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ABSTRACT
The Solomon Islands-Vanuatu composite subduction zone represents a
tectonically complex region along the Pacific-Australia plate boundary in the southwest
Pacific Ocean. Here the Australia plate subducts under the Pacific plate in two parts - the
South Solomon Trench and the Vanuatu Trench – with the two segments separated by a
transform fault produced by a tear in the approaching Australia plate. As a result of the
Australia plate tearing, the two subducting sections are offset by the 280 km long San
Cristobal Trough (SCT) transform fault, which acts as a Subduction-Transform Edge
Propagator (STEP) fault.
The formation of this transform fault provides an opportunity to study the
mechanics of lithosphere tearing and the evolution of a newly created plate boundary. In
2014, at the western terminus (the tearing zone) of the SCT, two earthquakes (MW 7.4
and MW 7.6) occurred with disparate mechanisms (dominantly thrust and strike-slip
respectively), which I interpret to indicate the tearing of the Australia plate as its northern
section subducts and southern section translates along the SCT. Analyses of these 2014
events indicate lithosphere tearing is accommodated along a complex network of faults.
As distance from the tear increases, both the magnitude and frequency of
earthquakes along the transform increase reflecting the coalescence of fault segments into
a through-going structure. Over the past several decades, there have been several
instances of larger magnitude earthquakes migrating westward along the STEP through a
rapid succession of events. A recent May 2015 sequence of MW 6.8, MW 6.9, and MW 6.8
earthquakes followed this pattern, with an east to west migration over three days.
iii

However, neither this 2015 sequence, nor a previous 1993 progression, ruptured into or
nucleated a large earthquake within the region near the tear. SCT sequence termination
outside the region of the newly formed fault happens even though Coulomb Failure
Stress analyses reveal that the tear end of the SCT is positively loaded for failure by the
earthquake sequence. Changing seismicity patterns along the SCT are also mapped by bvalue variations that correspond to the rupture patterns of these propagating sequences.
These seismicity pattern changes along the SCT reveal a fault maturation process with
strain localization driven by cumulative slip.
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Introduction
Transform plate boundaries can form either from the transformation of existing or

the creation of new plate boundaries (Mann et al. 1999). The transformation process
modifies an existing plate boundary through such means as relative plate motion changes
or the passage of a triple junction, as seen with the northward migration of the
Mendocino Triple Junction along the west coast of North America (Furlong et al. 1989).
Creation, on the other hand, entails the generation of an entirely new plate boundary. In
this study, I examine a specific generation process: transform boundary development via
lithosphere tearing of a bifurcated subduction zone.
My research focuses on two fundamental problems regarding the transform plate
boundary formation process. First, I seek to better understand the mechanics of plate
tearing. Second, I investigate how a newly formed transform boundary develops. The
Solomon Islands – Vanuatu composite subduction zone in the southwest Pacific Ocean
provides an excellent opportunity to study these processes as it hosts the scissor-like
tearing of the Australia plate as it subducts under the Pacific plate, producing a 280 km
long transform fault.
Termed “Subduction Transform Edge Propagator” (STEP) faults (Govers and
Wortel 2005), more than 24 of these transform formations, created via lithospheric
tearing, have been identified globally. Prominent examples include the transforms at the
north and south boundaries of the Lesser Antilles trench, the northern end of the Tonga
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trench, and the southern end of the Vanuatu trench (Bilich et al. 2001). No detailed
studies of the Solomon-Vanuatu STEP have been undertaken; but a seismically active
period (2013 – 2015) has produced new data that can provide insights into my two
research problems and supplement our understanding of STEPs. The primary data
sources for these analyses are the ANSS Comprehensive Catalog (USGS) and the Global
CMT Catalog (Ekström et al. 2012).

1.1

Regional Plate Tectonics
The tectonic history of this region is complex, defined by periods of convergence,

spreading, and subduction direction reversals. Before 10 Ma the Pacific plate subducted
to the west under the Australia plate. The collision of the Ontong Java Plateau beginning
in the Miocene (10 Ma) inhibited continued Pacific subduction and triggered the
subduction polarity reversal. By 5 Ma the current subduction directions had become
established with the Australia plate subducting under the Pacific plate (Schellart et al.
2006). Figure 1-1 shows the current plate tectonics of the region. There are two distinct
subduction zones in the area as the Australia plate converges with Pacific plate at 9.5
cm/yr in an east-northeast direction (DeMets et al. 2010). The Solomon trench (ST) lies
to the northwest where oblique subduction of the Australia plate occurs. Further to the
southeast is the Vanuatu trench (VT) with trench-normal subduction. Both subduction
zones have hosted large megathrust earthquakes (Tajima et al. 1990; Furlong et al. 2009;
Lay et al. 2013; Hayes et al. 2014; Romano et al. 2015; Thirumalai et al. 2015).
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The Australia plate converges with the Pacific plate at 9.5 cm/yr (DeMets et al. 2010). Large megathrust earthquakes occur along
both the Solomon and Vanuatu trenches. The 280 km long San Cristobal Trough (SCT), created by the tearing Australia plate,
connects the two subduction zones. The dashed box indicates this study’s primary region of interest.

Figure 1-1: Current plate configuration of Solomon Island – Vanuatu subduction zones with seismicity since 1900.
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Connecting the two trenches is the east-west striking, 280 km long San Cristobal
Trough (SCT)1 (Figure 1-1). The Australia plate tear is located at the intersection of the
Solomon trench and western end of the SCT. The SCT and its interaction with the
Solomon and Vanuatu trenches are the areas of primary interest for this research and are
highlighted by the dashed box in Figure 1-12. To the northwest, spreading along the
relatively young Woodlark ridge has formed the small Woodlark plate and a stable
transform-trench-trench triple junction along the Solomon trench. Woodlark ridge
produced lithosphere, however, has not yet reached the tear (as indicated in Figure 1-1).
The abrupt change in plate boundary orientation from the Solomon trench to the
SCT requires that the subducting Australia plate deform and most likely tear. A transition
from predominantly thrust events along the Solomon trench to strike-slip earthquakes
along the SCT (Figure 1-2) provides evidence of lithosphere tearing as does the
shallowing of seismicity from maximum depths of 100 km along the Solomon slab
(Figure 1-3) to less than 20 km along the SCT (Figure 1-4).

1.2

2013 – 2015 Earthquakes Near the San Cristobal Trough
Although historically the SCT has experienced lower seismicity than the

neighboring subduction zones (Nishenko 1991; Panagiotopoulos 1994), the 2013 MW 8.0
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Some authors also group the southern Solomon Trench with the San Cristobal Trough.
For this paper, I have separated these features based on the disparate faulting geometries
observed along each boundary.
2
All figures and maps have been created using the Generic Mapping Tools software
package (Wessel and Smith 1991) unless otherwise noted.
4

There are mainly thrust faulting (red) mechanisms along the Solomon and Vanuatu trenches. Strike-slip (yellow) events dominate
seismicity along the SCT. Extensional (green) events are mainly located west of the Vanuatu trench within the Australia plate.
Cross sections A-A’ and B-B’ are displayed in Figures 1-3 and 1-4. All focal mechanisms shown here are from the GCMT
catalog.

Figure 1-2: Focal mechanism patterns near the SCT since 1976.
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Figure 1-3: Side projection focal mechanism cross-section of Solomon thrust faulting
activity.
A-A’ cross-section from Figure 1-2 showing Solomon trench subduction zone. The thrust
(red) focal mechanisms highlight the descending slab. Seismicity extends to 100 km.
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B-B’ cross-section from Figure 1-2. Strike-slip (yellow) and thrust (red) earthquakes rarely occur below 20 km depth along the
SCT. Normal faulting events (green) are only near the ends of SCT and are likely related to the subduction process.

Figure 1-4: Side projection focal mechanism cross-section of shallow SCT seismicity.
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Santa Cruz Island earthquake appears to have initiated a period of increased seismicity
along the SCT as shown in Figure 1-5. The initial MW 8.0 megathrust earthquake was
followed in 2014 by two large earthquakes (MW 7.6 strike-slip and MW 7.4 thrust) near
the Australia plate tear at the western end of the SCT. In 2015 three strike-slip
earthquakes propagated east-to-west (MW 6.8, MW 6.9, and MW 6.8), occurring in rapid
succession along the SCT.
On February 6th, 2013 (UTC 01:12:25) the shallowly dipping MW 8.0 Santa Cruz
Island megathrust event occurred at the northern-most end of the Vanuatu trench near the
plate boundary transition to the SCT. Several shallow MW 6+ thrust faulting plateinterface foreshocks preceded the MW 8.0 main shock. A series of aftershocks followed
the main event including additional plate interface thrust events and several large normal
faulting events within the Australia plate west of the trench. Five right-lateral strike-slip
aftershocks between MW 6.5-MW 7.1 also occurred in the overriding Pacific plate in a
zone extending east from the SCT with the east-west trending nodal planes closely
aligning with (±12o) the SCT’s orientation, although the sense of motion is opposite of
SCT motion.
On April 12th 2014 (UTC 20:14:39) a MW 7.6 strike-slip earthquake occurred near
the SCT – Solomon trench intersection followed 16 hours later (04/13/14 UTC 12:36:19)
by a MW 7.4 thrust event ~20 km away (Figure 1-5). Based on their location, contrasting
geometries, and close spatial and temporal relationship, these two earthquakes are
inferred to represent tearing within the Australia lithosphere. A wide range of geometries
were observed for the ensuing aftershocks with thrusting primarily along the Solomon
8

trench, extension in the Australia plate south of the tear, oblique strike-slip events slightly
north of the tear, and a range of geometries along the SCT immediately east of the tear.
After having little to no significant seismicity in 2013 and 2014, the SCT hosted a
series of slightly oblique left-lateral strike-slip earthquakes migrating from east to west in
2015. These three events occurred ~50 km apart at less than 20 km depth with very
similar faulting geometries. The initial MW 6.8 earthquake occurred on May 20th (UTC
22:48:53) and was followed 48 hours later by the MW 6.9 earthquake (05/22/15 UTC
21:45:19). The sequence ended 2 hours later with the occurrence of the western-most MW
6.8 earthquake (05/22/16 UTC 23:59:33). While the 2015 sequence ruptured the eastern
two-thirds of the SCT, rupture did not continue to the tear (Figure 1-5). The aftershock
sequences of these three large strike-slip events include normal, thrust, and strike-slip
earthquakes, the largest of which was MW 6.4 left-lateral strike-slip earthquake on August
15th along the SCT between the two initial events in the sequence.
In 1993 a similar SCT sequence included a MW 7.1 left-lateral strike-slip
earthquake (03/06/1993 UTC 03:05:49) along the eastern SCT followed 13 hours later by
a MW 6.7 event (03/06/1993 UTC 16:26:56) 90 km to the west (Figure 1-6). A smaller
MW 6.0 earthquake located between these two events occurred during the sequence as
well, however the geometry of the event is unclear. Unlike the 2015 sequence, no large
tearing events preceded these earthquakes. The 1993 sequence did not propagate quite as
far as the 2015 sequence with the final 1993 event located 20 km east of the last 2015
event. The 1993 sequence aftershocks mainly consisted of a series of MW 5 thrust events
oriented along east-west striking faults (Figure 1-6) at the ends of the sequence.
9

Figure 1-5: 2013 – 2015 earthquake sequences near the SCT.
Earthquakes are colored by year: gold (2013), magenta (2014), and green (2015). The
2013 MW 8.0 thrust earthquake was followed by a robust aftershock period in the
overriding plate, along the subduction plate boundary, and at the eastern end of the SCT.
Seismicity moved to the SCT – Solomon trench intersection in 2014 with MW 7.6 and
MW 7.4 tearing events. In 2015, three left-lateral strike-slip (MW 6.8, MW 6.9, MW 6.8)
earthquakes propagated east to west along the eastern half of the SCT in rapid succession.
Bathymetry data for all figures is from SRTM-15 (Becker et al. 2009).
10

This 1993 propagating sequence was similar to the 2015 events. A MW 7.1 (03/06/1993 UTC 03:05:49) strike-slip event was
followed 13 hours later by a MW 6.7 (03/06/1993 UTC 16:26:56) strike-slip earthquake to the west. The aftershock sequence is
dominated by thrust events (black) whose fault planes differ from the main event.

Figure 1-6: 1993 SCT sequence and aftershocks.
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1.3

The Dynamics of Plate Tearing and Subsequent Transform Boundary
Development
The dynamics of the plate tearing process likely influence the subsequent

development of the transform fault. Simple forward models of mode II (in-plane shear)
crack-propagation predict that strike-slip fault development is linked to cumulative
displacement. Upon an initial application of shear on an inhomogeneous medium, a large
zone of shear strain with multiple small failure locations develops. Strain localization
occurs along consolidated structures as cumulative displacement increases (Knopoff et
al.1992; Cowie et al. 1993). Field observations support these forward models with
simpler fault geometries and the alignment of faults with relative plate motion emerging
with increased cumulative displacement (Ben-Zion and Sammis 2003; Wechsler et al.
2010).
Whether STEP fault development follows a similar pattern is unclear. Unlike the
strike-slip models discussed above, STEPs experience a combination of mode II and
mode III (out-of-plane shear). The degree of strain localization for a STEP fault tear
likely influences the subsequent development process of the transform boundary. A
simple STEP tear, defined by a single, through-going fault oriented with plate motion,
may require relatively little cumulative offset before the transform fully matures. A
distributed tear, with slip occurring along a patchwork of interconnected faults, on the
other hand would likely require significantly more cumulative slip before the transform
boundary matures.
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1.3.1 Key Questions Concerning Plate Tearing
To better understand the tearing and fault maturation processes, I have identified
several key questions (listed below) that I will address in this research.
1. What is the representative geometry of a tearing earthquake at the SCTSolomon trench intersection?
2. Do the tearing earthquakes rupture into and through the normally ductile
layer of the lithosphere?
3. Are stress conditions at the tear conducive for simple or distributed
tearing?	
  
The high rate of seismicity in the region allows for a relatively detailed study of
tearing at the SCT-Solomon trench intersection. By comparing the geometry of the 2014
sequence, along with previous nearby events, to the seismicity seen at other STEP tears,
we can determine if tearing at the SCT-Solomon trench intersection is simple or
distributed. Seismological evidence of lithosphere tearing has been documented at both
the Lesser Antilles (Meighan et al. 2013) and Tonga STEPs (Millen and Hamburger
1998). At the Puerto Rico trench along the northern branch of the Lesser Antilles STEP,
intermediate depth (50 km – 150 km) <MW 4 earthquake swarms have been linked to the
tearing of the converging North America plate (Meighan et al. 2013). Along the Tonga
STEP, vertical dip-slip events with strikes coinciding with plate motion have been
interpreted as tearing of the subducting Pacific plate. These moderate-to-large events
occupy a narrow band along the plate boundary with depths extending 18 km – 88 km
indicating complete lithosphere tearing. The consistent geometry of these events oriented
13

with plate motion likely indicate a consolidated, simple tearing process (Millen and
Hamburger 1998).
The depth extent of the tearing earthquakes also provides further clarity regarding
tear organization. The seismicity patterns shown in Figures 1-2, 1-3, and 1-4 indicate a
completely torn lithosphere. Lithosphere failure behavior, however, changes with depth
from shallow brittle to deeper ductile failure (Sibson 1974; Sibson 1977). A few large
events rupturing through the normally ductile layer can localize strain at depth and may
result in a simpler tear. Without rupture into the deeper lithosphere, complete tearing
would be accommodated via plastic failure with distributed strain, resulting in a more
distributed tearing. I have utilized stress differential analyses for various faulting
environments (Sibson 1974; Sibson 1977) to compare the tearing earthquake depths to
brittle-ductile failure transition models for simple oceanic lithosphere models. The
earthquake depth distribution reflects the mechanical failure behavior of the lithosphere
and is highly dependent on the lithosphere’s temperature profile which is itself a function
of age (Wiens and Stein 1983). Therefore, the complexity of tearing may also be linked
to the age of the lithosphere.
Tear complexity can also be explored using a static, elastic, three-dimensional
finite element model. While other models have explored the propagation of tears (Govers
and Wortel 2005; Wortel et al. 2009; Hale et al. 2010; Baes et al. 2011), my finite
element model examines the stress state near the tear prior to continued propagation.
Forward looking STEP propagation models predict distributed regions of strain around
the tear (Govers and Wortel 2005) and an increase in disorderly tearing as lithosphere
14

strength increases (Hale et al. 2010). With my model, I can resolve the stresses on an
array of fault orientations to determine if failure is promoted along a range of fault
geometries. Possible failure along multiple fault geometries would indicate that
distributed tearing is feasible.

1.3.2 Key Questions Concerning Transform Boundary Development
By answering the three tearing process questions, we will gain a better
understanding of the initial state of the transform plate boundary at the younger, western
end of the SCT. These answers, in turn, guide my analyses of the two fundamental
questions regarding the SCT.
1. Does the SCT undergo a maturation process?
2. If maturation does occur, how much cumulative displacement is required
before the SCT is fully formed?
To address these questions, I rely on observed changes in seismicity along the
SCT. The termination of the 1993 and 2015 SCT strike-slip sequences prior to reaching
the western end of the SCT appears to indicate varying fault zone properties between the
western and eastern SCT. I utilize a combination of b-value (Gutenberg and Richter
1944) and Coulomb Failure Stress (CFS) (Stein et al. 1992) analyses to assess the varying
seismicity along the SCT. On other fault systems, b-values have been shown to vary
significantly on the kilometer scale (Tormann et al. 2014) indicating that a detailed
analysis of the 280 km long SCT can potentially yield useful results. Likewise CFS
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analysis will demonstrate if the sections of the SCT respond similarly to comparable
stress conditions.
Forward models indicate that not all seismicity changes along a STEP, however,
are driven by fault maturation. Changes in seismicity along the SCT may indicate
continued STEP propagation (Govers and Wortel 2005). STEP growth is usually a
function of trench or slab rollback, typically accommodated by back-arc extension in the
overriding plate. Relative motion along the STEP would therefore be non-uniform as a
result of this back-arc extension (Wortel et al. 2009). As STEP growth ceases, relative
motion is expected to equilibrate along the boundary (Govers and Wortel 2005).
Discerning whether the SCT is in stasis or not will affect our understanding of the plate
boundary maturation process.
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2

Lithospheric Tearing at the Solomon Trench – SCT Intersection
The Solomon trench – SCT intersection is accompanied by a shift from thrust to

strike-slip events and the shallowing of earthquake activity (Figures 1-2, 1-3, 1-4). These
seismicity changes can only be accommodated via the tearing of the Australia plate. In
this section, I examine the seismic characteristics of tearing through an analysis of the
2014 sequence and previous tear events. Using temperature and lithosphere strength
models, I explore the relationship between the tearing events and the lithosphere’s
mechanical behavior. Lastly I examine how the various fault geometries seen at the tear
respond to loading from applied plate motion using a finite element model. Combined,
these analyses inform a conceptual model of plate tearing which likely affects the
subsequent development of the new plate boundary.

2.1

Fault Geometry of Tearing Earthquakes
Unlike the plate tearing seen in Tonga where vertical faults align in the direction

of plate motion (Millen and Hamburger 1998), tearing at the Solomon trench – SCT
intersection does not resemble a simple dip-slip geometry. Figure 2-1 shows the
earthquakes greater than MW 6.5 since 1978 located in the tear region. These pre-2014
tearing earthquakes are located within a 50 km wide swath between San Cristobal Island
and the SCT with hypocenters extending from 10-40 km in depth. Before the recent 2014
activity, the focal mechanisms near the tear demonstrated relatively consistent behavior.
These earlier events have an oblique geometry with a shallowly dipping plane striking
17

parallel to the SCT and a near vertical plane perpendicular to the SCT. Failure likely
occurs along the SCT oriented plane since plate motion would increase the normal stress
along the SCT perpendicular plane, thereby inhibiting failure. Slip vectors (indicated in
red in Figure 2-1) for these pre-2014 earthquakes reveal a relatively consistent slip
direction closely aligned with overall plate motion.
The 2014 MW 7.6 and MW 7.4 earthquakes, the largest Australia plate tearing
events in the historical record, do not share a geometry with the earlier events or with
each other. The close proximity of two large events with diverse faulting suggests the
occurrence of lithosphere tearing by slip on variously oriented fault planes instead of the
single plane aligned with plate motion as is seen in Tonga.
Since the 2014 tearing events do not exhibit a simple vertical tearing geometry,
identifying actual slip planes is difficult. Figure 2-2, shows the MW 7.6 event and
subsequent aftershocks before the MW 7.4 earthquake occurred. The sub-vertical NW-SE
plane represents left-lateral motion on a fault sub-parallel to the Solomon trench while
the other plane indicates right-lateral motion perpendicular to the trench. USGS NEIC
finite fault modeling indicates that the NW-SE striking plane with a maximum slip of 5 m
and a 29.3 km deep hypocenter is the preferred plane. The aftershocks (Figure 2-2)
roughly align in a NW-SE orientation extending away from the main event supporting
this interpretation.
Based on the MW 7.4 thrust earthquake’s location at the Solomon trench – SCT
intersection, each nodal plane implies a different driving faulting mechanism (Figure 23). The relative motion of the north-dipping nodal plane would indicate an interplate
18

Figure 2-1: Tearing earthquakes located at SCT – Solomon trench intersection.
Pre-2014 tearing events (grey) exhibit consistent oblique geometries with slip vectors
(red) near parallel to overall plate motion. The 2014 sequence (black) is atypical in
magnitude, geometry, and slip direction (green arrows) when compared to previous
tearing events. The light green arrow represents the combined slip direction scaled by
seismic moment for the 2014 sequence.
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Figure 2-2: 2014 MW 7.6 earthquake tearing sequence including aftershocks before the
MW 7.4 earthquake occurred.
The aftershocks are aligned along the preferred NW-SE plane of the main earthquake.
Focal mechanisms only exist for the thrust events northwest of the main shock, however
most of the other aftershocks are distributed to the southeast.
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event between the subducting Australia and overriding Pacific plate similar to the thrust
faulting seen northwest of the earthquake along the Solomon trench (Figure 2-3). The
south-dipping plane, on the other hand, represents intraplate faulting of the Australia
plate. Unlike the MW 7.6 event, both of the USGS NEIC’s finite fault models fit the data
equally well and the aftershocks, which spread along both the Solomon trench and SCT
(Figure 2-3), cannot be easily linked to a specific plane.
The close spatial proximity of the MW 7.4 thrust earthquake to the previous MW
7.6 strike-slip earthquake suggests that the stress changes from the MW 7.6 event may
have triggered the MW 7.4 earthquake. I have used Coulomb Failure Stress analysis
(CFS) to determine which potential MW 7.4 earthquake fault plane is preferentially
loaded by the MW 7.6 strike-slip earthquake motion (Stein et al. 1992). I utilized the
codes developed by Herman et al. (2016) based on the solutions for deformation in an
elastic half-space from a finite rectangular source (Okada 1992) [coefficient of friction of
0.5 and Lamé parameters (λ,µ) 35 GPa]. I used the USGS NEIC’s MW 7.6 earthquake
preferred finite fault model to assess the effects on either of the nodal planes of the MW
7.4 thrust earthquake. However, the CFS results proved as equally inconclusive as the
USGS NEIC’s finite fault models, since comparable positive ΔCFS values (promoting
failure) are found for both geometries.
The MW 7.4 event’s location relative to the aftershocks, however, seem to indicate
that this is an intraplate tearing event and not an interplate megathrust earthquake. The
location of the MW 7.4 earthquake appears to separate two zones of aftershock behavior.
Aftershocks to the northwest along the Solomon trench indicate a consistent interplate
21

Figure 2-3: 2014 MW 7.4 tearing earthquake sequence including aftershocks.
After the MW 7.4 thrust earthquake (the second event in the 2014 sequence), aftershocks
can be seen along the Solomon trench, the western SCT, and in the overriding Pacific
plate. As an intraplate tearing event, the south-dipping plane is the preferred geometry as
the north side of the Australia plate drops relative to the south side at the tear.
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thrust geometry, while those focal mechanisms to the east along the SCT have a variable
geometry (Figure 2-3). The MW 7.4 thrust event may divide these faulting geometries
because it occurred at the hinge of the tear, therefore representing an intraplate tearing
event with a south dipping fault plane. The shallow (< 20 km) normal aftershocks west of
the tear may indicate the Australia plate responding to tension created by the dropping of
the torn lithosphere.
Although the MW 7.4 and MW 7.6 events represent different faulting styles, when
projected in three-dimensional space, the preferred fault planes intersect with overlapping
regions of maximum slip indicated by the shading in Figure 2-4c. The combined
horizontal slip vectors from the disparate 2014 tearing events (scaled by total seismic
moment), however, indicate an overall slip direction closely aligned with relative plate
motion (Figure 2-1). Tearing at the Solomon trench – SCT intersection should therefore
not be viewed as a single plane cutting through the lithosphere but rather multiple planes
of damage intersecting in space. The combined motion along these planes may represent
the tearing of the plate distributed in a three-dimensional volume.
The USGS finite fault models assume that rupture for each 2014 event occurred
along a single fault plane. With the events located at the rotation of the plate boundary at
the SCT-Solomon trench intersection, coseismic slip may have occurred along multiple
planes for each event. The GCMT centroid moment tensor solution for the MW 7.6 strikeslip earthquake only indicates a 20% double couple solution. Deconstructing the moment
tensor into major and minor double couples (Jost and Herrmann 1989), however, does not
indicate a particular pair of fault geometries that can be matched to the orientation of the
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Panels a and b show the USGS NEIC finite fault models for the MW 7.6 (S/D 115/69) and MW 7.4 (S/D 90/40) earthquakes with
large rupture patches extending to ~60 km. The max slip of the MW 7.6 earthquake (green) and MW 7.4 earthquake (red) intersect
(panel c). Although the 2014 sequence did not rupture the same plane, the events did rupture in the same volume.

Figure 2-4: Finite fault models for 2014 MW 7.6 and MW earthquakes.
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plate boundary. Despite the low double couple percentage of the centroid moment tensor,
the USGS’s W-phase moment tensor indicates a 97% double couple solution with a
similar geometry to the GCMT solution. While slip for the MW 7.6 earthquake may have
occurred on multiple planes, the high double couple percentage of the W-phase moment
tensor indicates that a majority of slip occurred along a single plane, making the finite
fault models viable approximations of the two tearing events.

2.2

Thermal-Mechanical Conditions of Tearing Events
The USGS NEIC finite fault models of the 2014 MW 7.6 and MW 7.4 events

(Figure 2-4a and 2-4b) include significant patches of slip extending down to 60 km and
50 km respectively, possibly indicating co-seismic rupture into the normally ductile
deformation layer of the lithosphere. The depth of the brittle-ductile transition is largely
controlled by temperature, which in oceanic lithosphere is a function of age. Schellart et
al. (2006) indicate a wide range of possible Australia lithosphere ages in the region of the
tear ranging between 50 Ma and 90 Ma.
To assess what the range of possible lithosphere ages implies for the mechanical
properties of the lithosphere, I used a half-space cooling model to calculate lithosphere
temperature (Equation 1). Parameters are listed in Table 2-1 (Fowler 2005). I defined the
basal lithosphere isotherm as 90% of asthenosphere temperature.
𝑇 𝑧, 𝑡 =    𝑇! + 𝑇! 𝑒𝑟𝑓

!
! !"

Table 2-1: Half-space cooling model parameters.
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Equation 1

Parameters
Ocean floor temperature (To)
Asthenosphere temperature (Ta)
Thermal diffusivity (κ)

Value
4 oC
1365 ± 10 oC
32 km2Ma-1

Figure 2-5 shows the results of the half-space cooling model. The red box
indicates the nucleation depth range (10 – 40 km) of observed tearing earthquakes. At 40
km, temperatures range from 700 oC to 550 oC. The ±10 oC uncertainty on asthenosphere
temperature has a minimal effect (±5 oC) on temperatures at 40 km. For 50 – 70 Ma
lithosphere, the 40 km maximum nucleation depth roughly corresponds to the maximum
extent of the seismogenic zone as defined by the 700 oC isotherm from Wiens and Stein
(1983). Plate cooling models yield similar results with a slightly broader temperature
range.
The temperature profile is a key input to calculate the lithosphere’s brittle-ductile
transition depth. I used the Sibson (1974) relationships between stress difference (σ1- σ3),
depth (z), and pore pressure (Pf) to calculate the minimum stress difference required to
initiate brittle failure (or frictional sliding) for typical faulting geometries (Equation 2).
𝜎! − 𝜎! = ∆𝜎 ≥ !
𝑅! =

!!!!
!!!! !!

  𝜌𝑔𝑧 1 − 𝜆

1 + 𝜇! − 𝜇
𝜆=

!!

𝑃!
𝜌𝑔𝑧

𝑃! = 𝜌! 𝑔𝑧
Table 2-2: Parameter for Sibson stress differential.
Parameters
Density of water (ρw)

Value
1000 kg/m3
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Equation 2

2800 kg/m3
0 if thrust
1 if normal
0.5 if strike-slip	
  
0.5	
  
9.8 m/s2

Density of lithosphere (ρ)
Constant (q)	
  
Coefficient of friction (µ)	
  
Acceleration due to gravity (g)

Ductile failure behavior is modeled by a power-law function of stress difference,
strain rate (𝜀), temperature (T), and lithology parameters (A,Q,n) (Table 2-3) as shown in
equation 3 (Sibson 1977; Turcotte and Schubert 2002). I have assumed a simple 2 layer
lithosphere framework with a 10 km thick diabase crust overlying an olivine mantle.
!

∆𝜎 ! = ! 𝑒

!

!"

Equation 3

Table 2-3: Olivine lithology parameters.
Parameters
A
Q
n	
  
Universal gas constant (R)	
  

Value
3.4 x 104 MPa-n/s
544 kJ/mol
3.5	
  
8.314 x 10-3 kJ/mol	
  

Figure 2-6 shows the strength envelope results for 50 Ma, 70 Ma, and 90 Ma
oceanic lithosphere. Lithospheric strength increases with age as the brittle-ductile
transition moves deeper due to plate cooling. Although the overall strength of the
lithosphere decreases in a normal fault setting compared to a thrust fault environment, the
gentle slope of the ductile curve only shifts the brittle-ductile transition deeper by a few
kilometers. For a typical plate boundary strain rate of 10-13 s-1, ductile failure begins
between 40 and 60 km depending on lithosphere age and fault geometry.
The strength envelopes (Figure 2-6) indicate that tearing earthquake nucleation
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Figure 2-5: Half-space cooling model for 1365 oC asthenosphere.
The red rectangle indicates the depth range for tearing earthquake nucleation spanning
the 50 – 90 Ma lithosphere age uncertainty. The deepest hypocenters extend to the base
of seismogenic zone for younger lithosphere.
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These strength envelopes are based on a two layer model of oceanic lithosphere. The brittle-ductile transition is pushed deeper as
the lithosphere ages and cools. For 50 Ma lithosphere, the deepest tearing nucleation (40 km) corresponds to the brittle-ductile
transition. The 2014 MW 7.6 and MW 7.4 earthquakes likely ruptured into the ductile layer.

Figure 2-6: Strength envelopes for 50 Ma, 70 Ma, and 90 Ma lithosphere.
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likely occurs close to the base of the brittle layer. For younger lithosphere, the 2014 MW
7.6 and Mw 7.4 earthquakes (with large patches of slip down to ~ 60 km) would both
have ruptured into the ductile layer beginning at 40 km. Although the MW 7.6
earthquake’s finite fault model predicted maximum slip depth of 88 km may be
overestimated, it seems likely that the MW 7.6 earthquake did rupture deeper than the MW
7.4 earthquake. For older lithosphere, the MW 7.4 thrust event likely only reached the
base of the brittle layer, however the MW 7.6 likely still ruptured into a limited portion of
the ductile layer. Unless the maximum predicted slip depth (88 km) of the MW 7.6 strikeslip event is correct, the 2014 sequence likely did not rupture the full thickness of the
lithosphere since the cooling half-space model implies a lithosphere thickness range of 92
km to 124 km (50 Ma to 90 Ma) (Figure 2-5).

2.3

Finite Element Modeling of Pre-Tear Stresses
As discussed in section 2-1, the lithosphere tearing process appears to occur on a

suite of varyingly oriented planes intersecting in the same volume. To test the feasibility
of this multi-planar failure model, I created a static finite element model utilizing Ansys
16.1 to simulate the pre-tear stresses on common fault planes near the Solomon trench –
SCT intersection. Previous finite element models have examined the dynamic process of
STEP growth (Govers and Wortel 2005; Hale et al. 2010) but have not focused on the
stresses at the tear when the adjoining subduction interface is locked. This model is a
simplified version of the Solomon trench plate boundary conditions at the time of the
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2014 tearing events.
My model (Figure 2-7a) simplifies the geometry of the Australia-Pacific plate
boundary by removing the Vanuatu slab and rotating the Solomon trench normal to the
SCT. These two simplifications were incorporated to reflect a generic STEP geometry
and to isolate the effects of a locked subduction zone on the tearing process. The model
domain is 600 km wide, 600 km long, and 80 km thick. The trench and tear are located
300 km from the western edge of the model. To minimize stress concentrations, I have
given the subducting slab an outer curvature radius of 328 km representing 1/8th of the
outer cylindrical surface. I have also applied a 43 km long extension to the descending
plate when it reaches a 45o dip angle to match the descending slab length to the
unsubducted portion of the plate. The overriding Pacific plate and the underlying
asthenosphere have not been included. Additionally, the SCT is considered a frictionless
boundary. The Lamé parameters (λ,µ) have been set to 35 GPa. The model utilizes a 10
node tetrahedral element with a 343,294 element mesh.
I applied a finite displacement (1 m) to the east and west cross-sectional faces to
simulate eastward plate motion (Figure 2-7a) and locked the upper face of the descending
slab in both the east and vertical directions (representing the seismogenic zone). This
locking arrangement assumes a rigid overriding plate. Lastly, I confined the exposed
cross-sectional faces to displacement only in the direction of plate motion. While this
model simplifies plate boundary interactions, the overall mechanics of lithosphere tearing
are preserved allowing for a first-order analysis of tearing stresses.
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2.3.1 Finite Element Model Results
The application of 1 m of displacement (corresponding to approximately 10 years
of plate motion) leads to distributed strain around the tear (Figure 2-8). Figure 2-8 shows
the cumulative displacement of the plate. While the west and east boundaries of the
unsubducted Australia plate move unimpeded, the unsubducted lithosphere near the tear
has its eastward migration limited. A zone of inhibited displacement extends south of the
tear with a 20% reduction in total displacement reaching 30 km south of the tear and a
10% reduced displacement zone extending 80 km south of the tear (Figure 2-8) indicating
that strain is distributed within the Australia plate.
I utilized Coulomb Failure Stress (CFS) analysis to determine if failure is
promoted or inhibited due to plate motion for simplified common faulting geometries
observed near the tear: oblique tear event (S/D/R 280/30/30), 2014 MW 7.6 strike-slip
earthquake (S/D/R 115/69/28), and both nodal planes for the MW 7.4 2014 thrust event
(S/D/R 90/40/75 and 289/52/102). All four geometries result in positive Coulomb values
near the tear but with varying patterns (Figure 2-7).
For the oblique tear geometry, positive ΔCFS values are present throughout the
entire plate thickness with a positive ΔCFS lobe extending west of the tear (Figure 2-7b).
Tear propagation would likely follow this lobe of positive ΔCFS as it progressed west.
The 2014 MW 7.6 strike-slip earthquake orientation results in a clear delineation between
positive and negative ΔCFS values (Figure 2-7c). The largest positive ΔCFS values are
confined to a region north of the tear, while the negative ΔCFS values dominate to the
south. Failure is likely promoted along the fault plane due to reduced normal stress from
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plate motion. Both of the 2014 MW 7.4 thrust fault geometries, however, only result in a
small zone of slightly positive ΔCFS values near the tear. Figure 2-7d shows the fault
geometry for the preferred intraplate (south dipping) fault of the MW 7.4 thrust event. A
zone of small positive ΔCFS values is located at the tear but the positively loaded region
is not as extensive as the other geometries tested. The small ΔCFS values observed for
the MW 7.4 earthquake due to plate motion may indicate that the MW 7.6 strike-slip
earthquake, not plate motion, was the triggering mechanism for the MW 7.4 earthquake.
This finite element analysis provides two key insights into the plate tearing
process. First, plate motion does not localize strain around a single structure. Strain is
distributed tens of km south of the tear into the unsubducted Australia plate (Figure 2-8).
Second, a locked subduction seismogenic zone promotes failure along planes of varying
geometry, supporting the argument for multi-planar rupture. Additionally, failure along
one plane may trigger rupture along another plane that has not been extensively loaded by
plate motion, as observed with the 2014 MW 7.4 earthquake.
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Figure 2-7: Tearing plate finite element model with boundary conditions.
I utilized a static, elastic, three-dimensional, finite element model to examine stress
behaviors at the tear. Panel a displays the applied boundary conditions. A uniform 1 m
displacement in the east direction is applied to the cross-sectional faces. Motion on the
descending slab cross-sectional face is distributed between the east and down vertical
directions. The seismogenic zone on the descending lithosphere is locked in both the east
and vertical directions. b) Coulomb failure stress values resolved on an oblique tearing
fault geometry (S/D/R 280/30/30) that regular occurs at the SCT – Solomon trench
intersection. This observed loading extends west of the tear and propagates through the
plate. c) Coulomb failure stress values resolved on the preferred fault plane (S/D/R
115/69/28) of the 2014 Mw 7.6 strike slip event. The loading distribution varies from the
oblique fault geometry (panel b) usually seen at the tear and demonstrates that multiple
failure geometries are possible. d) Coulomb failure stress values resolved for the MW 7.4
event (S/D/R 90/40/75). There is a relatively small zone of positive loading. This
positively loaded zone is not as extensive as other geometries.
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Figure 2-8: Deformation after 1 meter of applied plate motion.
The locked seismogenic zone reduces eastward plate motion in the approaching Australia
plate. A zone of reduced displacement extends south of the tear as well indicating a
dispersed shear zone.
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3

Seismicity of the San Cristobal Trough
Compared to other STEPs which generally have low seismicity rates (Mann et al.

1999; Bilich et al. 2001), the SCT is highly active. Additionally, the 1993 and 2015
migrating strike-slip sequences allow for detailed analyses of varying seismic behavior
along the SCT. In this section, I review SCT seismicity trends over the last 40 years
through b-value analyses and examine Coulomb Failure Stress models of the 1993 and
2015 migrating strike-slip sequences.

3.1

b-Value Variations Along the SCT
I used a b-value analysis to identify changes in the distribution of earthquake

magnitudes along the SCT, which may reflect transformations in the plate boundary
structure. For this analysis, I utilized the Tormann et al. (2014) gridded methodology for
detailed b-value studies.
Using a plot origin location slightly northeast of the 2014 MW 7.6 and MW 7.4
events, I projected all earthquakes within ± 30 km of the SCT onto a vertical plane with
10 km grid spacing. For each grid node, I assigned a 40 km search radius such that the
search radius was sufficiently larger than grid spacing. These parameters were selected to
ensure that the minimum number of earthquakes for each grid exceeded 50 events to
ensure statistical significance (Tormann et al. 2014). To minimize the effect of large
event bias in the USGS ComCat database, I limited the USGS catalog search to MW 4.5+
earthquakes from January 1, 1976 to the present.
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A cumulative analysis of the entire SCT reveals a b-value of 0.9 (indicated by the
slope of the best-fit line in Figure 3-1) that closely matches the 1.0 global value (Stein
and Wysession 2003) as well as the nearby behavior of the Solomon and Vanuatu
subduction zones. In the past 40 years, there have been 407 earthquakes along the SCT
but no events have exceeded MW 7.l. Data points to the right of best-fit line between MW
6 – 7 indicate that there are slightly more events of this magnitude than expected from the
distribution of smaller earthquakes.
Sampling at smaller increments along the SCT, however, reveals systematic bvalue variations from west to east with b-values varying between 0.6 to 1.3 (Figure 3-2).
Near the tear at the west end of the SCT, the b-value is close to or exceeds 1.0.
Approximately 80 km east of the tear, the b-value drops below 0.9. At 120 km east of the
tear, minimum b-values of 0.6 occur and continue until 180 km east of tear. b-values
begin to rise again along the eastern SCT with the sections nearest the Vanuatu trench
containing b-values above 1.1. The much lower b-values along the central SCT indicate
that this region experiences proportionally more large events to small events than the east
and west ends of the SCT.
This general overall east to west, high-low-high b-value trend appears regardless
of the sampling increments. A grid spacing of 5 km with a 20 km search radius gives a
broader b-value distribution from 0.4 – 1.3 with more variability between adjoining grid
points. However, with this spacing, most of the grid points drop below the 50 event
threshold. A coarser 40 km grid spacing with an 80 km search radius produces a
smoother, reduced b-value range from 0.7 to 1.1. In all scenarios, the central section
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Figure 3-1: b-value for entire SCT since 1976.
From 1976 – 2016 the SCT experienced 407 MW 4.5+ earthquakes corresponding to a bvalue of 0.9. This value is similar to the global average.
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A zone of low b-values appears along the central SCT, corresponding to the region that hosts the ~MW 7 east-west propagating
strike-slip events. The higher b-values in the west delineate the section which failed to rupture during 1993 and 2015 SCT
sequences.

Figure 3-2: b-value variations along the SCT 1976 - 2016.
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contains lower b-values than the western and eastern sections.
Since 2013 – 2015 marked an especially active seismic period along the SCT
accounting for nearly half of all the seismicity since 1976, I performed the same b-value
analysis on the pre-2013 data to explore the possibility of b-value time dependency.
Although the cumulative SCT b-value remains unchanged, a time-dependence does
emerge as the high-low-high b-value trend is no longer clearly apparent (Figure 3-3).
The western SCT saw the greatest change in b-values due to the 2013 – 2015
seismicity as indicated by a nearly 0.3 b-value increase (Figure 3-4). The central section
generally experienced a less than 0.1 b-value decrease with the region 150 to 200 km east
of the tear showing a negligible change. Along the eastern SCT, b-values increased with
closer proximity to the Vanuatu trench.
The large b-value increase along the western SCT is due to the large number of
aftershocks in the nearby 2014 tearing sequence. These aftershocks account for more than
half of the western SCT’s 1976 – 2016 event total (Figure 3-5). Before 2013, the total
number of earthquakes along the SCT increased west to east. After recent events
however, seismicity along the western section has matched or slightly exceeded the total
seismicity for the central section (Figure 3-5).
Along strike changes in faulting geometry are also useful indicators of changing
SCT behavior. Figure 3-6 is a ternary diagram of SCT fault geometries based on the
Frohlich (1992) classification system. I divided the SCT into west (b-values > 0.7 from 0
– 120 km), central (b-values < 0.7 from 120 – 200 km), and east (b-values > 0.7 from 200
– 280 km) sections based on the b-value trends from the full 1976 – 2016 data set. The
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The recent activity has been removed. The central and eastern sections show little change, but the west values are significantly
reduced. This pre-2013 plot illustrates the potential time dependence of b-values.

Figure 3-3: b-value variations along the SCT pre-2013.
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Figure 3-4: b-value changes due to 2013-2015 activity
Most sections of the SCT saw a b-value change due to the 2013-2015 activity. The
western section saw the greatest increase due to robust small to moderate aftershocks
from the 2014 tearing sequence.
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Figure 3-5: Cumulative earthquakes per b-value grid node.
The bars represent the cumulative number of events per grid node. Blue represents 1976
– 2016 data. Red shows pre-2013 data. The western SCT sees the greatest proportional
increase in events. The majority of the earthquakes along the western SCT over the last
40 years are from the most recent 2014 tearing sequence.
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western (blue) and eastern (green) ends of the SCT show diverse faulting geometries
across the thrust, normal, and strike-slip spectrum. Along the central section (red),
faulting geometry consolidates around two main regimes: oblique strike-slip and thrust
earthquakes (Figure 3-6). This central region hosts the propagating strike-slip sequences
as well as the thrust aftershocks, which often accompany the propagating earthquakes.
Based on these b-value changes and fault geometries, four clear trends emerge.
1. The high to low b-value trend along the western half of the SCT indicates
that very few events exceeding MW 6 occur along the western extent of the
SCT when compared to the central SCT.
2. Until the 2014 tearing events, cumulative seismicity steadily increased to
the east away from the tear possibly indicating that a locked tear restricted
motion along the western SCT.
3. The post 2014 tear activity along the western SCT consists nearly
exclusively of small to moderate earthquakes (< MW 6).
4. The western SCT hosts a diversity of faulting mechanisms while activity
along the central SCT is much more narrowly clustered around two
distinct geometries.
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Figure 3-6: Ternary diagram of SCT fault geometry based on along strike b-value
variations.
The western (blue) and eastern (green) show a diversity of faulting mechanisms spanning
thrust, strike-slip and normal faulting. Seismicity along the central (red) section is
clustered around oblique strike-slip and thrust faults, representing the propagating strikeslip sequences and subsequent thrust aftershocks. The consistent geometry of the tear
represents a consolidation of the SCT plate boundary. The percent values represent the
relative proportion of thrust, normal, and strike-slip faulting in an earthquake.
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3.2

Coulomb Analysis of the SCT
The 1993 and 2015 east-to-west migrating strike-slip sequences provide an

opportunity to utilize Coulomb Failure Stress analysis to assess the effects of fault
properties on earthquake activity. The five events from the 1993 and 2015 sequence are
very similar in terms of magnitude (MW 6.7 – 7.1), strike (252o – 256o), dip (50o – 63o),
rake (-4o – 7o), and depth (15 km – 19 km). The resulting ΔCFS on the fault are
comparable after each event. Therefore any change in the propagating pattern of
earthquakes likely indicates a physical change along the plate boundary.
I utilized the same half-space parameters as defined in section 2-1. Source
earthquake fault dimensions are based on the empirical equations established by Wells
and Coppersmith (1994) for fault geometry and magnitude. Average fault displacements
are then calculated via the moment-fault area relationship. Both source and target fault
geometries are from the GCMT catalog.
The ΔCFS from the 2015 sequence are shown in Figure 3-7 (panels a-c). In each
panel, source events that have ruptured have grey shading; black focal mechanisms
indicate the target geometry of the next event in the sequence; the purple focal
mechanism indicates target geometries of a hypothetical final event. The 2013 and 2014
earthquakes have not been include in Figure 3-7 as the resulting ΔCFS have a negligible
impact on the initiation of the 2015 sequence. Figure 3-8 shows the cumulative ΔCFS
with the 2014 sequence added.
Figure 3-7a shows the ΔCFS after the first MW 6.8 event resolved on the
geometry of the second event (MW 6.9) in the sequence. This second event (MW 6.9)
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nucleates in the lobe of positive ΔCFS values extending west of the first rupture
indicating that the first event likely triggered the second. This pattern repeats with the
second event (MW 6.9) positively loading the region where the third and final event (MW
6.8) occurs (Figure 3-7b). Figure 3-7c shows the cumulative final ΔCFS projected on an
identical left-lateral strike-slip geometry, representing the continuation of the SCT plate
boundary, after the conclusion of 2015 sequence. Similar to the previous events in the
sequence, a lobe of positive ΔCFS extends west of the last event. However, the expected
next event in the sequence (indicated by the purple focal mechanism) has not occurred
yet (Figure 3-7c). Although positively loaded for failure, no large events have been
recorded in the remaining unruptured 80 km of the SCT.
The halting of the 2015 sequence despite an apparently comparable trigger
indicates a possible fault property change in the plate boundary along the western end of
the SCT. Including the 2014 MW 7.6 and MW 7.4 tearing events in this final stress state
does not eliminate the lobe of positive ΔCFS values (Figure 3-8). The 2014 sequences
inhibit rupture closer to the tear, but a ΔCFS positive region still extends west of the final
2015 strike-slip earthquake in the sequence. A significant number of smaller (< MW 6)
2014 aftershocks occurred along a portion of the western 80 km and may have impacted
the subsequent 2015 sequence. This unruptured positive ΔCFS region also corresponds to
the high b-value area along the western SCT (Figure 3-8). The 1993 sequence behaves
similarly to the 2015 sequence with the second 1993 earthquake (MW 6.7) occurring in a
loaded zone created by the preceding event (MW 7.1). Like the 2015 sequence, the 1993
sequence fails to rupture to the tear leaving 120 km of the SCT unruptured despite being
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positively loaded (Figure 3-9).
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Triggering events are shaded gray. Target events are black. Purple focal mechanisms represent the expected next event in the
sequence that did not occur. Reds represent regions of positive ΔCFS values where failure is promoted. Blues are negative ΔCFS
values where faulting is inhibited. Panels a and b show that each subsequent 2015 earthquake was triggered by the preceding
event. Panel c shows the ΔCFS values after the final event in the 2015 sequence. The SCT is positively loaded but no observable
large events have occurred along the western most region.

Figure 3-7: Coulomb Failure Stress analysis of the 2015 SCT sequence.
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The 2014 tearing events have been added to the cumulative stress state for the 2015 migrating sequence. A complicated ΔCFS
pattern emerges at the tear. A region of positive ΔCFS values still extends west of the final 2015 strike-slip earthquake although it
is not quite as extensive as the 2015 only ΔCFS shown in Figure 3-7c. The highlighted region indicates the high b-value zone
along the western SCT.

Figure 3-8: Coulomb Failure Stress analysis of the 2015 sequence with 2014 tearing events included.
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This figure shows the ΔCFS values after the final event in the 1993 sequence. The SCT is positively loaded but no observable
large events occurred along the western most region.

Figure 3-9: Coulomb Failure Stress analysis of the 1993 SCT sequence.

51

4

4.1

Discussion

Lithosphere Tearing
Tearing at the Solomon trench – SCT intersection is different from the vertical

dip-slip tearing aligned with plate motion that was observed in Tonga by Millen and
Hamburger (1998). Although the Australia plate tearing earthquakes prior to the 2014
exhibit consistent slip vectors aligned with plate motion, they tend to be highly oblique
events (Figure 2-1). The shallowly dipping plane (~30o) of the pre-2014 tear events does
not reflect the sub-vertical fault plane tearing seen in Tonga. Rupture along such a
shallowly dipping plane likely does not propagate into the ductile layer except for a few
of the deeper events. Most likely these pre-2014 oblique tearing events represent
relatively superficial tearing confined to the upper, brittle portion of the Australia plate.
Although the shallow events show a consistent characteristic tear geometry, the events in
2014 indicate that large tearing episodes exhibit a less characteristic geometry.
The much larger 2014 MW 7.6 strike-slip and MW 7.4 thrust events appear to
involve rupture through the brittle and into the ductile layer. The extent of penetration,
however, is dependent on lithosphere age. Rupture into the ductile layer is greater if the
lithosphere is younger. For older lithosphere, only the MW 7.6 event may have ruptured
into the ductile layer with the MW 7.4 earthquake extending to the base of the brittle layer
since the brittle-ductile transition lowers to 60 km for 90 Ma lithosphere (Figure 2-6).
The nucleation depth distribution of the tearing earthquakes may in fact indicate
that the lithosphere is on the younger side of the age uncertainty. In Tonga, Millen and
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Hamburger (1998) observed tearing nucleation throughout the brittle layer. Assuming a
similar distribution at the SCT-Solomon trench intersection, the maximum nucleation
depth (40 km) corresponds to a lithosphere closer in age to 50 Ma rather than 90 Ma
(Figure 2-6).
Even if the lithosphere is on the younger end of the age uncertainty, it is unlikely
that the 2014 sequence ruptured fully through the lithosphere. Areas of large slip on the
finite fault models only extend to ~ 60 km depth (with only very small amounts of slip
possibly extending deeper). For younger ages, the cooling half-space model predicts a 92
km thick lithosphere, with up to a 124 km thick lithosphere for older ages (Figure 2-5).
Depending on age, between 30 to 55 km of the lithosphere remained unruptured after the
2014 sequence. Unless there are larger more infrequent tearing earthquakes that pre-date
the historical record, complete Australia plate tearing at depth does not involve strain
localization but rather a distributed plastic failure. This likely increases the complexity of
the tearing process.
For the observed events, the diverse faulting at the tear indicates that upper
lithosphere tearing appears to be accommodated by multiple faults rather than a single
through-going structure. The intersection of the regions of maximum slip for the 2014
fault planes (Figure 2-4) supports the multi-planar tearing model with variously oriented
faults. Tearing at the Solomon trench – SCT intersection should not be viewed as only
slip along two-dimensional planes but rather the assemblage of a variety of planes in a
three-dimensional volume possibly representing a large scale analog to von Mises plastic
failure.
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The results of the finite element modeling support the observed multi-planar
failure behavior. The combination of plate motion and the locked Solomon trench
subduction seismogenic zone wrenches the Australia plate, promoting failure along
multiple fault geometries. The locations and extent of positive ΔCFS zones vary
depending on the fault geometry indicating possible location clustering for similar fault
geometries. Likewise, failure along one plane may induce rupture on another that is not
optimally loaded by overall plate motion as observed with the 2014 sequence.
The difference in tearing style between the Solomon trench – SCT intersection
and Tonga may be related to the geometry of the tearing hinge. In Tonga, the STEP is
nearly perpendicular to the trench. This is the preferred direction of STEP propagation as
proposed by Govers and Wortel (2005). The angle between the SCT and the Solomon
trench, however, is closer to 130o. This obtuse angle may prevent tearing along a vertical
slicing plane.
Forward models of STEP propagation provide some guidance on how this
geometry might have formed. Nijholt and Govers (2015) proposed that STEP propagation
direction can vary if it intersects a passive margin. However the SCT has not encountered
any passive margins. Instead the current hinge angle is likely a real world manifestation
of the tearing resistant forward model detailed by Hale et al. (2010). As resistance to
tearing increases, slab rollback (the primary driver of STEP propagation) is inhibited near
the tear leading to the widening of the STEP-trench angle as the trench continues to
retreat further away from the tear (Hale et al. 2010). A comparison of trench retreat rates
indicates that while the Tonga trench retreats at 15.8 cm/yr, the Solomon trench is
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relatively stationary with respect to the overriding plate (Schellart et al. 2007). The
varying tear seismicity between the two locations may be therefore an outcome of the
contrasting growth verse static phases of the two systems.
The SCT’s static phase may also explain why the SCT is so seismically active
when compared to other STEPs. Govers and Wortel’s (2005) assertion that static STEPs
will experience more seismicity since plate motion is consistent across the plate boundary
(due to the lack of back arc spreading) appears to be applicable. Other STEPs which lack
significant seismicity as observed by Bilich et al. 200l, may be currently growing through
trench rollback and back arc extension unlike the SCT.

4.2

SCT Transform Boundary Development
At its youngest, western end, the SCT is poorly defined. The multi-planar tearing

process likely creates an initial SCT composed of overlapping segments without any
dominant through-going structures. The 2014 aftershock pattern along the western SCT
(Figure 2-3) and the distributed focal mechanism geometry (Figure 3-6) support this
disorganized plate boundary concept with a wide range of observed fault geometries.
The relatively diffuse plate boundary may explain several of the observed
seismicity patterns recorded along the western SCT. In the chaos of the young plate
boundary, faults lack sufficient area to host large events. This limitation is apparent in the
aftershock sequence of the 2014 tearing events. Prior to the recent tearing, the b-values
for the western SCT were in the 0.7 range (Figure 3-3). The 2014 aftershocks raised the
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b-values above 1.0 indicating that a large fraction of the aftershock seismicity there
consisted of small magnitude events.
The disorganized fault zone along the western SCT may also account for the
halting of the 1993 and 2015 SCT sequences despite positive ΔCFS loading (Figure 3-7).
For a single strike-slip event, a complex fault geometry including step-overs (Segall and
Pollard 1980; Wesnousky 1988; Wesnousky 2006) or fault splays (Bhat et al. 2007) can
impede rupture. The disorganized western SCT appears to have a similar impact on the
continued propagation of the strike-slip sequences.
The changing SCT seismic behavior along strike (indicated by b-value changes,
geometry consolidation and Coulomb Failure Stress analysis) indicates that the SCT
appears to mature as cumulative slip increases. The consistent geometry of the 1993 and
2015 events indicates strain localization along a primary 60o north-dipping plane (which
can also be seen in the geometry consolidation in Figure 3-6) beginning 80 – 100 km east
of the tear. However, the 1993 thrust aftershock incompatibility with the primary fault
plane indicates that there is at least one other organized structure (or suite of structures)
running the length of the SCT (Figure 1-6). The dynamic changes in b-values and
Coulomb Failure Stress analysis show that the majority of plate boundary consolidation
occurs along the western 80 – 100 km of the SCT. Using a constant Australia-Pacific
relative plate velocity of 9.5 cm/yr (DeMets et al. 2010), 80 -100 km corresponds to
between 840,000 and 1.05 million years of plate motion.
The SCT’s development reflects the consolidation behavior and fault alignment
driven by increased cumulative slip as predicted by forward models of generic strike-slip
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development (Knopoff et al. 1992; Cowie et a. 1993; Ben-Zion and Sammis 2003;
Wechsler et al. 2010) despite the differences between modeled mode II and observed
mode II and mode III failure at the tear as well as the unequal cumulative displacement
experienced across the plate boundary. On the Australia side, total displacement ranges
from 0 km to 280 km west to east before the Australia lithosphere subducts at the
Vanuatu Trench. The stable Pacific plate, on the other hand, has experienced equal
cumulative slip along the SCT’s length. Therefore fault maturation is most likely driven
by fault consolidation and orientation primarily on the Australia side of the plate
boundary.

4.3

Plate Motion Accommodation along the Western SCT
The historical lack of large earthquakes along the western SCT results in a

significant moment deficit along the western 80 km of the SCT plate boundary. Along the
central and eastern sections of the SCT, the migrating strike-slip earthquake sequences
account for a majority of the expected seismic moment from plate motion. Since the 1993
migrating sequence, seismicity along the mature portion of the SCT totals ~70% of the
expected seismic moment, assuming a 20 km deep seismogenic zone. Moment deficit
calculations along the western 80 km of the SCT are more difficult to determine due to
the distributed nature of the plate boundary in this region. Projecting all earthquakes
within ±30 km of the assumed SCT boundary with a 20 km deep seismogenic zone along
the western 80 km of the SCT, accounts for only 3.5% of expected seismic moment since
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1993. Even with changes to the seismogenic zone depth and the width of the projected
earthquakes, the percent of expected seismic moment does not exceed 6%. Even these
low numbers likely overestimate the released seismic moment, since the earthquake
geometry in this region is poorly constrained for smaller events and many non-plate
motion associated earthquakes have likely been included.
A seismic moment gap of this size corresponds to a mid MW 7 earthquake. A
more complete seismic gap analysis back to 1976 increases this potential to a MW 8
earthquake. A review of seismicity before 1976 does not show any equivalently large
events along the western most portion of the SCT. Large earthquakes in the 1930s
occurred nearby, but their geometry is uncertain and they appear more closely associated
with Solomon trench subduction. A MW 7.0 event in 1970 occurred along the SCT but
this nucleated within the mature portion of the SCT.
The lack of large events within the historical record along the western 80 km zone
points to two possible end member scenarios for plate motion accommodation. Either the
western 80 km experiences large infrequent events with recurrence times longer than the
historical record, or plate motion is accommodated through aseismic creep.
Paleoseismic data along other STEPs indicate that large strike-slip earthquakes
can occur infrequently on timescales much longer than the historical record (Bilich et al.
2001). Although not a STEP, along the San Andreas fault system, sections with low
recent seismicity have been linked to portions of the fault that have previously
expeienced large historical earthquakes. These large earthquakes likely ruptured into
normally ductile zone of the plate boundary, localizing strain at greater than usual depths,
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thereby increasing the potential area of the locked seismogenic zone (Jiang and Lapusta
2016). As shown in section 2, the 2014 MW 7.6 and MW 7.4 earthquakes both possibly
ruptured into the ductile layer. If prehistoric tearing events follow a similar trend with
rupture into the lithosphere’s ductile layer, then the general dearth of seismicity along the
western 80 km of the SCT may indicate the possibility of infrequent large earthquakes
along this section.
Aseismic creep similar to the phenomena observed along portions of the San
Andreas fault system (e.g. Lienkaemper et al. 1997; Burgmann 2000) is another possible
mechanism to accommodate plate motion without large events. Aseismic creep has been
linked to number of different factors including the presence of weak minerals such as
clays (Collettini et al. 2009; Carpenter et al. 2011) and fluid overpressure (Byerlee 1990).
The complex tearing along interconnected faults may provide a conduit for water
infiltration into the plate boundary thereby reducing the effective normal stress,
weakening fault strength, and promoting aseismic creep. Mantle flow around the torn slab
(Montagner 2007) may also influence the western SCT’s aseismic behavior as the mantle
heats the newly exposed lithosphere possibly raising the temperature of the plate
boundary.
Determining the plate motion accommodation mechanism along the western 80
km of SCT cannot be done with the data available for this study. Although I have
discussed two possible western SCT end member scenarios, the actual fault behavior may
lie somewhere between the two. Creep may be the dominant mechanism along the
western SCT. However, sufficiently large prehistoric migrating strike slip events may
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have propagated into the creeping section, conceptually similar to an earthquake
rupturing into the ductile layer of the lithosphere. In this scenario, propagation into the
creep-dominated section may promote SCT maturation through strain localization. Only
with displacement measurements across the western SCT can we discern whether the
western portion of the plate boundary is locked or not.

4.4

Conclusions
In this study, I examined the seismicity along the long San Cristobal Trough

connecting the Solomon – Vanuatu composite subduction zones in the southwest Pacific
Ocean to understand the processes of a transform plate boundary development. The 280
km long SCT results from the tearing of the subducting Australia plate beneath the
Pacific plate. Unlike lithosphere tearing observer near Tonga, no dominant tearing
mechanism appears near the SCT-Solomon trench intersection with the 2014 events (the
two largest events in the historical record) indicating significantly varying geometries.
Half-space oceanic lithosphere cooling models and lithosphere strength envelopes show
that tearing earthquakes likely nucleate throughout the seismogenic zone with the larger
2014 MW 7.6 and MW 7.4 events possibly rupturing into the ductile layer.
Static, elastic, three-dimensional, finite element models of plate tearing indicate
that failure is promoted along multiple fault planes that are not necessarily aligned with
plate motion. The diverse focal mechanism geometry located at the tear indicates a
disorderly tearing process that produces a highly fractured western plate boundary
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defined by distinctive b-value and Coulomb Failure Stress characteristics when compared
to the rest of the SCT.
Changes in seismicity patterns along the SCT, indicated by b-value and Coulomb
Failure Stress analyses, reveal a west to east plate boundary maturation process. Strain
localizes with increasing displacement along a primary north-dipping fault after 80 – 100
km of cumulative slip. Seismic behavior along the SCT remains consistent after this
initial consolidation until the far eastern end where it joins the Vanuatu trench and is
likely influenced by megathrust activity.
Although seismicity along the mature portion of the SCT appears to account for
most of the expected plate motion, the lack of large earthquakes along the immature
western 80 km indicates a significant seismic moment deficit. Whether the western
portion of the SCT accommodates plate motion via aseismic slip or large very infrequent
strike-slip events remains unknown. Clarifying this strain release mechanism will further
aid our understanding of fault maturation and provide additionally information regarding
the seismic hazard of STEP faults.
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