the relocations
along the Schouten allow us to identify a sequence of
11 strike-slip earthquakes that occurred in 2019 just
north of, and subparallel to, its eastern end (Fig. 2). Al-
though they occur in an area with no high-resolution
bathymetry, they appear to cross-cut WSR-parallel and
fault-orthogonal seafloor fabric imaged just to the
south.

While there are no events with normal-faulting mech-
anisms that would represent spreading along the vol-
canic zones, we do relocate some strike-slip events
that are associated with them, for example, the clus-
ter of events cross-cutting the Western Spreading Ridges
(Fig. 3). These earthquakes align with a lineation on
the bathymetry of Auzende et al. (2000), so we provi-
sionally interpret this feature as a strike-slip fault that
may act as a conduit for volcanism. It could be a feature
like the ETZ which accommodates both extension and
strike-slip motion.

A second example of non-extensional ridge seismic-
ity is in the Southern Rifts and Southeast Ridges areas,
where we identify strike-slip faulting at the end of each
ridge segment (Fig. 4). Two clusters of events that relo-
cate along transform offsets of the Southeast Ridges are
included in our pole calculations for the BSSL and WSW
sections. They are better fit by the WSW Euler pole than
the overall BSSL Euler pole (Fig. 8d,i).

4.6 Plate tectonicinterpretation

Several Euler poles have been published to describe
the relative motion between the North and South Bis-
marck Plates (see Table 2; Koulali et al., 2015; Martinez
and Taylor, 1996; Tregoning, 2002; Wallace et al., 2004).
We use our precisely relocated earthquakes to evaluate
these Euler poles and calculate our own best-fit Euler
poles. We find that the lowest RMS misfit between pole-
predicted small circle segments and the relocated earth-
quakes along the entire BSSL is for our newly calculated
Euler pole at (-10.5°, 145.5°, 7.85°/Myr) (Fig. 6). However,
both our Euler pole and all published poles have higher
misfits with earthquakes along the Schouten transform
specifically, and our OMP visually confirms that this
segment is not fit well by the BSSL pole (Fig. 8a).

When fitting the Schouten transform and the other
segments with separate Euler poles, we can decrease
the average RMS misfit of events along the Schouten
with the pole-predicted small circles from 2.07 km to
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1.41 km; small circles about this new Euler pole can-
not fit the other transform segments (Fig. 8l-0). As
Taylor (1979) first proposed, the Schouten transform is
not fit well by the same Euler pole as the Willaumez
transform and other segments along the BSSL. Fur-
thermore, excluding the Schouten from the BSSL Eu-
ler pole calculation gives the WSW pole (-13.2°, 144.2°,
6.02°/Myr), which has a much lower average RMS misfit
between the predicted small circles and the relocated
earthquakes of 1.18 km for the remainder of the seg-
ments. While it is true that our newly derived pole for
the Schouten has a high uncertainty (Table 2), we know
it is a good fit because the nodal-plane strikes are con-
sistent with the predictions from the Euler pole (Fig. 8).
Though the 95% confidence region is large, and over-
laps with some previous BSSL pole estimates (Koulali
et al., 2015; Tregoning, 2002; Wallace et al., 2004), it is
significantly different from the poles we derive here for
the BSSL and the WSW segments (Table 2; Fig. 8). We
hope that further work taking into account these relo-
cated earthquakes as well as additional (e.g., GPS) con-
straints will be able to further refine the pole location
for the Schouten transform.

That the Schouten transform does not have the same
Euler pole as the remainder of the BSSL segments, may
either be because of internal deformation of the North
and South Bismarck Plates (Taylor, 1979), or the exis-
tence of the Adelbert block (Abers and McCaffrey, 1988;
Koulali et al., 2015; Wallace et al., 2004), in which case
the Schouten would be the boundary between it and
the North Bismarck Plate. But the Adelbert block is not
well defined: its proposed SE boundary has only min-
imal seismicity in the entire study range, and the fo-
cal mechanisms there do not relocate to a localized re-
gion. By introducing an Adelbert block, Koulali et al.
(2015) reduced the modeled velocities on Schouten from
~116 mm/yr reported in Tregoning (2002) to ~96 mm/yr.
However, the Koulali et al. (2015) data for the two GPS
sites that straddle Schouten in the west (TARO and
BAMI) imply only 85 mm/yr motion on azimuth 262.7°.
Such rapidly varying spatial deformation is not captured
well by the proposed Adelbert block model.

Instead, we support the inference of Taylor (1979)
that, in order to accommodate the observed motions,
there must be some internal plate deformation of the
North and South Bismarck Plates between the Schouten
transform and the other segments of the BSSL. It is
likely that this internal deformation is being accommo-
dated in the Western Spreading Ridges region (Fig. 2),
where the St. Andrews Strait hotspot has created a
thick crust and weak lithosphere (Fig. 1; Hall and Spak-
man, 2002; Taylor and Benyshek, 2024). Scattered focal
mechanisms that plot in the middle of both the North
and South Bismarck Plates and do not relocate along
the BSSL show that internal deformation is occurring
(Fig. 1; Supplemental Material). In global plate models
like Bird (2003), the southwest tip of the Western Spread-
ing Ridges is connected by a transform to the Schouten
transform, which would form an unstable triple junc-
tion; physiographically, the Western Spreading Ridges
terminate south of the Schouten transform fault, within
the South Bismarck Plate, again supporting the infer-
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ence that internal deformation and non-localized mo-
tion is accommodated in this area (see question mark
on Figs 6, 7).

We exclude the Djaul transform from our pole calcu-
lations because, although it is one of the transform seg-
ments of the BSSL, it also borders the Manus microplate
and thus may not reliably represent the motion between
only the North and South Bismarck Plates. Because we
excluded all of these events from our Euler pole calcula-
tions, we did not employ our careful selection process to
exclude events not along the fault and with misaligned
nodal-planes; thus, further analysis of these events may
show that the seismicity along the Djaul may indeed be
well fit by small circles of both the BSSL and WSW Euler
poles, as supported by our OMPs so far (Fig. 8d,i).

4.7 Globalsignificance

The BSSL hosts some of the longest and fastest-slipping
oceanic transform faults on Earth, with estimated slip
rates ~100mm/yr along some segments (Koulali et al.,
2015). Oceanic transform faults are capable of produc-
ing great earthquakes (Wiseman and Biirgmann, 2012)
which can trigger both local tsunamis (Heidarzadeh
et al., 2017) and distant aftershocks (Pollitz et al., 2012).
Therefore, understanding the characteristics and dis-
tribution of their seismicity is a key aspect in quanti-
fying their hazard. Our results here show that, on the
Willaumez and Schouten transforms in particular, seis-
mic activity is tightly localized. Howe et al. (2019) found
similar results for the Blanco and Balleny oceanic trans-
form faults using the same relocation procedure. Re-
located earthquakes along the 50-km-long G3 strand of
the Gofar oceanic transform show similar tight cluster-
ing (Wei et al., 2024). The tight clustering of seismic-
ity along oceanic transform faults is in stark contrast
to many large-offset continental transform faults such
as the San Andreas or Anatolian faults that often have
more distributed seismicity and many branching faults
(e.g., Ding et al., 2023; Liu et al., 2022). Taken together,
this work suggests that oceanic transform faults tend to
localize seismicity more effectively than their continen-
tal counterparts.

We can also calculate the seismic moment along spe-
cific faults and compare these values to what is pre-
dicted if the slip is accommodated seismically over a
range of depths corresponding to the seismogenic zone,
a value otherwise known as the seismic coupling ra-
tio. For the Schouten and Willaumez transforms (ex-
cluding the ETZ), we derived summed moment values
of 3.3 x 10¥ and 2.3 x 10* Nm, respectively, for the
20-year observational period. We used only the care-
fully selected earthquakes included in the pole calcu-
lation, so the seismic moment release values might be
considered minimum values. We used a shear modu-
lus of 30 GPa (after e.g., Y. Liu et al., 2012) and a seis-
mogenic thickness of 4 km (the average of reported val-
ues for oceanic ridge-transform faults, as summarized
by Boettcher and Jordan, 2004). For the Schouten and
Willaumez transforms, we derived seismic coupling val-
ues of 43% and 50%, respectively, based on the fault
slip rates reported in Tregoning (2002) and Koulali et al.
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(2015). These values are significantly higher than aver-
age values for oceanic transform faults, which are on
the order of 15% (Boettcher and Jordan, 2004). How-
ever, a large unknown is the seismogenic width of these
faults; the range given by Boettcher and Jordan (2004) is
for oceanic ridge-transform faults, and there are no es-
tablished thermal models of the BSSL that could provide
better constraints on these values.

An enigmatic feature of the BSSL is the ETZ, which
links the Willaumez Fault with the Manus Spreading
Center (Fig. 3). While the Manus ETZ was the first of
its kind recognized globally, others were subsequently
identified in the Lau Basin, Reykjanes Peninsula and
Mak’Arrasou Afar (Taylor et al., 1994; Zellmer and Tay-
lor, 2001). Features typical in ETZ systems globally in-
clude en echelon volcanic features and faults that trend
at Riedel shear angles to the extension direction (Taylor
et al., 1994). In each of these cases, the transforms are
seismic, while the volcanic zones are aseismic, at the
scale of observation, but it is unknown whether trans-
form fault slip and rifting events are coeval or co-located
(e.g., Khodayar et al., 2020). Atthe Lau Basin ETZ, for ex-
ample, seismicity is dominated by strike-slip events that
do not appear to be associated with magmatic events but
rather fault slip (Conder and Wiens, 2011; Eguchi et al.,
1989b). Since the spreading along the Manus ETZ is
most likely accomplished by subseismic diking events,
our work here also cannot resolve whether the strike-
slip faulting and spreading along it occur coevally or are
partitioned in time.

To resolve this and other open questions, the Bis-
marck Sea would benefit from additional seafloor sur-
veying, including swath bathymetry and sidescan sonar
in targeted regions such as: at the eastern end of the
Schouten transform where transform motion is modu-
lated by the WSR; in the middle of the Schouten trans-
form between the Llanes et al. (2009) and Auzende et al.
(2000) surveys; just north of the Schouten transform in
the 2019 earthquake sequence region; and along the
proposed SE Adelbert block boundary. A longer OBS
study similar to Eguchi et al. (1986) along the Willaumez
transform and ETZ could help disentangle the mecha-
nisms that accommodate extensional transform motion
in these zones globally and answer whether spreading
events are coeval with strike-slip seismicity or are tem-
porally and spatially partitioned. Finally, full model-
ing of GPS and mapped fault data, including a separate
Schouten transform from the remainder of the BSSL
segments, could further refine the Euler poles that we
estimate here and additionally clarify the complicated
microplate tectonics in this region.

5 Conclusions

The detailed nature of the seismicity along the BSSL
has not been determined since its initial discovery
and description in 1969. Here, we use a recently de-
veloped earthquake relocation method (Howe et al.,
2019) to take a modern look at the seismicity along the
many segments of this boundary. We find that the left-
lateral strike-slip seismicity is localized tightly along
the Schouten, Willaumez, Djaul, and Weitin transforms,

SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | Tectonics along the Bismarck Sea Seismic Lineation

and the western ETZ. Several earthquakes that relo-
cate to inside the Manus Microplate may represent dis-
tributed deformation by bookshelf-style faulting (right-
lateral on NNE-striking planes). We confirm previous
work that indicates that the spreading ridges and rifts
such as the Western Spreading Ridges, Manus Spread-
ing Center, Southern Rifts, and Southeast Ridges are
aseismic at Mw>5; however, we find clusters of strike-
slip seismicity at their terminations and cross-cutting
them. The strike-slip fault that cross-cuts the volcanic
fissures of the ETZ is a synthetic Riedel shear to the ad-
jacent Willaumez transform, with seismicity and focal
mechanism nodal-planes aligned 10° counter-clockwise
to it. We find that published and our newly calculated
North Bismarck - South Bismarck Euler poles do not fit
the relocated events along the Schouten transform well;
instead, we calculate new Euler poles for the Schouten
alone as well as the remainder of the BSSL excluding the
Schouten and find that they reduce the RMS misfit of
the predicted small circles to the earthquake locations.
Since the geometries of the Willaumez and Schouten
transforms are inconsistent with a common pole of ro-
tation, we infer that significant internal deformation
must occur within the North and South Bismarck Plates.
Few earthquakes occur along the SE boundary of the
previously proposed Adelbert block and they do not re-
locate in a tight zone.
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