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ABSTRACT 
 
 Worldwide, estimates of extension in rift zones vary greatly depending on the method 

used to calculate the extension. This variability is the result of the discrepancy between different 

methodologies and may be the result of polyphase faulting, subresolution faulting, and/or depth-

dependent extension. Such inconsistency between estimates has been noted in the Woodlark 

Basin, an active transition zone between continental rifting and seafloor spreading. Previous 

work in the basin, where seafloor spreading has not initiated, calculated extension by summing 

fault heaves, calculating subsidence, and determining plate motion from Euler pole kinematics, 

yielding estimates of 111 km (±23) from brittle extension, 115 km (±47) from subsidence, and 

200 km (±40) from Euler pole kinematics (Kington and Goodliffe, 2008). By incorporating 

polyphase and subresolution faulting into the brittle extension estimate, Kington and Goodliffe 

(2008) resolved the discrepancy between estimates of extension derived from brittle faulting and 

subsidence. The third method used to estimate extension, Euler pole kinematics, produced a large 

discrepancy. Kington and Goodliffe (2008) interpreted this to be the result of preferential 

extension of the lower crust and mantle lithosphere during the rifting phase and proposed that 

uniform extension would occur throughout the lithosphere after seafloor spreading initiation. The 

current study explores potential errors in previous work in the basin and determines if the results 

are applicable to other portions of the basin. In contrast to Kington and Goodliffe (2008), the 

current study determines extension where seafloor spreading initiated at ~0.8 Ma. Using the 

methods and associated errors from Kington and Goodliffe (2008), Euler pole extension 

estimates (~202 to 238 km) are ~2 times higher than brittle (~69 to 90 km) and subsidence (~60 

to 79 km) extension estimates, consistent with the previously seen discrepancy. When taking into 
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account other sources of error not considered by Kington and Goodliffe (2008), the current study 

shows the previous methods lack the constraints necessary to produce conclusive results.  This 

would also render the results of the previous study by Kington and Goodliffe (2008) 

inconclusive. Therefore, it is not necessary to invoke the Kington and Goodliffe (2008) model to 

explain rifting in the western Woodlark Basin.  

 

Key words: lithospheric extension, sea-floor spreading, continental rifting, rifting to spreading 

transition zone, extension estimates, Woodlark Basin, Papua New Guinea 
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CHAPTER 1: INTRODUCTION 
 

Rift zones show a discrepancy between extension estimates determined through different 

methods.  For instance, Davis and Kuznir (2004) proposed that in the Goban Spur, the Galacia 

Bank, the Vøring Sea, and the South China Sea rift basins the discrepancy between upper crustal 

stretching and whole lithospheric stretching at rifted margins results from depth-dependent 

stretching. To test this hypothesis, their study used three different methods to estimate extension 

during rifting: 1) summing fault heaves from seismically imaged faults; 2) deriving whole crustal 

stretching from seismic reflection, refraction, and gravity inversion; and 3) determining whole 

lithospheric stretching from subsidence estimations. To sum fault heaves, Davis and Kuznir 

(2004) used basement imaged faults from 2-D seismic reflection surveys and noted that the upper 

crustal extension derived from this method would be underestimated if polyphase faulting, 

subseismic faulting, fault geometry, and rifting that began above sea level were ignored. Whole 

crustal stretching and thinning were calculated by using wide-angle seismic studies and gravity 

surveys to determine present day crustal thickness in the rift basins. Comparing this thickness to 

the initial crustal thickness allowed Davis and Kuznir (2004) to determine a thinning factor for 

the crust. Whole lithospheric stretching and thinning were determined based on evidence of 

subsidence history recorded in the stratigraphy of the basins. This evidence was used to develop 

a 2-D backstripping, decompaction, and post-breakup thermal model for subsidence that 

assumed uniform stretching. Davis and Kuznir (2004) determined that in the Goban Spur, the 

Galacia Bank, and the South China Sea, the whole crustal stretching factor is greater than the 

upper crustal stretching factor.  In the Goban Spur, extension estimated from the upper crustal 

extension estimate was 12 km (±5); the estimate from the whole crustal thinning extension 
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estimate was 42 km (±8).  In the Galacia Bank, the upper crustal extension estimate was 80 km 

(±8); the whole crustal thinning extension estimate was 203 km (±27). In the South China Sea, 

the upper crustal extension estimate was 55 km (±10), while the whole crustal extension estimate 

was 140 km (±25). In the Vøring Sea, the whole lithospheric stretching factor (1.0 to 2.0) is 

greater than the upper crustal stretching factor (1.07 ±0.03). In all cases, Davis and Kuznir 

(2004) concluded that these results were evidence of depth-dependent stretching adjacent to the 

continental-ocean boundary.  

Expanding on the work of Davis and Kuznir (2004), Kington and Goodliffe (2008) 

examined potential sources of error in the associated methods using data from the Woodlark 

Basin, focusing on a portion of the basin where seafloor spreading has not yet initiated. 

Incorporating polyphase and subseismic resolution faulting into the extension determined from 

seismically imaged faults provided a larger brittle (upper crustal) extension estimate that agreed 

with that derived from subsidence (whole crustal). Specifically, these estimates of extension 

were 111 km (±23) from brittle extension and 115 km (±47) from subsidence. A third method, 

Euler pole kinematics, was also used (Taylor et al., 1999). This method is a measure of entire 

plate (whole lithosphere) motion. Euler pole solutions were derived from magnetic chron 2A.3n 

(3.33 Ma to 3.58 Ma; Cande and Kent, 1995) to the present. Kington and Goodliffe (2008) used 

the Euler pole results from Taylor et al. (1999) and found even greater extension across the 

Woodlark Basin (200 km ± 40). To explain the discrepancy between methods, Kington and 

Goodliffe (2008) proposed a model with higher rates of extension in the lower crust and mantle 

lithosphere. In that model, the upper crust is decoupled from the lower crust, allowing the upper 

crust to extend at slower rates until the initiation of seafloor spreading breaches the lithosphere. 
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Once seafloor spreading has initiated, extension proceeds at a uniform rate throughout the 

lithosphere (Figure 1).   

The current study follows the methods of Kington and Goodliffe (2008) in a part of the 

Woodlark Basin (between 152°E and 153°E) where seafloor spreading has initiated. This allows 

for examination of an area that has completed the rifting phase of extension; therefore, total 

extension due to continental rifting along a north-south profile can be attained. Kington and 

Goodliffe (2008) did not take various, potentially impactful sources of error into account during 

 
Figure 1. Lithospheric extension model from Kington and Goodliffe (2008). In this model, the 
brittle upper crust and ductile mantle lithosphere are detached during continental extension. It 
is only after the initiation of seafloor extension that the upper crust and mantle lithosphere are 
moving at the same rate.  
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their study. These potential errors include underestimating sediment cover, ignoring 

metamorphic core complexes, assuming no flexural rigidity, assuming conservation of area 

during rifting, assuming that the basin began rifting at sea level, and assuming Euler pole 

spreading rates are accurate back to 6 Ma. This study examines these sources of error by 

determining the impact of these variables on extension rates.  The current study indicates that 

Kington and Goodliffe (2008) were correct in their hypothesis that incorporating polyphase and 

subresolution faulting into brittle extension estimates greatly increases the amount of extension 

observed in a rift zone. However, when the sources of error are incorporated, the Kington and 

Goodliffe (2008) model may not be necessary to explain the results, as there are several 

uncertainties associated with the different extension estimates.  
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CHAPTER 2: GEOLOGICAL BACKGROUND 
 
2.1: Geologic Setting in the Woodlark Basin  
 

The ~900 km long Woodlark Basin is located in the southwestern Pacific Ocean at the 

juncture of the Woodlark and Australian plates (Figure 2).  The Woodlark Plate is moving north 

relative to the Australian Plate at >20 mm yr-1 (Little et al., 2007), with extension accommodated 

by continental rifting and the accretion of oceanic lithosphere. The Woodlark Basin is bordered 

to the south by the Pocklington Trough, the trench formed when the Australian plate subducted 

beneath Papua New Guinea in Late Cretaceous time (Figure 2; Taylor and Huchon, 2002). 

Partial subduction of the Papuan Plateau, a rifted fragment of the Australian continent, resulted 

in obduction of an ophiolite suite, the Papuan Ultramafic Belt, in the Late Paleocene to Early 

Oligocene (Davies and Jaques, 1984). The Papuan Ultramafic Belt forms the backbone of the 

Papuan Peninsula and underlies much of the Woodlark Basin. The Trobriand Trough (Figure 2), 

a trench formed by subduction of the Solomon Plate beneath the Woodlark Basin region, borders 

the Woodlark Basin to the north. Subduction created a magmatic arc active from Miocene time 

to the present (Davies and Smith, 1971). Bordering the basin to the west, the metamorphic core 

complexes of the D’Entrecasteaux Islands have been forming since Late Miocene time (Martinez 

et al., 2001).  The Nubara Fault is a large active transform fault bordering the Woodlark Plate to 

the northeast and separating it from the Solomon Sea. To the north, the Nubara Fault terminates 

at the San Cristobal Trench, which bounds the Woodlark Basin to the east (Figure 2). In their 

discussion, Kington and Goodliffe (2008) suggested that if the Nubara Fault extends east into the 

Woodlark Rise, on the northern side of the Woodlark Basin, a third plate would be predicted, the 
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Trobriand Plate. This interpretation is supported by earthquake fault plane solutions (Abers et al., 

1997). At the location of their study (Figure 2, white box), the presence of a third plate would 

vastly complicate the Kington and Goodliffe (2008) calculations as the plate would encompass 

the majority of the northern portion of the study area. Baldwin et al. (1993) proposed that neither 

 

Figure 2. Map of the Woodlark Basin region, modified from Kington and Goodliffe (2008). 
The basin is bounded by the Pocklington Trough to the south, the Papuan Peninsula to the west, 
the Trobriand Trough and Nubara Fault to the north, and the San Cristobal Trench to the east. 
The current study area is outlined in black, with the previous Kington and Goodliffe (2008) 
study area outlined in white. The location of the Woodlark Basin is shown by the inset in the 
bottom right corner of the map. The lower left figure shows the known and hypothesized plates.  
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the Nubara Fault nor the Trobriand Trough are active plate boundaries. The focus of the current 

study is to the east, where less of the northern portion of the study area would be impacted by the 

potential Trobriand Plate.  

Rifting began in the Woodlark Basin at 8.4 Ma (Taylor and Huchon, 2002). Seafloor 

spreading initiated in the easternmost spreading segment between ~5.89 and ~6.14 Ma (Taylor et 

al., 1999), and it is currently propagating westward at 140 km Myr-1 (Taylor and Huchon, 2002). 

Taylor et. al (1999) determined the rate of total plate motion in the Woodlark Basin using Euler 

pole kinematics. Using transform fault azimuths, magnetic chron data, and other geological 

markers, Taylor et al. (1999) proposed two Euler poles to describe the opening of the basin 

(Figure 3).  Rotation about the first Euler pole (9.3 ̊ (±0.2°) S, 147° (+1°-2°) E with an angular 

velocity of 4.234  ̊Myr-1) was active until 0.5 Ma. A switch to the modern Euler pole (12°S, 

 
Figure 3. Euler pole locations in the basin. The black diamond represents the current Euler 
pole, and the black star represents the pre-0.5 Ma Euler pole. Ellipses represent the 95% 
confidence intervals. Strike-slip fault movement is shown with black arrows. Subduction is 
indicated by a black line with triangles on the down-going plate. Land above sea level is shown 
in dark grey. Thick black line segments indicate the location of the spreading center. Thin black 
lines show the continent-ocean boundary. Gray dotted lines indicate when bathymetry reaches 
a 2000 km depth. Black dotted lines represent transform fault traces. 
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144°E with an angular velocity of 2.437° Myr-1) at ~0.5 Ma resulted in a major spreading center 

reorientation at ~80 ka (Goodliffe et al., 1997). Average Brunhes chron seafloor spreading rates 

vary from 36 to 67 mm yr-1 from west to east (Taylor et al., 1999). The basin shows two discrete 

styles for the rifting-to-spreading transition: nucleation and propagation (Goodliffe et al., 1997). 

Nucleation of discrete spreading centers is evident between accommodation zones. Following 

nucleation, spreading segments grow by propagation. This process cuts into the margins and 

creates characteristic “V” shaped morphologies in map view (Goodliffe, 1998).  

 For subsidence calculations, crustal thickness must be estimated at the initiation of 

rifting. The Woodlark and Pocklington rises were split during initial continental rifting, starting 

at ~8.4 Ma (Taylor and Huchon, 2002). Prior to the initiation of rifting, it is likely that the basin 

formed along a zone of weakness, continuous with the orogenic belt of the Papuan Peninsula 

(Taylor and Huchon, 2002).  Seismic refraction data (Finlayson et al., 1976) indicated a 

maximum crustal thickness of ~50 km in the western portion of the basin along the Papuan 

Peninsula at ~150°E, where there is ~2 km of elevation. Therefore, if the basin was continuous 

with this orogeny prior to rifting, an initial crustal thickness of 50 km could be assumed. 

However, there is no direct evidence to support this hypothesis. Based on the core and borehole 

data from ODP Leg 180, Taylor and Huchon (2002) found stratigraphic evidence of low relief 

islands, lagoons, swamps, and deltaic sequences after the initiation of rifting at ~8.4 Ma. In 

addition, Goodliffe et al. (2002) found unconsolidated sediments, dated at ~5.23 Ma to 5.39 Ma, 

containing brackish water fauna characteristic of a coastal environment, indicating the basin was 

at sea level during this period of rifting. Therefore, for the current study, as in the case of 

Kington and Goodliffe (2008), it is assumed that the basin was at sea level at the initiation of 

rifting.  A refraction study in the basin (Abers et al., 1997) showed that continental crust at sea 
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level is 35 km thick. Receiver functions (Abers et al., 2002) indicate that the continental crust 

that has undergone the least extension at the margins of the rift basin is 30- 35 km thick. Based 

on this, for the current study, a pre-rift thickness of 35 km is assumed.  

Heat flow in the Woodlark Basin ranges from ~30 to 350 mW m-2 (Goodliffe et al., 

2000). These variations in heat flow are a result of a variable thermal gradient in the basin that is 

influenced by the lithospheric thickness. In addition, localized high temperatures result in a 

lower viscosity lithosphere. An influx of water from the subduction of oceanic crust in the north 

will lower the melting temperature and further decrease viscosity of the lithosphere. These 

factors may create conditions for lower crustal flow (McKenzie, 2002). In the absence of 

significant brittle faulting, including a major crustal detachment, subsidence can most easily be 

described by the removal of the lower crust through ductile flow (Taylor et al., 1999). Evidence 

for this process is seen from the subsidence of the largely unfaulted northern margin of the basin 

at the rifting-to-spreading transition between 151°E and 152°E at ~9°S (Figure 4).  

As previously noted, Kington and Goodliffe (2008) estimated the amount of extension 

during rifting in the Woodlark Basin where seafloor spreading has not yet begun. The current 

study focuses between 152°E and 153°E, where seafloor spreading initiated at ~0.8 Ma, 

permitting observation of the extension accommodated during the full continental rifting cycle. 

The current study area is bounded by the Woodlark Rise to the north and the Pocklington Trough 

to the south (Figures 2 and 4) and contains sediments less than 1 km thick overlain on easily 

imaged basement. ODP Leg 180 core data collected west of the current study area shows that 

sediments are a combination of consolidated and loosely consolidated sedimentary rock, coarse 

grained clastic sediments, and siliceous ooze (Taylor and Huchon, 2002). Multiple discrete 

spreading segments are imaged in swath sidescan and bathymetry data (Taylor et al., 1999) 
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(Figure 4). The westernmost spreading segment (segment 1) has an eastward directed 

propagation tip located at ~152.8°E, 10.15°S (Taylor et al., 1999). To the south of this spreading 

center, a westward directed seafloor spreading propagation tip (segment 2) is located at 

~152.82°E, 10.39°S (Taylor et al., 1999). The two segments are separated by a continental fault 

block. To the south of these spreading segments, there are predominantly east-west trending 

basins with ~1 km water depths. Ridges that almost reach sea level are bounded by normal faults 

dipping 30-50° to the north and south. These basins contain sediment packages that are ~0.5 km 

 
Figure 4. Bathymetry of the Woodlark Basin from Goodliffe and Taylor (2007). The continent-
ocean boundary is outlined in black. The color scale (top left) indicates relief in meters. 
Spreading segments are numbered based on Taylor et al. (1999). The centers of the spreading 
segments are indicated by the white lines. The study area is located between 152°E and 153°E, 
as indicated by the black dashed lines. Black dots represent seismicity measured between June 
1999 and June 2000. Subduction is indicated by the black line with triangles on the overlying 
plate. The location of the Woodlark Basin is shown by the inset in the bottom left corner. 



11 
 

thick (Kington and Goodliffe, 2008). Misima Island is located to the south of spreading segments 

1 and 2. To the north of the western end of spreading segment 1 is a 2 km wide basin.  Water 

depths in the basin reach ~2.8 km. To the north, there is a ridge with ~0.7 km water depth 

containing sediment packages that are 0.5 to 1 km thick. Directly north of this basin and ridge is 

Egum Atoll. To the north of the eastern end of spreading segment 1, another continental fault 

block (~11 km wide) bounds more oceanic crust to the north. Further north, two ridges (~60 km 

long and reaching water depths of 0.4 and 0.2 km, respectively) form the Woodlark Rise. 

Woodlark Island lies north of this rise. 

2.2: Lithospheric Extension  
 

Early rift models do not account for discrepancies in extension between the upper and 

lower lithosphere. For instance, McKenzie (1978) proposed a pure shear model, which predicted 

symmetrical rifting of the crust with opening rates that are constant throughout the lithosphere, 

regardless of depth (Figure 5). The McKenzie (1978) pure shear model includes an approach to 

estimate extension from subsidence; however, estimates of extension based on this method 

assume instantaneous rifting, Airy isostasy, and an average geothermal gradient consistent with 

the continental lithosphere. In contrast, Wernicke (1985) described continental rifting using a 

 
Figure 5. Pure shear rifting model from McKenzie (1978). Heavy black arrows indicate 
direction of extension. In this model, extension rates are uniform throughout the lithosphere. 
Symmetric rifts will form along each margin in the upper brittle crust, while thinning and 
stretching will occur in the ductile lower crust.  
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simple shear model, where the focus of extension is asymmetric. Brittle faulting in the upper 

plate, above a crustal scale detachment, results in less brittle extension evident in the lower plate 

(Figure 6). Driscoll and Karner (1998) noted that the simple shear model did not explain why in 

many basins both conjugate margins seem to lack sufficient brittle faulting and are thus 

interpreted as being part of the lower plate. They termed this problem the “upper-plate paradox.” 

The early models of McKenzie (1978) and Wernicke (1985) focused on end-member solutions. 

In contrast, Lavier and Manatschal (2006) found evidence of both large-scale symmetric 

extension (pure shear) and discrete areas of asymmetric extension (simple shear) in the Iberia 

and Newfoundland margins and developed a new model (Figure 7). Similarly, the Woodlark 

Basin shows evidence of both pure and simple shear varying in dominance temporally and 

spatially in the basin (Taylor et al., 1999). A more recent study, Huismans and Beaumont (2014), 

modeled the lithosphere and determined that depth-dependent extension explains why many 

rifted margins appear not to follow the end-member rifting models.  

 Several studies (e.g., Walsh, 1991; Reston, 2005) have suggested explanations for the 

discrepancies between extension estimates predicted through different methods (Davis and 

 
Figure 6. Simple shear rifting model from Wernicke (1985). Arrows indicate direction of 
extension.  Rate of extension is the same at depth throughout the lithosphere, with 
accommodation for stretching resulting in brittle faulting of the upper plate above a 
detachment fault extending to the asthenosphere. The lower plate will show little to no brittle 
extension. 
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Kuznir, 2004); these studies were incorporated into Kington and Goodliffe (2008) and resulted in 

agreement between brittle and subsidence extension estimations. One suggestion was to 

incorporate subseismic resolution faults into brittle extension estimates. Seismic waves have a 

frequency (f) related to the wavelength (l) and velocity (v) of the wave by: 

v = λf      (1) 

Given this, only layers or faults with offsets greater than ¼l can be resolved by seismic 

reflection surveys. A peak frequency of 60 Hz from the air gun source used in the seismic 

reflection survey conducted in the Woodlark Basin can be assumed.  A 60 Hz wave traveling 

through sediment with a seismic velocity of 1500 m s-1 results in a l of ~25 m. Thus, any layer 

with a thickness less than ~6.25 m or any fault with an offset less than ~6.25 m will not be 

resolved (Figure 8). Using data from wells in the North Sea and extensive seismic reflection 

datasets, Walsh et al. (1991) estimated that unresolved extension comprises ~30 to 50% of total 

estimated extension. Based on the results of Walsh et al. (1991), Kington and Goodliffe (2008) 

assumed that unresolved faults account for 50% of the total extension and concluded that 34 km 

 
Figure 7. Rifting model from Lavier and Manatschal (2006). Heat flow, rifting geometries, and 
the amount of thinning vary spatially and temporally. This basin behaves as both pure shear and 
simple shear.  
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of additional extension should be added to that estimated from seismic reflection data.  

 
 

Figure 8. Faults observed in outcrop in the Gulf of Corinth, Greece. Offsets of this scale 
would not be resolved in a typical crustal scale seismic reflection study. Photo courtesy of 
Andrew Goodliffe. 
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Reston (2005) examined the impact of polyphase faulting using seismic reflection data 

from the Galacia Bank and the Vøring Sea. As extension on a fault increases, the fault will rotate 

towards a lower angle, failing at approximately 35° due to gravitational forces that increase the 

coefficient of friction along the fault. Once the original fault has locked, new faults may start 

forming to accommodate the strain, which nucleate at 65-70° and may cross-cut older faults. The 

original phase of faulting can be difficult to interpret in seismic reflection data and under 

extreme circumstances may be mistaken for stratigraphy. Reston (2005) estimated that polyphase 

faulting becomes important if extension has more than doubled the basin width. Kington and 

Goodliffe (2008) proposed two phases of faulting in the Woodlark Basin (Figure 9) based on an 

evolutionary model developed for rifting in the basin. Rifting from the first phase added ~20 km 

of extension to estimates along their profile.  

 
 
Figure 9. Polyphase fault model from Kington and Goodliffe (2008). In panel E, a new phase 
of faulting is observed. This cross-cuts the faults developed in panels A through D. 
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An additional source of error not previously incorporated by Kington and Goodliffe 

(2008) is unrecognized metamorphic core complexes, which can lead to an underestimate of 

extension due to the great amount of strain involved in exhumation. Martinez et al. (2001) 

proposed that metamorphic core complex exhumation is accomplished by density inversion, and 

the width of the core complex can provide an estimate of extension. Lister and Davis (1989) 

interpreted exhumation as occurring along a low-angle detachment fault, where the entire heave 

of the detachment would give an approximation of extension (Figure 10). In either case, if a 

metamorphic core complex were to undergo a subsequent phase of brittle faulting, the 

exhumation history may be masked. This study reviews the impact of these potential sources of 

error to extension estimates in the Woodlark Basin. A primary goal is determining if the methods 

employed by Kington and Goodliffe (2008) can produce results that are precise and accurate 

enough to support their depth-dependent extension model.  
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Figure 10. Model for the formation of a metamorphic core complex from Lister and Davis 
(1989).  
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CHAPTER 3: METHODS 
 
3.1: Data 
 

The data used in the current study include compilations of bathymetry, seismic reflection, 

magnetic data, and topography gathered during research cruises on the R/V Maurice Ewing and 

the R/V Moana Wave (Goodliffe et al., 1999). Seismic reflection data were collected using an air 

gun source and a two-fold 100 m long streamer with 6 channels on the R/V Moana Wave. North-

south seismic reflection lines that were collected every 5 nautical miles between 152°E and 

153°E are examined (Figure 11; Goodliffe et al., 1999). Bathymetric data were collected using 

interferometric and multibeam surveys (Goodliffe et al., 1999).  Magnetic data were collected 

using a proton precession magnetometer on both cruises.  

3.2: Extension from Brittle Faulting 
Seismic reflection data along lines 100, 140, 150, 160, 180, 190, and 200 (Figure 11) 

were interpreted using Petrel. Lines 110, 130, 170 and 210 could not be used due to their poor 

quality. Bathymetric data were used to guide fault interpretations along each seismic reflection 

line. The basement reflector was interpreted to be the base of the syn-rift sediments, similar to 

that observed in ODP Leg 180 results to the west of the study area at 151.35°E (Taylor and 

Huchon, 2002).  No coherent reflectors were observable below the basement reflector. High 

amplitude reflectors at the top of a section with stratified seismic character (alternating positive 

and negative high amplitude horizontal reflectors) were picked as horizons. Offsets on these 
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horizons are along faults dipping between 30 and 60°.  

 
Figure 11. Bathymetry and seismic reflection survey lines in the Woodlark Basin. The 
continent-ocean boundary is outlined in black. The color scale (bottom) indicates relief in 
meters. Seismic reflection lines 90 to 210 are shown in black. Lines used for this study are 
labeled. Spreading segments are numbered based on Taylor et al. (1999). 
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The horizontal offset of each normal fault (heave) was measured and summed to derive 

extension estimates along each seismic reflection line. Figure 12 shows an example of this 

method along line 100. At the southernmost portion of the seismic line, three large continental 

blocks, separated by normal faults dipping at ~40°S and spanning 26 km, are evident (Figure 12). 

 

 
Figure 12. Offsets of normal faults based on seismic reflection line 100. The horizontal 
component of extension is the fault heave. Heaves were summed to estimate total extension. 
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Heaves range from 1.3 to 1.5 km. The northernmost of these blocks is faulted on the northern 

side facing the continent-ocean boundary. These faults occur every 1 to 1.5 km and dip at ~25°N 

to ~35°N with heaves that range from 0.2 to 0.3 km. Oceanic lithosphere was identified on the 

basis of an extremely chaotic and rough seismic character along the basement reflector. 

Magnetization chron data and the continent-ocean boundary from Taylor et al. (1999) were used 

to confirm the location of the oceanic lithosphere (Figure 13). As fault locations were determined 

by offsets in the bathymetry, error bars for the visible fault offsets were calculated based on the 

 
Figure 13. Seafloor magnetization map of the Woodlark Basin from Taylor et al. (1999). 
Positive magnetization is shown as positive relief in red. Negative magnetization is shown in 
blue. The lineations on the map correspond to magnetic isochrons. 
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bathymetry, which has a data pixel size of 200 m. With this resolution, the surface expression of 

a fault cannot be resolved horizontally below 400 m.  

To account for subseismic faulting, extension calculated from fault heaves was increased 

50% based on the methodology of Walsh (1991) and Kington and Goodliffe (2008) to provide an 

estimate of maximum brittle extension. A polyphase faulting model, assuming two phases of 

faulting, was developed in order to get an estimate of extension due to the first phase of faulting 

in the basin (Figure 14). Seismic reflection line 100 was chosen for interpretation because it 

shows rifted continent separated by only one spreading center.  In addition, this profile has the 

most easily imaged basement compared to the other seismic reflection lines (Figure 14). This 

line will allow for a model with minimal impact due to rotation of faults during seafloor 

spreading and sedimentation. Rotation of faults during seafloor spreading can significantly 

 
Figure 14. Polyphase faulting model. (a) Seismic reflection along line MW9304-100. (b) 
Illustration based on the interpretation of the seismic line; oceanic crust is shown in blue, 
sediment is shown in orange. (c) After the current phase of faulting and oceanic 
lithosphere was removed, the cross-section was rebalanced. Large fault blocks suggest 
crustal scale detachment faulting as well as faults at low angles. (d) The smaller faults 
were interpreted to have initiated at higher angles and rotated along detachment faults.  
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impact extension estimates close to continental margins. The most recent phase of faulting was 

interpreted to be on faults formed between 30° and 60°. The cross section was returned to its 

geometry prior to the initiation of seafloor spreading and the newest phase of faulting. Moresby 

Seamount spans ~20 km north to south within the Kington and Goodliffe (2008) study area and 

is proposed to be fault controlled (Figure 3). Although there is little evidence of this seamount 

along seismic line 100, there is a ~10 km ridge at the northern end of the line. This ridge is more 

pronounced in seismic reflection lines 140-200. The seamount is interpreted in the polyphase 

model (Figure 14) as being faulted many times and incorporated into the largely subsidence-

controlled northern margin as rifting progressed.  

The first phase of faulting is interpreted to have initiated at a higher angle that later 

rotated to a lower angle. In the southern portion of the cross-section, two large continental blocks 

are observed, separated by faults dipping at ~20°N (Figure 14). Goodliffe and Taylor (2007) 

indicate that faults in the basin fail at lower angles due to fault zone serpentinization in Papuan 

Ultramafic Belt rocks. The fault heaves of the interpreted first phase of faulting in the polyphase 

model were added to the overall total. Fault blocks observed along lines 140 and 200 that have a 

similar geometry to line 100 (~20° to 30° dip) are interpreted to be remnants bounded by extinct 

rotated faults. The first phase of extension on these faults is summed to obtain total extension 

estimates for each line. Similar geometries are not imaged on lines 150, 160, 180, and 190.  The 

polyphase extension estimate from line 140 was used for lines 150 and 160 based on their 

proximity and similar bathymetric profile.  East of line 160, there is more than one spreading 

center along the profile. Therefore, for lines 180 and 190, the sum of the polyphase extension 

estimate from line 200 is used.   
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3.3: Extension from Subsidence 

McKenzie (1978) described a method to estimate extension from subsidence. Parameters 

include the densities of the different rock and sediment layers, the sedimentary basin thickness, 

and the crustal and lithospheric thicknesses. Thermal properties, including the temperature at the 

Earth’s surface and the top of the asthenosphere, and the expansion coefficient of the mantle are 

also needed. The relationship between extension and subsidence was further developed by 

Turcotte and Schubert (2002). Additional assumptions included instantaneous rifting, Airy 

isostasy, and an average geothermal gradient consistent with the continental lithosphere. 

Extension is removed by assuming constant area and reconstructing the crustal volume to an 

isostatically balanced rectangle in cross-section.  

The crustal thinning factor (𝛽) along each rift basin profile was calculated using 

Equation 2. Basin thickness (hsb) was obtained from seismic reflection and bathymetry data. 

Bathymetry used for the calculation follows the north-south profiles, extending beyond the end 

of each seismic line (Figure 11).  

 

𝛽 = (1 − 9"#
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Kington and Goodliffe (2008) assumed the following parameters: mantle density (𝜌&) = 

3300 kg m-3; crustal density, including incorporation of ultramafic rocks from the Papuan 

Ultramafic belt (𝜌$$) = 2800 kg m-3; pre-rift crustal thickness (ℎ$$) = 35 km, based on receiver 

functions (Abers et al., 2002) and a refraction study from Abers et al. (1997); pre-rift lithospheric 

thickness (𝑙$$) = 160 km (Kington and Goodliffe, 2008), based on the depth to the 1300 ̊ C 

isotherm at the base of the lithosphere; sediment density (𝜌") = 1500 kg m-3; and surface 
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temperature (To) = 300.15 K. A thermal expansion coefficient for the mantle with forsterite 

composition (αv) = 3.28 x 10-5 K-1 was also assumed. These values were applied for the current 

study. Error estimates were determined based on the maximum and minimum extension 

estimates possible for a combination of all assumptions; errors will be discussed in the results. 

The first portion of the denominator (Equation 2) relates to the density ratio of the 

mantle, crust, and sediments in the basin. The second portion of the denominator relates to the 

thermal properties and their effects on the expansion of the mantle during subsidence. A 

shortcoming of Equation 2 is the assumption of Airy isostasy. Rift basins tend to behave with 

some rigidity due to their lateral strength and elastic thickness (Davis and Kuznir, 2004). 

Assuming no flexural rigidity in the basin results in an underestimate of extension. Additionally, 

assuming that subsidence began at sea level will underestimate extension if there was initially 

topography during rifting. 

Determining b (Equation 2) allowed for calculation of the approximate thickness of the 

stretched continental crust (𝑠$$). The total area of continental crust was determined from the 

calculated stretched crustal thickness (𝑠$$) and the current basin width (wo). The upper surface of 

each crustal profile was returned to sea level and the Moho to a depth of 35 km. As area would 

need to be maintained, using the assumed initial crustal thickness (ℎ$$) and the calculated total 

area of the basin allowed the initial basin width (Wi) to be determined (Equation 3). The final 

basin width (wo) minus the initial basin width (Wi) gives the amount of extension from 

subsidence.  

𝑊0 =
">>	∗	QL
9>>

                              (3) 
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The seismic reflection lines do not extend to the margin edges (Figure 11). Beyond the ends of 

the seismic reflection lines, extension as predicted by subsidence was used and added to the 

extension derived from brittle faulting. 

 
3.4: Extension from Euler Pole Kinematics 
 

Euler pole derived opening rates for the Woodlark basin assume a two-plate solution 

(Taylor et al., 1999) with a 95% confidence interval regarding the location of the Euler poles. 

Using the results of Taylor et al. (1999), the width of the oceanic lithosphere between 152°E and 

153°E (Figure 11) was determined (Figure 15). This estimate was subtracted from the total 

predicted extension to determine the predicted continental extension along each line.  

  

 

Figure 15. Plot of cumulative continental and oceanic widths of the Woodlark Basin versus 
longitude (from Taylor et al., 1999). The diagonal isochrons, labeled in Ma, are derived from 
the best fitting poles of opening and are dashed where extrapolated from 1 to 6 Ma.  Total 
opening is partitioned between continental stretching and seafloor spreading. The width of 
continental lithosphere includes calculated pre-rifting and stretched components.  
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CHAPTER 4: RESULTS 
 
4.1: Brittle Extension Estimates 
 

Line 180 is used as a representative example to describe the results as it contains two 

spreading centers as well as thick syn-rift sediment packages (0.2 to 0.6 km thick).  The 

interpretations of seismic lines 100, 140-160, and 190-200 are discussed in Appendix A. For 

each seismic line, basin depths were calculated using a velocity of 1500 m s-1, which is the 

approximate velocity of unconsolidated sediments. The strike of faults was determined from 

bathymetry.  

Starting at the southernmost portion of line 180 (at 0 km, Figure 16), there is a 5 km wide 

continental block with a minimum water depth of ~1.4 km; it is cut by four normal faults with 

heaves ranging from 0.1 to 0.2 km and dipping ~40°N. The faults are covered by sediment that is 

~0.4 km thick. A structure interpreted as a small horst is evident at 30 km (Figure 16); it is 

separated from the large continental block by a normal fault with a heave of 0.2 km dipping at 

~45°S. The horst reaches a minimum water depth of ~1.8 km and spans a distance of 1.2 km; a 

normal fault with a heave of 0.6 km dips ~45°N and forms the northern boundary. On the 

northern side of the horst, three faults dipping ~30°N down-step from ~1.4 to ~2.1 km water 

depth and span a distance of 8 km; heaves range from 0.8 to 1.2 km. The fault blocks are covered 

with ~0.2 km of sediment. To the north (at 39 km, Figure 16), another horst is evident with water 

depth decreasing to ~1.7 km. The horst spans a distance of 0.8 km. It is formed by a fault on the 

southern side dipping ~40°S with a heave of 1 km. On the northern side at 40 km, a fault with a 
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heave of 1.5 km dips ~40°S, separating the horst from a graben, reaching a water depth of ~2 km 

(Figure 16). The graben spans a distance of 2.7 km; it is separated from another horst, spanning a 

distance of 1.3 km and reaching a minimum water depth of 1.7 km, by a fault dipping ~50°N 

with a heave of 0.4 km (at 43 km, Figure 16). No sediment is evident on the horsts; however, the 

graben contains a sediment package ~0.5 km thick. To the north of the horst at 45 km (Figure 

16), a series of 13 faults exist that down-step from a water depth of ~1.3 to ~3.2 km and continue 

 
Figure 16. (a) Seismic Line MW9304-180. Vertical exaggeration is 2. The red box indicates 
the location of the detailed section (b and c) on the northern end of the profile.  The extent of 
oceanic crust (OC) is shown by the solid blue line.  The map in (d) shows the location of the 
seismic reflection line (highlighted in red).  (b) Uninterpreted and (c) interpreted seismic 
reflection data. Faults are shown by the orange lines. The basement reflector is annotated by a 
dashed blue line. 
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to the continent-ocean boundary over a distance of 12 km. The normal faults dip ~45°N, with 

heaves ranging from 0.4 to 0.8 km.  

At 57 km, a fault separates the continental block from the southern continent-ocean 

boundary with a heave of 1.7 km (Figure 17). Oceanic crust (segment 2; Figure 3) extends for 6 

km to the north and is characterized by a rough basement texture. The maximum water depth is 

~3.3 km. To the north of the oceanic lithosphere, there is an isolated continent block that is 10.5 

km wide (Figure 17). A ~0.5 km thick sediment package tops the continental block. Water 

depths decrease to the north of the continent-ocean boundary from ~3.3 to ~2.3 km over a lateral 

distance of 3.1 km. Three large faults that dip at ~45°S and up-step to the north are evident on 

the southern side of this continental block. Heaves range from 0.4 to 0.7 km. On the northern 

side of the block, at 76 km, additional faults with heaves ranging from 0.1 to 0.3 km down-step 

to the continent-ocean boundary to the north (Figure 17). Water depths increase from ~2.3 to 

~3.3 km over a lateral distance of 7.4 km. Oceanic crust (segment 1; Figure 3) is present for 30 

km to the north with a maximum water depth of ~3.3 km. At 105 km, another isolated 

continental block spans a distance of 18 km, reaches a minimum water depth of ~2.6 km, and is 

separated from the oceanic crust by a normal fault with a heave of 0.2 km dipping at ~50°S 

(Figure 17). Another fault with a heave of 0.3 km occurs to the north, also dipping at ~50°S. To 

the north of this fault, there are large horst and graben structures at 105 to 122 km (Figure 17). 

The structures are separated by normal faults dipping at ~40°N and 40°S with heaves ranging 

from 0.5 to 0.7 km.  There is ~0.5 km of sediment infill in the grabens. On the northern side of 

the continent block, there are three faults that down-step to the north from a depth of ~2.5 to ~3.3 

km. The faults dip at 30°N as they approach another continent-ocean boundary. The heaves of 

these faults range from 0.6 to 0.7 km. Continuing to the north, oceanic lithosphere outcrops on 
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the seafloor over a distance of 4 km between 122 and 126 km (Figure 17); the maximum water 

depth remains constant at ~3.3 km. The northern continental margin is separated from the 

oceanic lithosphere by a normal fault dipping at ~50°S with a heave of 0.5 km. Normal faults 

dipping ~45°S along the continental block up-step to the north from a water depth of ~3.3 to ~1.2 

km over a distance of 14 km. The fault heaves range from 0.1 to 0.5 km. At 140 km, a normal 

fault dipping at ~50°S with a heave of 0.3 km begins a series of faults down-stepping to the north 

(Figure 17).  

 
Figure 17. Same as Figure 16 but for a section in the middle of seismic line MW9304-180.  
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A ~0.6 km thick sediment package overlays the northern portion of the seismic line, 

making the heave and exact angle of the faults harder to interpret (Figure 18). Two normal faults 

dipping at ~30°S and down-stepping to the north are evident below the sediment package. There 

was no offset on these faults at the surface due to the horizontally deposited sediment cover. 

However, the sediment onlaps onto the ~30°S dipping faults at depth, which indicates these fault 

are growth faults and the sediments were deposited synrift. Growth faults such as this are seen on 

almost all other seismic lines. The heave at depth is ~0.9 km. The northernmost fault forms the 

northern portion of a graben, spanning a distance of 3.3 km with a water depth of 1.2 km, which 

is separated from another up-thrown block (~0.8 km water depth) to the north by a fault with a 

heave of 0.2 km dipping ~45°S. The up-thrown block contains three faults dipping ~45°S, up-

stepping from water depths of ~0.8 to ~0.7 km over a distance of 3.1 km. Heaves of 0.4 to 0.5 

km are evident despite the ~0.5 km thick sediment cover. At 166 km, an asymmetric graben, 1 

km wide with a maximum water depth of 1.2 km, is filled with 0.5 km of sediment; it is bounded 

by a fault dipping ~35°N on the northern side and another fault dipping ~45°S on the southern 

side (Figure 18). The latter fault has a heave of 0.3 km and separates the graben from a horst that 

is 0.2 km wide with a water depth of ~0.7 km to the north. At 170 km, on the northern side of the 

horst (Figure 18), a fault dipping ~35°S has a heave of 0.1 km. Sediment cover is ~0.3 km thick 

and masks the remaining 2.3 km of the seismic line.  

  All observable fault heaves from line 180 were summed, giving a brittle faulting 

extension estimate of 30.5 km. For lines 100, 140-160, and 190-200, the process was repeated 

(Table 1). As noted before, the bathymetry data pixel size of 200 m makes it so the surface 

expression of a fault cannot be resolved horizontally better than 400 m. Therefore, as seismic 
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reflection line 180 has 68 interpreted faults, error estimates are ±27 km for the entire line. The 

same method was used for error estimates along other interpreted seismic lines (Table 1). The 

average number of faults interpreted for each line was 69, excluding the shorter line 100 that 

contained only 25 faults.  Based on (Walsh, 1992), subseismic resolution faulting was estimated 

by assuming that unresolved faults account for an additional 50% of the total extension. This 

gives an upper-end estimate of unresolved extension of ~15 km for line 180. Table 1 shows the 

estimates for the other lines.  

 

Figure 18. Same as Figure 16 but for a section at the southern end of seismic line MW9304-
180. 
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Again, the polyphase fault model is based on line 100. For the other lines, similar 

geometries to those observed on line 100 were interpreted to have formed from a similar 

polyphase process. The summation of the heaves resulting from the first phase of faulting added 

~25 km of extension for line 100. Similarly, ~28 km of extension was added for lines 140-160, 

and ~26 km of extension was added for lines 180-200 (Table 1). Extension along the portions of 

the lines outside the seismic coverage area (Figure 11), based on the subsidence method (Section 

3.3), added 26 km (+22, -14) of extension to line 180. The total extension estimated along line 

180 is 84.3 km (+46, -33), corresponding to a b of 1.51 (+0.56, -0.25). Error estimates for b are 

determined based on the maximum and minimum sources of error to the brittle extension 

estimate. The remaining seismic lines were interpreted using the same methods as those applied 

to line 180 (Table 1). b values range from 1.31 to 1.57. The average error for estimates of 

extension from brittle faulting is +19 km, -9 km. 
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Table 1. Brittle extension estimates for seismic lines MW9304-100, 140, 150, 160, 180, 190, and 

200. 

 

 

4.2: Extension Estimates from Subsidence 

The bathymetry along line 180 is plotted to show seafloor as a function of latitude 

between 8.75°S and 11.26°S (Figure 19). Using the assumption of Airy isostasy, bathymetry 

allows for the calculation of Moho depth (Equation 2). These estimates, corrected for thermal 

effects along the seismic line, are plotted as a function of latitude to illustrate how crustal 

 
Brittle 
Extension 
from Fault 
Heaves 
(km) 

Extension 
from 
Subresolution 
Faulting (km) 

Polyphase 
Extension 
Estimate 
(km) 

Extension 
Where There 
is No 
Seismic 
Coverage 
(km) 

Total 
Extension 
(km) 

Extension 
Factor 

Line 
100 

11.6 (±10) 5.8 ~25 26 (+22, -14) 68.5     
(+32, -24) 

1.37                
(+0.29, -0.16) 

Line 
140 

24.5 (±17) 12.25 ~28 14 (+14, -8) 78.8      
(+31, -25) 

1.53         
(+0.40, -0.22) 

Line 
150 

26.8 (±19) 13.4 ~28 24 (+20, -13) 92.1     
(+39, -32) 

1.57         
(+0.51, -0.26) 

Line 
160 

28.3 (±22) 14.15 ~28 20 (+ 20, -9) 90.4     
(+42, -31) 

1.56         
(+0.53, -0.25) 

Line 
180 

30.5 (±27) 15.25 ~26 12 (+19, -6) 84.3     
(+46, -33) 

1.51         
(+0.56, -0.25) 

Line 
190 

30.9 (±21) 15.45 ~26 13 (+20, -7) 84.3     
(+41, -28) 

1.51         
(+0.48, -0.21) 

Line 
200 

28.2 (±23) 14.1 ~26 10 (+19, -5) 76.2     
(+42, -28) 

1.41         
(+0.40, -0.16) 
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thickness changes based on the depth of the sedimentary basin (Figure 19). This process is 

repeated for lines 100, 140-160, and 190-200 (Appendix B). 

Over the Pocklington Rise, the water depth decreases to 5 m; crustal thickness is ~35 km. 

To the north of the rise, a large graben reaches a maximum water depth of 1.8 km, and the 

thickness of the crust is 25 km. Line 180 crosses over Misima Island to the north of this graben, 

where crustal thickness reaches ~36 km, and topography reaches 0.5 km above sea level. Water 

depth increases to 1.5 km on the northern side of Misima Island. A series of horsts and grabens 

have varying water depths (1 to 2 km) approaching the southern continent-ocean boundary. A 

maximum water depth of 3.2 km is occurs over the oceanic lithosphere (spreading segment 2), 

and the thickness of the oceanic crust is ~10 km.  A continental fault block separates spreading 

segment 2 from spreading segment 1. The block reaches a minimum water depth of 1.4 km; 

crustal thickness is 14 km. Spreading segment 1 has a maximum water depth of 3.4 km and a 

crustal thickness of 10 km. Another continental fault block is directly to the north of spreading 

segment 1. Here, a minimum water depth of 2.5 km is reached, and the continental crust is 1.5 

km thick. To the north, another segment of oceanic lithosphere is present, with a maximum water 

depth of 3.2 km and a 10 km thick crust. The water depth decreases 2.5 km approaching the 

Figure 19. Crustal profile along seismic reflection line 180. (a) Bathymetry plotted as a function 
of latitude. b) Bathymetry (blue) and calculated depth to Moho (red) plotted as a function of 
latitude. Continental crust is shaded white. Oceanic crust is shaded dark grey. 
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continent-ocean boundary. To the north of the boundary, continental crust thickens to 35 km. 

Woodlark Island reaches heights of 63 m above sea level. To the north of the island, the water 

depth increases to 57 m in the northernmost portion of the subsidence profile.  

For calculations of subsidence, cross-sectional areas of oceanic crust and sediment 

thickness were ignored. For line 180, the water depth and the depth to the Moho give a crustal 

cross-sectional area of 6.7x106 km. Based on the assumption that the initial crustal thickness is 

35 km (Abers et al., 2002; Kington and Goodliffe, 2008), the pre-extension basin width is 184 

km (Equation 3). Current basin width, excluding oceanic crust, is 244 km, giving a total 

extension predicted from subsidence for line 180 of 60 km. To account for errors due to the 

assumptions in Equation 2, sediment thickness, initial crustal thickness, and density were tested 

by changing individual variables and determining how extension would be impacted for each 

line. As an example, for line 180, increasing sediment thickness from 0 to 0.5 km increases 

extension to 95 km (+32, -40). Decreasing the continental crust density from 2800 to 2750 kg m-

3 decreases extension to 48 km (+ 27, -24). Increasing the initial crustal thickness from 35 to 50 

km decreases extension to 28 km (+16, -4). Based on maximum and minimum possible sources 

of error for an extreme scenario, error bars of (+35 km, -34 km) are assigned to the overall 

estimate of extension (60 km, Table 2). This value is equivalent to an extension factor of 1.31 

(+0.29, -0.19). Errors limits are determined for lines 100-140, 150-160, and 190-200 using the 

same method employed for line 180. The total extension estimates and extension factors for each 

line are summarized in Table 2. A maximum extension factor of 1.51 (+0.37, -0.39) was obtained 

for line 140. The extension factor decreases to 1.31 (+0.29, -0.19) at line 180 and then increases 

to 1.41 (+0.33, -0.27) at line 200. The average error for estimates of extension using subsidence 

is +34 km, -41 km. 
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Table 2. Extension estimates from subsidence calculations 

 

4.3: Euler Pole Extension Estimates 
 

Using the Euler pole derived extension results from Taylor et al. (1999) (Figure 15), the 

total extension and the extension factor is determined along each line (Table 3). Along line 180, 

there is 233 km of extension, 31 km of which is accommodated by accretion. This gives an 

extension factor of 3.03. Unlike the brittle faulting and subsidence results, extension rates 

determined from Euler poles consistently increase from west to east from 2.45 to 3.21. Euler 

poles are mapped in Figure 3 within 95% confidence intervals. Taylor et al. (1999) did not assign 

error bars associated with this confidence interval to their extension as determined through 

spreading rates (Figure 15). 

 
Total Extension (km) Extension Factor 

Line 100  68.15 (+33, -40) 1.37 (+0.3, -0.24) 

Line 140   76.67 (+30, -52) 1.51 (+0.37, -0.39) 

Line 150 71.75 (+33, -43) 1.39 (+0.32, -0.25) 

Line 160 64.14 (+37, - 38) 1.33 (+0.33, -0.21)  

Line 180 60.08 (+35, -34)  1.31 (+0.29, - 0.19) 

Line 190 69.67 (+34, -40)  1.36 (+0.31, -0.22) 

Line 200 79.25 (+36, -47) 1.41 (+0.33, -0.27) 
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Table 3. Euler Pole Extension Estimates 
 
 Total Crustal 

Extension (km)  
Extension Factor 

Line 100 202 2.45 

Line 140 223 2.86 

Line 150 224 2.87 

Line 160 230.5 2.96 

Line 180 233 3.03 

Line 190 238 3.18 

Line 200 234 3.21 
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CHAPTER 5: DISCUSSION 
 
5.1: Discussion of Results Based on the Methods of Kington and Goodliffe (2008) 
 

Brittle faulting (average b of 1.49) and subsidence-derived (average b of 1.38) estimates 

of extension are consistent with each other within the error limits (+0.45, - 0.21 for brittle 

estimates; +0.36, -0.29 for subsidence estimates). This suggests that the previous extension 

discrepancy described by Davis and Kuznir (2004) can be partially explained by the inclusion of 

polyphase and subresolution faulting, as proposed by Kington and Goodliffe (2008). Extension 

estimates from Euler pole kinematics (average b of 2.98) are roughly double that of the 

subsidence and brittle faulting extension estimates. This is consistent with the results of Kington 

and Goodliffe (2008). Because estimates of extension derived from Euler poles and subsidence 

are both a measure of whole lithosphere extension, they should match if all parts of the 

lithosphere extend at the same rate. Kington and Goodliffe (2008) proposed that this remaining 

discrepancy between these two approaches can be explained by higher extension rates in the 

lower crust and lithospheric mantle prior to seafloor spreading. Because Euler pole derived 

extension factors are so much greater than the subsidence estimates, this indicates that either the 

brittle faulting or subsidence methods are flawed or that the Euler pole solutions are not correct 

for the Woodlark Basin. However, an alternative solution is that the error limits associated with 

subsidence and brittle faulting are potentially so great that evidence of depth-dependent 

extension cannot be resolved from the results. If this is the case, then the model proposed by 

Kington and Goodliffe (2008) is not warranted. 
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5.2: Potential Errors in Extension Estimates from Brittle Faulting 
 

Several sources of error are not included in the brittle faulting estimates of Kington and 

Goodliffe (2008). These include a minimum estimate of the impact of subresolution faulting, the 

effect of sediment cover, and the possibility of an unrecognized metamorphic core complex.  The 

current study uses the highest estimate of subresolution faulting (50%) recommended by Walsh 

(1991). If the minimum estimate (30%) were instead used, it would result in 9 km less extension 

along line 180. Thicker sediment cover could mask additional faults not recognized in this study. 

The extension due to a horizontally deposited 0.5 km thick sediment package in a graben at any 

water depth formed from a fault dipping at 30° can be estimated using the method shown in 

Figure 20. In this case, the sediment package would mask 0.86 km of heave. For seismic line 180 

with 69 faults, this could mask up to 58 km of extension. An unrecognized metamorphic core 

complex could also lead to large underestimates in extension. The model of Martinez et al. 

(2001) predicted that the surface expression of a metamorphic core complex can be used as a 

measure of lateral extension. The N-S surface expression of the metamorphic core complex on 

Goodenough Island, which is one of the D’Entrecasteaux Islands, is ~40 km across. It is not 

unreasonable to assume that there are other unrecognized core complexes in the basin that have 

contributed to extension. However, to resolve the discrepancy between extension estimates 

following the model from Martinez et al. (2001), the core complex would need to be over ~100 

km wide. Alternatively, based on Lister and Davis (1989), the width of a metamorphic core 

complex and the associated heave of the detachment fault that formed it is an estimate of total 

extension. For example, a detachment fault that formed at 30° and extended through the 35 km 

crust would have a heave of 60 km. Using the method of Lister and Davis (1989), the width of 

the Goodenough Island complex, in addition to the detachment fault that formed it, could 
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produce the 100 km of extension necessary to make estimates of extension from brittle faulting 

match that predicted by Euler pole kinematics. The presence of a foundered core complex in the 

vicinity of Misima Island has been proposed by Taylor and Huchon (2002). Prior to seafloor 

spreading, it is likely that the Woodlark Island was once continuous with Misima Island and 

would be a part of the same core complex. Woodlark Island is 33 km in width, while Misima 

Island is 8 km in width. Measuring extension based solely on their lateral extent would add an 

additional 41 km to the brittle faulting estimate. This does not take into account any detachment 

faulting that could have been involved in exhumation or any other unknown metamorphic core 

complexes. The metamorphic core complexes have likely been heavily faulted and there is a lack 

of geological studies in the islands. Foundered metamorphic core complexes could now be below 

sea level and could be hard to identify based on the quality of the seismic data.  Additional 

extension could be also be validated based on the presence of a detachment fault, such as the one 

 

Figure 20. Simple illustration showing the effect of sediment cover on visible fault offsets. 
A 0.5 km, evenly distributed sediment package can mask up to 0.86 km of offset along a 
fault forming at 30°. Sediment is shaded orange, and the fault is shown with a red line. 
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depicted in the polyphase model (Figure 14) or those noted in Kington and Goodliffe (2008). To 

better constrain upper crustal characteristics, such as faulting and the composition of the upper 

crust including the presence of metamorphic core complexes, a long-offset seismic reflection and 

refraction study would need to be performed. 

5.3: Potential Errors in Extension Estimates from Subsidence 
 

The broad estimates used for the subsidence calculation using the Kington and Goodliffe 

(2008) method introduce an average error of +34 km, -41 km. To determine how subsidence is 

affected by changes in density and thicknesses of different layers, multiple numerical values 

were tested for these variables in Equation 2. These variables were not previously incorporated 

into the error estimates by Kington and Goodliffe (2008). As there is no constraint on sediment 

cover in the margins without seismic reflection data, sediment thicker than 0.5 km could be 

present in these regions. In addition, it is possible that a portion of the interpreted igneous 

basement could be pre-rift sediment. Pre-rift forearc basin sediments many kilometers thick were 

imaged in multi-channel seismic data west of Egum Atoll (Taylor and Huchon, 2002). These 

sediments likely underlie much of the northern margin of the Woodlark Basin and may be 

imaged as basement reflectors in low-fold seismic reflection data. Increasing sediment thickness 

in the basin to 1 km would increase extension estimates by ~69 km along line 180.  Further, the 

continental crust density of 2800 kg m-3 is based on mafic crust at depth. If the Papuan 

Ultramafic Belt does not extend into the study area, the crust would be dominantly granitic, with 

a density of 2670 kg m-3. This would reduce extension estimates by ~27 km at line 180.  

Additionally, the assumption of Airy isostasy implies no flexural rigidity. Although hot 

and highly faulted continental crust will have low flexural rigidity, it will have some flexural 

strength. With flexural rigidity, the basin would be shallower than a basin formed purely by Airy 
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isostasy. For the current study, a broad estimate of the flexural properties in the basin is made. 

Assuming that the basin behaved rigidly, with the current basin depth only representing half of 

the depth that would be achieved in the case of zero flexural rigidity, extension along line 180 

would be ~121 km. 

 The assumption that crustal cross-sectional area remained the same for the entire 

duration of continental rifting is also unlikely. Proximity to subduction zones and high heat flow 

could result in lower crustal flow. If this were the case, extension would be overestimated. Using 

a block model as an example (Figure 21), if the pre-rift thickness was 35 km and the initial basin 

width was 150 km, the total area along a 2-D profile would be 5250 km2. If area was conserved 

and the crust thinned to 25 km, the width of the crust would be 210 km, and the total extension 

would be 60 km. If 20% of the crust had been incorporated into the mantle, the total pre-rift area 

would have instead been 6300 km2 at the initiation of rifting. Maintaining an initial crustal 

 

Figure 21. Simple block diagram illustrating the impact of maintaining crustal area in an 
extending basin. Blocks on the left indicate pre-rift crust. Blocks on the right indicate the crust 
of the present day basin. If crust is incorporated into the mantle, less extension will occur. 
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thickness of 35 km, the initial basin width would be 180 km.  In this case, half of the amount of 

extension (30 km) would have occurred. This calculation implies that if area is not conserved in 

the Woodlark basin, then the amount of extension estimated from subsidence could be half of 

that determined in Section 4.2. 

From core data logged by Goodliffe et al. (2002) in the western Woodlark Basin, there is 

evidence that the basin was at sea level during rifting, between 5.23 and 5.39 Ma. However, 

assuming that the basin was at sea level with a crustal thickness of 35 km at the initiation of 

rifting is probably an underestimate. Taylor and Huchon (2002) looked at the rifting history in 

the basin using core and borehole data, and while some portions of the basin were likely at sea 

level during rifting, the rift zone probably formed in a zone of weakness associated with a 

significant mountain range and arc resulting from continental collision and subduction of the 

Australian plate under the Papuan Plateau. Based on the refraction study conducted on the 

Papuan Plateau, 2 km of paleoelevation corresponds to a 50 km thick crust (Finlayson et al., 

1976). This would require far more extension to reach the current basin depth. Based on the 

simple block calculation, where the current basin is 210 km wide (at ~152°E) and the crustal 

thickness is 25 km, the total area along a 2-D profile would be 5250 km2 with an initial basin 

width of 150 km. If pre-rift crustal thickness was 50 km and area was maintained during rifting, 

the initial basin width would only be 105 km. Therefore, extension in the basin would increase 

from 60 km (35 km pre-rift crustal thickness) to 105 km (50 km pre-rift crustal thickness). To 

better understand the pre-rift crustal thickness and to determine the current Moho depth in 

discrete areas of the basin, an active source ocean bottom seismometer study could be 

undertaken to characterize deeper structures. 
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5.4: Potential Errors in Extension Estimates from Euler Pole estimations 
 

If the extension estimates predicted by the brittle faulting and subsidence methods are 

accurate, then this would imply that the Euler pole estimates do not accurately predict 

continental extension rates. The locations of the Euler poles are well constrained at the 95% 

confidence interval (Figure 2). One possible source of error is misidentification of fracture zone 

azimuths; however, the fault traces are easily identifiable due to thin sediment cover. The largest 

source of error would be associated with spreading rates prior to 3.33 to 3.58 Ma (chron 2A.3n) 

not being as well constrained due to the lack of a conjugate chron to the north of the spreading 

center in the far east of the basin. This portion of oceanic crust was subducted beneath the 

Solomon Islands. Using the results from Taylor et al. (1999) (Figure 15) to determine extension 

back to 3.58 Ma, the predicted width of stretched continent in the basin at line 180 was 118 km, 

for instance. This value is 49% of the predicted width at 6 Ma; therefore, this lack of constraint 

would impact 2.42 million years of extensional history.  However, there is no indication that 

there was a drastic change in the rate of total plate motion or the Euler pole location prior to 3.58 

Ma (Taylor et al. 1999) and, thus, the rates extrapolated back to 6 Ma are likely accurate.  

5.5: The Possibility of a Third Plate 
 

If the strike-slip Nubara Fault continues to the southwest along the Woodlark Rise, a 

third plate exists in the basin (Figure 1). The presence of this plate, bounded by the Nubara Fault 

to the south and the Trobriand Trough to the north, would reduce the northern margin width by 

~56 km along the north-south profiles. Kington and Goodliffe (2008) ignored the possibility of 

this third plate in their calculations, but if it exists, the plate would encompass a majority of the 

northern portion (~111 km) of their study area and likely would have drastically changed their 
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estimates. Using the subsidence and brittle faulting estimates where the third plate affects the 

current study area, ~13 km of extension in the northeast and ~15 km of extension in the 

northwest is lost. In addition, this indicates that Woodlark Island would not be a potential 

conjugate metamorphic core complex to Misima Island, decreasing the associated error estimates 

for brittle faulting. Extension estimates from Euler pole kinematics are a function of current 

basin width. Pre-rift width and calculated stretched width are estimated from these values, 

excluding the oceanic crust. Therefore, a narrower basin would decrease the overall extension 

predicted from Euler pole kinematics. However, as the predicted extension rates do not change, 

extension estimates from Euler pole kinematics will still be larger than the extension estimates of 

brittle faulting. For the subsidence method, the third plate would decrease extension due to a 

smaller final width and area for the basin. Therefore, a third plate would further increase the 

discrepancy between Euler pole kinematics and subsidence and brittle faulting estimates.  

5.6: Is the Kington and Goodliffe (2008) model necessary? 
 

Based on the potential sources of error presented in Table 4, it is evident that the methods 

produce results that are not well-constrained. Large sources of error could come from 

misinterpretations of sediment cover thickness, unidentified core complexes, poorly constrained 

Euler poles during the early rifting history, and the assumption of zero flexural rigidity. Using 

line 180, a 0.5 km thickness of syn-rift sediment along the line could mask 58 km of extension. 

A metamorphic core complex could add ~100 km of extension, based on the sizes of Misima and 

Woodlark Islands and the detachment fault that formed them. Extension could be reduced by a 

three-plate solution (-13 km) or by a smaller amount of subseismic faulting (-9 km). Assuming 

that the basin behaved with some rigidity doubles the amount of extension (+61 km). The 

extension estimates from Euler pole kinematics could decrease by 49% if extension was only 
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extrapolated back to 3.58 Ma. These scenarios were tested for each seismic line (Table 4).  Based 

on the estimate of maximum error for each line, it is possible that all three estimates of extension 

could agree. It is thus not necessary for this study to call upon the Kington and Goodliffe (2008) 

model to explain the results. The well-established models of pure and simple shear with constant 

extension rates over lithospheric depth may suffice.  

Table 4. Summary of extension estimates based on the methods from Kington and Goodliffe 
(2008) and additional potential sources of error for these methods. 

 

 
 
 

 
Extension 
from Brittle 
Faulting 
(km) 

Extension 
from 
Subsidence 
(km) 

Extension 
from Euler 
Pole 
Kinematics 
(km) 

Maximum Error 
Due to Brittle 
Faulting 
Assumptions 
(km) 

Maximum 
Error Due to 
Subsidence 
Parameters 
(km) 

Maximum 
Errors from 
Euler Pole 
Kinematics 
(km) 

Line 
100 

68.5                
(+ 47, -39) 

 68.15                  
(+33, -40) 

202 +121, -18  +137, -49 -86 

Line 
140 

78.8           
(+48, -42) 

 76.67                 
(+30, -52) 

223 +152, -20 +137, -42 -104 

Line 
150 

92.1         
(+56, -49) 

71.75                     
(+33, -43) 

224 +156, -20 +138, -50 -99 

Line 
160 

90.4          
(+59, -48) 

64.14                    
(+37, - 38) 

230.5 +159, -21  +132, -58 -110 

Line 
180 

86.3         
(+58, -45) 

60.08                      
(+35, -34)  

233 +158, -22 +130, -53 -115 

Line 
190 

87.3         
(+58, -45) 

69.67                    
(+34, -40)  

238 +163, -19 +125, -52 -119 

Line 
200 

78.2         
(+57, -43) 

79.25                     
(+36, -47) 

234 +170, -19 +151, -53 -113 
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CHAPTER 6: CONCLUSIONS 
 
The main conclusions of this thesis are as follows: 
 

• Kington and Goodliffe (2008) proposed that incorporating polyphase and subresolution 

faulting into brittle extension estimates greatly increases the amount of extension 

observed in a rift zone.  Applying their methods to the current study supports this 

hypothesis. Therefore, it is possible that in other studies of rift basins where polyphase 

and subresolution faulting are not incorporated, brittle faulting is underestimated. 

• The extension estimates based on subsidence from Kington and Goodliffe (2008) could 

have large errors as a result of assuming no flexural rigidity, no sediment cover, 

instantaneous rifting, constant crustal area throughout rifting, and that extension began at 

sea level. 

• Based on the current study, the Kington and Goodliffe (2008) model may not be 

necessary to explain the results due to the uncertainties associated with the different 

extension estimate methods. Instead, the well-established models of pure shear and 

simple shear with constant extension rates over lithospheric depth may suffice based on 

the rifting geometries observed in the basin.  

• Fully constraining potential sources of error in extension across the Woodlark Basin will 

require further study. For example, faulting and composition of the upper crust could be 

characterized through a long-offset seismic reflection and refraction study. Deeper 

structure could be characterized through an active source ocean bottom seismometer 

study.   
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APPENDIX A 

Figures A1-A6 show the uninterpreted seismic reflection profiles along lines 100, 140-

160, and 190-200 as well as a larger-scale view of a representative segment of each line and an 

interpretation of the representative segment showing visible faults and horizons. A description of 

major structural features for each seismic line is also included.  
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Line 100: 

Starting at the southernmost portion of the seismic line, three continental blocks, 

separated by normal faults dipping at ~40°S and spanning 26 km, are evident (Figure A1). 

Heaves range from 1.5 to 1.3 km. A sediment package with ~0.4 km thickness infills the down-

thrown portions of the fault blocks. A minimum water depth of ~0.8 km is reached on the 

 
 

Figure A1. (a) Seismic Line MW9304-100. Vertical exaggeration is 2. The red box 
indicates the location of the detailed section shown in panels (b) and (c). The extent of 
oceanic crust (OC) is shown by the solid blue line. The map in (d) shows the location of the 
seismic reflection line (highlighted in red).  (b) Uninterpreted and (c) interpreted seismic 
reflection data. Faults are shown by the orange lines. The basement reflector is shown by a 
dashed blue line. 
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second-most southern continent block (at 10 km, Figure A1). The northernmost of these 

continental blocks is more heavily faulted on the northern side, approaching the continent-ocean 

boundary. These faults are more closely spaced, occurring every 1 to 1.5 km and dipping 

between ~25°N and ~35°N. Heaves here range from 0.2 to 0.3 km. Thinner sediment cover (~0.1 

km thick) is evident along these faults. These northward dipping faults down-step from a water 

depth of ~0.7 to ~1.7 km at the continent-ocean boundary (at 38 km, Figure A1) over 28 km. 

Ocean lithosphere (maximum water depth of ~2.2 km) outcrops on the seafloor for 38 km 

(spreading segment 1, Figure 3).  On the other side of the continent-ocean boundary (at 65 km, 

Figure A1), the seismic reflection line covers 35 km of the northern margin. Water depth 

gradually decreases to ~1.7 km over a distance of 30 km to the north.  Sediment thickness is ~0.5 

km. Visible heaves (0.2 to 0.4 km) are evident in the northernmost portion of the seismic line. 

These heaves are interpreted as five closely spaced (0.5 km) faults that primarily dip at ~35°S to 

~40°S, while up-stepping to the north. The northernmost fault block (at 95 km, Figure A1) is 

covered with ~0.6 km of sediment.  

A total of twenty-five faults were interpreted for line 100.  Observable fault heaves were 

summed to produce 11.6 km of extension. Based on a data pixel size of 200 m, an error bar of 

±10 was given to this estimate. Extension from subresolution faulting added 5.8 km of extension. 

Polyphase faulting increased the estimate by ~25 km. Extension where there is no seismic 

coverage increased extension by 26 km (+22, -14). Total extension from brittle faulting was 68.5 

km (b of 1.37; +0.29, -0.16). The maximum error associated with this line is +121 km, -16 km. 
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Line 140:   

Starting at the southernmost portion of the seismic line, there are a series of normal faults 

with heaves ranging from 0.1 to 0.6 km. There is a sediment infill of ~0.2 km. The faults dip at 

~40°N and down-step from water depths of ~1.3 to ~2.2 km over 16 km. A horst (0.5 km wide, 

~1.9 km in water depth) and graben (5 km wide, ~2.5 km in water depth) is evident to the north 

of these faults (Figure A2). The normal faults bounding these features have heaves of 0.9 to 1.5 

km and dip at ~45°N and ~45°S, respectively. The graben contains a ~0.5 km thick sediment 

package. Another horst (~2 km water depth) to the north is 8 km wide (at 25 km, Figure A2). A 

series of down-stepping faults (heaves 0.1 to 0.4 km) begin with the fault bounding the northern 

 
Figure A2. As Figure A1 but for seismic line MW9304-140.  
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side of the horst. Water depths increase from ~1.2 to ~2.8 km at the continent-ocean boundary (at 

49 km, Figure A2). Oceanic lithosphere (spreading segment 1, Figure 3) is present for 25 km. At 

the northern continent-ocean boundary (74 km, Figure A2), a continental fault block extends for 

28 km. Faults (heaves 0.8 to 0.2 km, dipping at ~45°N) on this block up-step from ~2.52 to ~2.6 

over 8.4 km. To the north, faults (heaves 0.5 to 1.4 km, dipping at ~30°S) on the continental 

block down-step from ~2.4 km to ~2.6 km over 9 km. The northernmost fault (at 109 km, Figure 

A2) forms the southern side of a graben structure (sediment infill of ~0.7 km) that extends 13.5 

km to the north. A series of up-stepping faults are located to the north of the graben, beginning 

with a fault (heave of 0.3 km) dipping at ~50°S (at 114 km, Figure A2). Water depths decrease 

from ~2.4 to ~1.4 km over the next 19 km. The sediment package over this portion of the line is 

~1.0 km thick and masks the heaves of the remaining faults.  

A total of sixty-one faults were recognized along line 140.  Observable fault heaves were 

summed to produce 24.5 km of extension. Based on a data pixel size of 200 m, an error bar of 

±17 was given to this estimate. Extension from subresolution faulting added 12.25 km of 

extension. Polyphase faulting increased the estimate by ~28 km. Extension where there is no 

seismic coverage increased extension by 14 km (+14, -8). Total extension from brittle faulting 

was 78.8 km (b of 1.53; +0.49, -0.22). The maximum error associated with this line is +152 km, 

-18 km. 
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Line 150:  

  Beginning at the southernmost portion of the seismic line, normal faults (dipping ~30°N, 

heaves 0.2 to 1 km) down-step from water depths of ~1.1 to ~2.1 km over 14 km. A graben (2.4 

km across, ~2.1 km in water depth) and horst (5.7 km across, ~1.8 km in water depth) follow 

these normal faults. The faults that form the horst dip at ~40°S on the southern side of the horst 

and ~35°N to the north of the horst. At 23 km (Figure A3), faults up-step from a water depth of 

~1.8 to ~1.5 km over 4.4 km. To the north of these faults, no surface offsets are observed for 8 

km due to a sediment package that is ~0.4 km thick. Directly north of this sediment package (at 

 

Figure A3. As Figure A1 but for seismic line MW9304-150.  
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32 km, Figure A3), faults dipping at ~40°N (heaves of 0.3 to 0.7 km) down-step from ~1.5 to 

~2.9 km water depth approaching the continent-ocean boundary (at 50 km, Figure A3).  Oceanic 

lithosphere outcrops for 25 km. The maximum water depth is reached is ~3 km.  To the north of 

the continent-ocean boundary, a series of faults (dipping at ~35°S, heaves of 0.1–0.4 km) up-step 

from water depths of ~2.7 to ~1.9 km over 16 km. Another sediment package (~0.5 km thick) 

extends for 7 km to the north of these faults, masking any further offsets (Figure A3). A horst 

structure (0.8 km across, ~1.2 km in water depth) is evident to the north of this sediment 

package, bounded by ~45° faults on either side (heaves of 1 km). A graben (1.6 km across, ~1.7 

km in water depth) separates this horst from another horst formed by a fault dipping ~45°S. This 

extends to the end of the seismic line for 1.3 km.  

A total of sixty-five faults were recognized along line 150.  Observable fault heaves were 

summed to produce 26.8 km of extension. Based on a data pixel size of 200 m, an error bar of 

±19 was given to this estimate. Extension from subresolution faulting added 13.4 km of 

extension. Polyphase faulting increased the estimate by ~28 km. Extension where there is no 

seismic coverage increased extension by 24 km (+20, -13). Total extension from brittle faulting 

was 92.1 km (b of 1.57; +0.51, -0.26). The maximum error associated with this line is +156 km, 

-18 km. 
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Line 160:   

Beginning at the southernmost portion of the seismic line, a fault that extends off of the 

profile dips at ~50°N, forming a graben (9.5 km across, ~2.4 km in water depth) to the north 

(Figure A4). The graben contains several faults (heaves of 0.1 to 0.2 km, dipping at ~50°S), 

primarily up-stepping to the north from water depths of ~2.6 to ~0.9 km over 5 km. A horst (12 

km across, ~0.8 km in water depth) begins to the north of the final up-stepping fault (at 10 km, 

 

Figure A4. As Figure A1 but for seismic line MW9304-160. 
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Figure A4). Faults (dipping at ~35°N to ~50°N, heaves of 0.1 to 0.5 km) down-step on the north 

side of the horst, from a water depth ~0.9 to ~3.1 km over 29.8 km, approaching the continent-

ocean boundary at 47 km (Figure A4). Oceanic lithosphere outcrops for 23 km; the maximum 

water depth is ~3.8 km. The northern margin (at 69 km, Figure A4) begins with faults (dipping at 

~35°S to ~45°S, heaves of 0.1 to 0.6 km) up-stepping from a water depth of ~2.9 to ~1.4 km 

over 15 km to the north. A graben (3 km across, ~2.2 km in water depth) is found to the north of 

these faults. A fault dipping at ~30°N with a heave of 0.7 km forms the southern side. Another 

fault dipping at ~40°S with a heave of 0.7 km forms the northern side. To the north of this fault 

(at 94 km, Figure A4), a horst (2 km across, ~1.4 km in water depth) and graben (6.7 km across, 

~1.7 km in water depth) are separated by a fault that dips ~30°N with a heave of 0.5 km. The 

graben extends to the end of the seismic line and is infilled by ~0.9 km of sediment.  

A total of sixty-nine faults were recognized along line 160.  Observable fault heaves were 

summed to produce 28.3 km of extension. Based on a data pixel size of 200 m, an error bar of 

±22 was given to this estimate. Extension from subresolution faulting added 14.15 km of 

extension. Polyphase faulting increased the estimate by ~28 km. Extension where there is no 

seismic coverage increased extension by 20 km (+20, -9). Total extension from brittle faulting 

was 90.4 km (b of 1.56; +0.53, -0.25). The maximum error associated with this line is +159 km, 

-19 km. 
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Line 190:  

Starting at the southernmost portion of the seismic line, a series of faults (heaves from 0.1 

to 0.6 km, dipping at ~30°N) down-step from water depths of ~1.2 to ~1.7 km. The 

northernmost fault in this series (at 6 km, Figure A5) forms the southern side of a graben (3 km 

across, sediment infill 0.4 km thick). The northern side of the graben is separated from a horst 

(6.8 km across, water depth of 1.4 km, topped with sediment ~0.3 km thick) by a fault dipping 

at ~45°N (heave of 0.4 km). Further north (at 16 km, Figure A5), the sediment thins out to less 

 

 
Figure A5. As Figure A1 but for seismic line MW9304-190.  
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than ~0.1 km; faults (dipping at ~40°N) down-step from water depths of ~1.4 to ~2.5 km over 

10 km. Heaves range from 0.3 to 0.5 km. To the north of these faults, sediment is again 

negligible. Water depths decrease from 3.3 to 2.7 km over 5 km. A horst structure is evident 

here, up-thrown by a fault (heave of 0.4 km) dipping at ~40°S. The northern side of the horst 

structure is formed from a fault with a heave of 0.2 km dipping at ~35°N. A series of faults 

(dipping at ~45°N with heaves from 0.2 to 0.5 km) down-step from ~2.1 to ~3.3 km over the 

next 6 km (Figure A5). The last of these faults marks the continent-ocean boundary at 35 km 

(Figure A5). Oceanic lithosphere outcrops for 11 km. Further to the north (at 46 km, Figure 

A5), there is an isolated continental block that is 8.7 km wide. Sediment coverage is negligible 

on this block. Water depths decrease from ~3.6 to ~2.3 km over 2.7 km along a series of normal 

faults (dipping at ~40°S to ~50°S, heaves from 0.2 to 0.4 km). Water depth increases from ~2.3 

to ~3.4 km over the next 6 km, approaching the continent-ocean boundary at 50 km (Figure A5) 

on the northern side of the continental block. Faults on the northern side dip at ~35°N to ~50°N 

and have heaves of 0.2 to 0.4 km. Oceanic lithosphere outcrops to the north of these faults over 

the next 11 km. A second isolated continental block (13 km wide, topped by a sediment package 

~0.2 km thick) is evident to the north of this oceanic lithosphere at 65 km (Figure A5). Water 

depths decrease from ~3.3 to ~2.3 km over 6 km along faults dipping ~30°S to ~45°S. Water 

depth then increases, approaching a graben (water depth of ~2.7 km, sediment infill ~0.3 km 

thick), followed by a horst (water depth of ~2.5 km, negligible sediment) on the northern 

portion of the continental blocks. Faults along these structures dip at ~40°N and ~50°S with 

heaves ranging from 0.1 to 0.5 km. Oceanic lithosphere (max water depth of ~3 km) outcrops to 

the north of the fault block at 76 km (Figure A5) for 8 km. The northern margin begins at 85 km 

(Figure A5). A series of horst and grabens gradually decrease in water depth (from ~3 to ~1.1 
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km) for the entire northern portion (35 km) of the seismic line. Grabens range from 13 to 32 km 

in width; typical sediment infill in these grabens is ~0.3 km thick. The northernmost graben (13 

km wide) contains ~0.6 km of sediment infill. The northernmost horst (0.8 km wide) is the 

highest elevation block in the seismic section at ~0.8 km in water depth.  

A total of seventy-three faults were recognized along line 190.  Observable fault heaves 

were summed to produce 30.9 km of extension. Based on a data pixel size of 200 m, an error bar 

of ±21 was given to this estimate. Extension from subresolution faulting added 15.45 km of 

extension. Polyphase faulting increased the estimate by ~26 km. Extension where there is no 

seismic coverage increased extension by 13 km (+20, -7). Total extension from brittle faulting 

was 84.3 km (b of 1.51; +0.48, -0.21). The maximum error associated with this line is +163 km, 

-21 km. 
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Line 200:  

At the southernmost portion of the seismic line, a fault dipping to the north with a heave 

of 1.4 km cuts through a fault block. The down-thrown portion (~2.1 km water depth, 7 km 

wide) contains ~0.3 km of sediment and masks fault offsets at the surface from at distances of 0 

to 13 km along the seismic line (Figure A6). Faults on the southern side of this block primarily 

dip at ~40°S and have heaves of 0.2 to 0.3 km. Water depths decrease on the southern side from 

~1.8 to ~1.4 km over 5 km. On the northern side of the fault block (at 18 km, Figure A6), water 

depths increase from ~1.4 to ~3.4 km over a series of down-stepping faults (heaves from 0.1 to 

 
Figure A6. As Figure A1 but for seismic line MW9304-200.  
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0.7 km, dipping ~35°N to ~50°N) approaching the continent-ocean boundary at 30 km (Figure 

A6). Oceanic lithosphere outcrops for 17.8 km approaching an isolated continental block (4.8 km 

wide, topped with ~0.2 km of sediment). On the southern side of the continental block, water 

depth decreases from ~3.3 to ~2.7 km over a series of faults (dipping at ~45°S, heaves of 0.1 to 

0.4 km). On the northern side of the continental block, water depths increase from ~2.7 to ~3.7 

km over a series of faults (dipping at ~45°N, heaves of 0.2 to 0.3 km; Figure A6). To the north of 

this continental block, oceanic lithosphere outcrops for 8 km. Another isolated continental block 

is evident to the north of the oceanic lithosphere at 59 km (Figure A6). Along the southern side 

of this block, water depths decrease from ~3.4 to ~2.5 km over 9.9 km due to a series of up-

stepping faults dipping at 45°S (heaves of 0.1 to 0.5 km). On the northern portion of the 

continental block, a series of horsts (0.6 to 1.2 km wide) and grabens (0.6 to 1.5 km wide, 

sediment infill of ~0.1 km) are present. Water depths generally increase from ~2.5 to ~3.3 across 

these structures. To the north of these grabens, oceanic lithosphere outcrops for 8 km (at 77 km, 

Figure A6). To the north of the oceanic lithosphere, the northern margin decreases in water depth 

from ~3.3 to ~1.1 km over 23 km due to up-stepping normal faults (dipping between ~35°S and 

~45°S; heaves of 0.3 to 0.6 km). The northernmost 21 km of the seismic line is composed of a 

series of horsts (0.5 to 0.7 km wide, negligible sediment) and grabens (0.6 to 0.8 km wide, 

sediment packages ~0.7 km thick) formed by faults primarily dipping at ~40°N and ~50°S with 

heaves ranging from 0.2 to 1 km.  

A total of eighty-one faults were recognized along line 200.  Observable fault heaves 

were summed to produce 28.2 km of extension. Based on a data pixel size of 200 m, an error bar 

of ±23 was given to this estimate. Extension from subresolution faulting added 14.1 km of 

extension. Polyphase faulting increased the estimate by ~26 km. Extension where there is no 
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seismic coverage increased extension by 10 km (+19, -5). Total extension from brittle faulting 

was 76.2 km (b of 1.41; +0.40, -0.16). The maximum error associated with this line is +170 km, 

-21 km. 
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APPENDIX B 

Figures B1-B7 show the bathymetry and crustal thickness along each seismic profile, 

plotted as a function of latitude between 8.5°S and 11.5°S. A description of the crustal 

thicknesses in relation to geologic features in the basin for lines 100, 140, 150-160, and 190-200 

follows.  

Line 100:  

The southernmost portion of line 100 (Figure B1) has thick crust (~33 km) over the 

Pocklington Rise. It thins to ~25 km in a basin to the south of the rise.  A second ridge is located 

at 10.8°S, with a crustal thickness of ~32 km. A series of smaller rifted blocks are present 

approaching the continent-ocean boundary, with crustal thicknesses ranging from 20 to 30 km. 

Oceanic crust outcrops between 10.1°S and 9.9°S. The thickness of the oceanic crust is ~15 km. 

To the north of the continent-ocean boundary, the continental crust thickens to ~34 km at the 

Egum Atoll. To the north of the atoll, crustal thickness varies from ~30 to ~34 km towards the 

end of the line.  

Figure B1. Crustal profile along seismic reflection line 100. (a) Bathymetry plotted as a 
function of latitude. (b) Bathymetry (blue) and calculated Moho depth (red) plotted as a 
function of latitude. Continental crust is shaded white. Oceanic crust is shaded dark grey. 
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Line 140: 

The southernmost portion of line 140 (Figure B2) has thick crust (~35 km) over the 

Pocklington Rise. The crust thins to ~25 km in a basin to the south of the rise.  A second ridge is 

located at 10.8°S, with a crustal thickness of ~35 km. A series of smaller rifted blocks are present 

approaching the continent-ocean boundary, with crustal thicknesses ranging from ~15 to ~34 km. 

Oceanic crust outcrops between 10.25°S and 9.9°S.  The thickness of the oceanic crust is ~14 

km. To the north of the continent-ocean boundary, the continental crust thickens to ~24 km over 

a ridge. To the north of the ridge, crustal thickness increases from ~25 to ~32 km towards the 

end of the line.  

 

Figure B2. As Figure B1 but for seismic reflection line 140. 
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Line 150: 

The southernmost portion of line 150 (Figure B3) has thick crust (~35 km) over the 

Pocklington Rise. The crust thins to ~25 km in a basin to the south of the rise. A second ridge is 

located at 10.75°S, with a crustal thickness of ~35 km. A series of smaller rifted blocks are 

present approaching the continent-ocean boundary, with crustal thicknesses ranging from ~15 to 

~30 km. Oceanic crust outcrops between 10.18°S and 9.98°S.  The thickness of the oceanic crust 

is ~14 km. To the north of the continent-ocean boundary, the continental crust thickens to ~30 

km over a ridge. To the north of the ridge, crustal thickness decreases from ~30 to ~17 km due to 

a large basin. Further north, the crust thickens to ~35 km over the Woodlark Rise and then 

decreases gradually to ~30 km toward the north. 

 

Figure B3. As Figure B1 but for seismic reflection line 150. 
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Line 160: 

The southernmost portion of line 160 (Figure B4) has thick crust (~32 km) over the 

Pocklington Rise. The crust thins to ~25 km in a basin to the south of the rise. A second ridge is 

located at 10.75°S, with a crustal thickness of ~35 km. The crust then thins to ~17 km in a basin 

to the north of the ridge. A series of smaller rifted blocks are present approaching the continent-

ocean boundary, with crustal thicknesses ranging from ~19 to ~29 km. Oceanic crust outcrops 

between 10.15°S and 9.85°S.  The thickness of the oceanic crust is ~12 km. To the north of the 

continent-ocean boundary, continental crust thickens to ~34 km over a series of normal faults up-

stepping to the north. Further north of the faults, crustal thickness decreases from ~34 to ~25 km 

due to a large basin. Past the basin, the crust thickens to ~34 km over the Woodlark Rise and 

Woodlark Island. It decreases gradually to ~31 km to the north of the rise due to the gradual 

slope. 

 

 

 

 

Figure B4. As Figure B1 but for seismic reflection line 160. 
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Line 190: 

The southernmost portion of line 190 (Figure B5) has thick crust (~35 km) over the 

Pocklington Rise. The crust thins to ~25 km in a basin to the south of the rise.  A second ridge is 

located at 10.65°S, with a crustal thickness of ~35 km. A series of smaller rifted blocks are 

present approaching the continent-ocean boundary, with crustal thicknesses range from ~10 to 

~25 km. Spreading segment 2 of the oceanic crust outcrops between 10.3°S and 10.25°S. The 

thickness of the oceanic crust is ~10 km. To the north of the continent-ocean boundary, 

continental crust thickens to ~12 km due to an isolated continental fault block. Oceanic crust 

(spreading segment 1) outcrops between 10.15°S and 10.02°S. The thickness of the oceanic crust 

is ~9 km. To the north of the continent-ocean boundary, continental crust is ~15 km thick. 

Oceanic crust again outcrops between 9.85°S and 9.8°S, and it is about ~11 km thick. To the 

north of the continent-ocean boundary, crustal thickness increases from ~13 to ~30 km a series 

of normal faults up-stepping to the north. Further north, the crust thins to ~25 km due to a large 

basin. To the north of this, the crust thickens to ~35 km over the Woodlark Rise and Woodlark 

Island. It decreases gradually to ~31 km toward the north of the rise due to the gradual slope. 

 

 

Figure B5. As Figure B1 but for seismic reflection line 190. 



72 
 

Line 200:  

The southernmost portion of line 200 (Figure B6) has thick crust (~35 km) over the 

Pocklington Rise. The crust thins to ~20 km in a basin to the south of the rise.  A second ridge is 

located at 10.7°S, with a crustal thickness of ~35 km. A series of smaller rifted blocks are present 

approaching the continent-ocean boundary, with crustal thicknesses ranging from ~10 to ~25 km. 

Spreading segment 2 of the oceanic crust outcrops between 10.3°S to 10.2°S.  The thickness of 

the oceanic crust is ~10 km. To the north of the continent-ocean boundary, continental crust 

thickens to ~12 km due to an isolated continental fault block. Oceanic crust (spreading segment 

1) outcrops between 10.1°S and 10.05°S.  The thickness of the oceanic crust is ~9 km. To the 

north of the continent-ocean boundary, continental crust is ~15 km thick. Oceanic crust again 

outcrops between 9.9°S and 9.85°S, and it is about ~10 km thick. To the north of the continent-

ocean boundary, crustal thickness increases from ~10 to ~30 km over a series of grabens. Further 

north, the crust thins to ~25 km due to a large basin. Past the basin, the crust thickens to ~35 km 

over the Woodlark Rise and Woodlark Island.  

 

Figure B6. As Figure B1 but for seismic reflection line 200. 


