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ABSTRACT 

Previous studies have shown that depth dependent extension is common across rifted 

margins. A discrepancy exists between the estimates of extension made through whole 

lithosphere/crust vs fault heave calculations (for example, northwest Australia, South China Sea, 

Galicia). Although this discrepancy is also observed in the Woodlark Basin ~111 (±23) from 

brittle extension and ~115 (±47) from subsidence [Kington and Goodliffe, 2008]), the location of 

this study, including sub-seismic resolution and poly-phase faulting reduces this mismatch. What 

makes the Woodlark Basin unique is that a third measure of continental extension is available, 

Euler pole kinematics. Previous studies show that this predicts almost double (~220 km) the 

extension calculated from subsidence and brittle extension [Kington and Goodliffe, 2008].  

Extension in the Woodlark Basin began at ~8.4 Ma and transitioned to sea-floor 

spreading in the east at ~6 Ma [Kington and Goodliffe, 2008]. The basin is an ideal place to study 

the extension discrepancy because of its young age and thin sediments. Seismic reflection data 

provide good images of basement and fault structures. High-resolution bathymetry permits 

tracing of major faults on the seafloor. A previous study focused on the extension discrepancy at 

the rifting to spreading transition. This study will focus on the discrepancy further east where 

seafloor spreading began at ~1.8 Ma and opening rates are faster. Using high resolution 

bathymetry, magnetics, gravity, and low-fold 2-D seismic reflection data allowed me to estimate 

the amount of extension through brittle extension and subsidence. Euler pole derived extension 

rates from previous studies were used for comparison. The results of this study show that the
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 amount of extension increases towards the east as is expected from having a Euler pole to the 

west.  

Subsidence derived extension estimates yielded 95.6 (±38) km at 153.0°E with a 

maximum stretching factor of 1.8. This increased to 145.3 (±52) km with a maximum stretching 

factor of 1.89 to the east. Brittle extension estimates yielded between 107.1 (±26.8) and 143.1 

(±35.8) km of extension between 153.0°E and 154.0°E. Both estimates of extension are far lower 

than the ~235 km of extension predicted by Euler Pole kinematics for the same area. As in the 

Kington and Goodliffe [2008] study, brittle faulting and subsidence derived extension estimates 

match (within the error limits). 

 

Keywords: Continental Rifting, sea-floor spreading, extension estimation at rifted margins, 

Woodlark Basin, Papua New Guinea. 
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1. INTRODUCTION 

Extension estimates using different methodologies do not match. Davis and Kusznir [2004] 

showed that estimates of extension that look at the whole lithosphere predict much higher 

extension than those that look only at the upper crust (Figure 1). As is the case for other areas 

[Davis and Kusznir, 2004; Driscoll and Karner, 1998; Kington and Goodliffe, 2008; 

Manatschal, 2004], they called upon depth dependent extension to explain this discrepancy. In 

the Galicia Basin, unrecognized poly-phase faulting [Reston, 2005] and sub-seismic resolution 

faulting [Walsh et al., 1991] were used to explain the discrepancy between extension estimates. 

Other work suggests that much of the extension is accommodated in the lower crust after the 

complete rupture of the upper crust, which results in exhumation of lower lithospheric material 

[Lavier and Manatschal, 2006; Manatschal, 2004]. In the Woodlark Basin of Papua New 

Guinea, extension has been calculated through 1) brittle extension in the upper crust; 2) 

subsidence; and 3) Euler Pole kinematics [Kington and Goodliffe, 2008]. Extension as calculated 

through Euler pole kinematics, which like subsidence, measures lithospheric extension, far 

exceeds that calculated from subsidence and brittle extension.  Kington and Goodliffe [2008] 

called upon depth-dependent extension (Figure 2) to explain this discrepancy, with the upper 

crust only moving at plate tectonic velocities once lithospheric rupture had occurred. Below the 

brittle upper crust, a ductile lower crust facilitated the differing upper crust and mantle velocities 

prior to breakup.
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Figure 1. Estimated extension in seven basins from previous studies. Numbers on the world map 
represent previous study locations. The black diamond indicates the Woodlark Basin. Adapted 

from Davis and Kusznir [2004] with additional data from Kington and Goodliffe [2008]. 
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Poly-phase faulting (Figure 3) describes a multi-step faulting process that accommodates 

several cross-cutting normal faults. After the initiation of faulting, fault blocks rotate to a lower 

angle. According to Mohr-Coulomb theory, normal faults should initiate at 65-70°. As the crust 

extends, the faults rotate to ~35° (Figure 3), at which point gravitational forces increase the 

coefficient of friction within the fault zone and the fault locks [Reston, 2005]. Continued 

extension causes the initiation of secondary faults that cross-cut the first generation of faults 

(Figure 3). The initial phase of faulting becomes difficult to recognize in seismic sections due to 

Figure 2. Depth dependent extension. The mantle lithosphere extends at a greater 
rate than the upper and lower crust. It is only after seafloor spreading initiates that 

the two extend at the same rate. Modified from Kington and Goodliffe [2008]. 
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the low angle of the faults. Such faults can be misinterpreted as stratigraphy. It is important to 

incorporate a poly-phase interpretation into any estimates of brittle extension [Kington and 

Goodliffe, 2008; Reston, 2005]. Recognition of poly-phase faulting in Galicia Basin helped 

reduce the discrepancy between extension estimates [Reston, 2005]. Where extension is less than 

a factor of 2, poly-phase faulting is predicted to have minimal impact on extension estimates 

[Reston, 2005]. Kington and Goodliffe [2008] suggested two phases of faulting for the Woodlark 

Basin at the active rifting to spreading transition where the stretching factor is ~2. 

From studies in the North Sea, Walsh et al. [1991] showed that sub-resolution faulting 

can accommodate a maximum of ~60% of the total estimated extension. For a more realistic 

result, we have incorporated 50% sub-resolution faulting in to our brittle extension estimates. 

Figure 3. Poly-phase faulting in an extensional basin. Extension results in the initiation 
of normal faults which rotate to a lower angle and then lock. A second phase of faulting 

initiates and accommodates ongoing extension (a>b). 
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Although sub-resolution faulting contributes a significant amount of hidden extension, it is not 

enough on its own to explain the entire discrepancy between extension estimates [Davis and 

Kusznir, 2004]. Figure 4 shows small scale faulting along the walls of the Corinth Canal, Greece. 

These faults are visible on the surface and obviously contribute to the total amount of extension. 

In a large scale seismic reflection survey, these fault offsets would fall below the seismic 

resolution and be unresolvable. 

Estimation of extension through subsidence requires an understanding of isostasy. The 

concept of isostasy is based on less dense lithosphere “floating” on a denser asthenosphere 

[Watts, 2001]. Isostasy describes the Earth`s crustal balance in the absence of other forces 

affecting equilibrium [Watts, 2001]. These forces include sedimentation, volcanism, glacier 

forming/melting, and loading/unloading [Watts, 2001]. Tectonic studies must consider three 

Figure 4. Faulting along the walls of the Corinth Canal, Greece. Although the faults would be 
significant in a conventional field study, the offset between the units is below the seismic 
resolution and would hence not be seen in a typical large scale seismic reflection survey. 
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types of isostasy; Airy, Pratt, and flexural. In the Airy model taller columns of less dense crust 

sink into a denser mantle further than shorter columns (Figure 5) [Watts, 2001]. When a mass is 

placed on a liquid, the surface will change shape to accommodate the object and become 

isostatically balanced [Fjeldskaar, 1997]. This is the case for a boat floating on a lake. Airy 

isostasy follows the same principle, but the mantle (analogous to water in the boat example) is a 

ductile material that behaves as a liquid over geological time scales. Pratt proposed a model 

whereby elevation differences are explained purely by density differences in crustal columns, 

with the roots of the crustal columns sinking to an equal level, or compensation depth [Watts, 

2001]. In flexural isostasy, part of the mass of an object is supported as a result of the flexural 

rigidity of the underlying material. Fjeldskaar [1997] proposed that when the fluid is covered by 

an elastic cover with flexural rigidity, such as the lithosphere covering the asthenosphere, the 

behavior of the fluid changes. Isostatic equilibrium is achieved by distributing the load between 

the fluid and the cover material [Fjeldskaar, 1997]. As the lithosphere acts as a low-pass filter, 

short wavelength loads can be accommodated by a lithosphere with significant flexural rigidity 

(Figure 6) [Fjeldskaar, 1997].  

Figure 5. Airy isostasy. The cartoon illustrates less dense blocks floating 
on denser liquid. Although all blocks have the same density, those forming 

higher elevations have deeper roots. 
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 Based on studies of the Great Basin, the Aegean, the North Sea, and the Michigan Basin, 

McKenzie [1978] created a one dimensional isostatically balanced (assuming Airy isostasy) 

model of continental rifting. When crust is being stretched, it thins, subsides, and warms. The 

resulting decrease in density results in a component of isostatic uplift [McKenzie, 1978]. At the 

cessation of rifting, the crust cools, densities increase, and the basin thermally subsides. 

McKenzie [1978] determined that the effects of radioactive heating were minimal and thus were 

not included. In the model, the amount of subsidence was determined to be directly related to 

heat flow. McKenzie [1978] further showed that if the initial thickness of the preliminary model 

crust exceeds 18 km, extension will initially result in subsidence. In areas where crustal thickness 

is below 18 km it is expected that crustal thinning will cause uplift. Using the results of 

McKenzie [1978], the amount of subsidence across a basin can be used to directly estimate the 

amount of extension considering thermal effects. 

Figure 6. Flexural rigidity of a less dense crust overlying denser mantle. a) Crust and 
mantle prior to geological loading. b) Crust after geological loading. The flat surface 

changes its shape to become isostatically balanced where the mass` force is distributed 
between the liquid mantle and the solid crust. The isostatic bulge occurs to the sides of 

the mass. 
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Early workers suggested that extensional basins have mainly symmetrical (pure shear) 

extensional characteristics (Figure 7) [Buck et al., 1988].  However, the importance of 

asymmetrical (simple shear) rift basins was recognized from complexities in geological and 

geophysical data across basins. A key difference is that while in the pure shear model the point 

of maximum thinning in both the crust and the mantle lithosphere are coincident, in the simple 

shear model they are offset (Figure 7). This offset has been used to help explain the extension 

discrepancy in areas such as the northwest margin of Australia, where extension is today hidden 

in the now subducted conjugate margin [Driscoll and Karner, 1998]. Heat flow, topography 

(bathymetry), crustal structure, and fault types can be used to distinguish between the simple and 

pure shear models. Distributions of thermal subsidence and uplift during extension also differ. 

Royden and Keen [1980] suggested that the mantle lithosphere of a stretched basin is extended 

more than the upper crust due to its greater ductility. Previous workers suggested that heating, 

Figure 7. Simple shear and pure shear models. In the pure shear model, the location of 
the maximum amount of thinning in the crust and mantle match. However, the simple 

shear model requires that they are offset. Modified from Buck et al. [1988]. 
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subsidence, and uplift mechanisms have significant effects on the horizontal heat flow patterns in 

extensional basins [Buck, 1984; Buck, 1986; Keen, 1985]. 

The Papua New Guinea region (Figure 8) is tectonically one of the most complex areas 

on Earth. It is an excellent location to study collisional orogenesis, the rifting to seafloor 

spreading transition, and mantle exhumation [Baldwin et al., 2012]. The Woodlark Basin, 

formed as a result of the foundering of the Papuan Peninsula, is located between the obliquely 

converging Pacific and Australian plates. It is one of the few places on Earth where there is an 

active transition from continental extension to seafloor spreading (Figure 9) [Goodliffe and 

Taylor, 2007]. 

Within the Woodlark Basin region there is debate regarding the number of tectonic plates 

[Wallace et al., 2004]. Previous workers have suggested that the Woodlark Plate is contiguous 

with the Solomon Sea [Baldwin et al., 2012] (Figure 9). However, there is evidence that the 

Trobriand Trough is (or was recently) an active subduction zone, meaning that the Woodlark 

Figure 8. Location map of the study area. Red and black boxes indicate the area of 
interest (153°E-154°E) and the location of the regional setting map (Figure 9). 
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Plate is bounded to the south by the Woodlark Basin spreading center and to the north by the 

Trobriand Trough and the Nubara strike slip fault (Taylor et al., 1999) [Abers et al., 2002; Hall 

and Spakman, 2002; Wallace et al., 2004]. More recently Kington and Goodliffe [2008] 

proposed a third plate, the Trobriand Plate, separating the Woodlark Plate from the Trobriand 

Trough. The Trobriand plate is bounded by the Trobriand Trough to the north and the westward 

extension of the Nubara strike slip fault to the south.  

Continental rifting across the Woodlark Basin began with the breakup of the Papuan 

Peninsula at ~8.4 Ma [Taylor and Huchon, 2002], separating the once contiguous Woodlark and 

Pocklington rises. As extension continued, seafloor spreading began at ~6 Ma in the eastern 

Figure 9. Regional setting of the Woodlark Basin superimposed on a bathymetry map of 
the region. The light brown color indicates land areas above sea level. The once 

contiguous Woodlark and Pocklington rises bound the Woodlark Basin to the north and 
south. To the east, the Woodlark Basin is subducting at the San Cristobal trench. Today, 
the active transition from rifting to seafloor spreading is just east of Moresby Seamount 

(MS). Abyssal hill fabric and fault traces are clearly visible on the seafloor. 
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Woodlark Basin and propagated west at 14 mm year-1 [Kington and Goodliffe, 2008; Taylor et 

al., 1999]. The oldest magnetic chron (3A.1) is located in the eastern Woodlark Basin and dated 

between 5.89 - 6.14 Ma [Taylor et al., 1999]. Today, the transition from continental rifting to 

seafloor spreading is located directly to the east of Moresby Seamount (MS) (Figure 9) where the 

continental extension rate is among the fastest in the world (20 mm year-1) [Abers, 2001].  

Extension in this area has resulted in an active low angle (25-30°) [Abers, 2001; Abers and 

Roecker, 1991; Abers et al., 1997] and high-angle normal faults [Kington and Goodliffe, 2008]. 

Due to the young age of the basin and lack of substantial sediment accumulations, submarine 

fault structures can be easily traced in high resolution bathymetry.  

Euler poles are the points about which plates rotate on a spherical Earth (Figure 10). To 

define an Euler pole, location and angular velocity are needed. [Taylor et al., 1999] utilized 

Euler pole kinematics to estimate the amount of extension in the Woodlark Basin, deriving Euler 

pole location and angular velocity from spreading rates and transforms/fracture zone traces. The 

sea floor spreading history of the Woodlark Basin since ~6 Ma can be described by two Euler 

poles (Figure 10): 9.3°(±0.2°)S, 147°(+1°-2°)E from ~6 Ma to ~0.52 Ma with a 4.234°/My 

angular velocity; and 12°S, 144°E from ~0.52 Ma to present with a 2.437°/My angular velocity 

Figure 10. Euler poles in the Woodlark Basin; The black diamond indicates the recent Euler 
pole and the black star indicates the Euler pole prior to ~0.52 Ma [Taylor et al., 1999]. 
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[Kington and Goodliffe, 2008; Taylor et al., 1999]. The prominent obliquity between the current 

seafloor spreading axis and older seafloor fabric (Figures 9 and 10) results from a change in the 

opening direction at ~0.52 Ma that culminated in a spreading center reorientation at ~100 ka 

[Goodliffe et al., 1997].  

 
 Taylor et al. [1999] used seismic reflection, seafloor magnetization, and bathymetry data 

to locate the continent-ocean boundary (COB) in the Woodlark Basin. Normal faults, easily 

visible in both seismic reflection and bathymetry data, were used to characterize continental 

crust. Sea-floor magnetization data [Taylor et al., 1999] were used to guide seismic 

interpretations and reduce uncertainty in the location of the continent-ocean boundary. 

Magnetization lineations clearly hosted between rotated fault blocks were identified as 

continental in nature. Based on standard geomagnetic time scales [Taylor et al., 1999], seafloor 

magnetization chrons were assigned ages (Figure 11). Using these data, transform paths, and 

fracture zones [Taylor et al., 1999] defined the opening kinematics of the Woodlark Basin. The 

Figure 11. Magnetic isochrons in the Woodlark Basin [Goodliffe et al., 1999]. The oldest 
isochron (3A.1) is in the east of the basin where lithospheric rupture occurred earliest. 
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location of COB plays a key role in our calculations as oceanic crust is ignored in subsidence and 

brittle extension estimates.  

As GPS derived opening rates generally agree globally with geological records of 

spreading rates [Argus and Heflin, 1995; Larson et al., 1997; Robbins et al., 1993], this method 

should also be mentioned. Tregoning et al. [1998] used a 20-station-network of GPS stations to 

calculate a 12 mm year-1 opening rate for the Woodlark Basin, suggesting that the spreading rate 

in the Woodlark Basin was half the rate derived from magnetic reversals. Wallace et al. [2004] 

calculated an extension rate of 13 mm year-1 at 149.2°E and 50 mm/year at 155.25°E. This is 

30% slower than rates derived by magnetic anomalies. Goodliffe et al. [1997] showed that 

discrepancies between GPS and magnetic isochron derived rates can be the result of recent 

changes in plate motion. Most recently, Kington and Goodliffe [2008] proposed a model that 

attributes this discrepancy to an increase in surface velocities at the rift-to-spreading transition.  

In this study, we will compare extension estimates made through measurements of brittle 

faulting, subsidence, and Euler pole models. In contrast to the Kington and Goodliffe [2008] 

study, which compared the three estimates of extension in a location with no seafloor spreading, 

this study is located where seafloor spreading began at ~1.8 Ma. This study addresses the 

following hypothesis: when comparing estimates of extension across a rift basin, Euler pole 

derived extension estimates significantly exceed those from made from brittle faulting and 

subsidence even after the initiation of seafloor spreading. 
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2. METHODS 

 
The main datasets come from cruise MW9304 [Taylor et al., 1999] and include low-

fold seismic reflection data, bathymetry, and magnetization. In addition, land topography 

compilations were used for figures and along some profiles [Goodliffe  et al., 1999].  The 

methodology of Kington and Goodliffe [2008] was followed for extension estimates. 

2.1. Extension Estimate from Subsidence 
 

To estimate the amount of extension from subsidence, high resolution bathymetry 

(gridded at a 0.002 degree spacing) [Goodliffe et al., 1999] was used to calculate crustal 

thickness along 11 north-south profiles spaced at 0.1° intervals at the same longitude as the 

low-fold seismic reflection lines (Figure 12). Assuming Airy isostasy, the depth of the Moho 
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was calculated (Figure 13) from bathymetry and topography using equations (1) and (2).  The 

values used for the crustal and mantle densities come from earlier studies [e.g. Kington and 

Goodliffe, 2008]. Equations (1) and (2) require estimates of pre-rift crustal thickness and paleo 

elevation [Kington and Goodliffe, 2008]. Seismic refraction studies from Finlayson et al. [1976] 

reported a maximum thickness of 50 km for continental crust to the north and east of the Papuan 

Ultramafic Belt, west of the study area. At the rifting to spreading transition, 190 km to the west 

of this study area, crustal thickness was estimated to be 35 km at sea level (ODP 

Figure 12. 11 North-south lines used for subsidence calculations superimposed on 
the bathymetry of the Woodlark basin. Profiles are perpendicular to the direction 
of seafloor spreading and coincident with seismic reflection profiles. The red line 

indicates the continent-ocean boundary. 
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Drilling Leg 180) [Taylor and Huchon, 2002]. This study assumes the same crustal thickness in 

the absence of other data. Assuming a thicker pre-rift crust (>35 km) would result in 

overestimates of extension. Paleo elevation (2 km), crustal (2800 kg/m3) and mantle (3300 

kg/m3) densities, and the volumetric expansion coefficient (3.28 x 10-5.K-1 similar to forsterite) 

come from previous studies [Bouhifd et al., 1996; Kington and Goodliffe, 2008; Kronrod and 

Kuskov, 2007]. Thermal effects were taken into consideration following the methodology of 

McKenzie, [1978] (Equation 3). The stretching factor (b) was calculated using Equation 4 

[Kington and Goodliffe, 2008]. 

 𝐷𝑒𝑝𝑡ℎ	𝑡𝑜	𝑀𝑜ℎ𝑜	𝑖𝑓	𝑡𝑜𝑝𝑜𝑔𝑟𝑎ℎ𝑦	𝑖𝑠	𝑎𝑏𝑜𝑣𝑒	𝑠𝑒𝑎	𝑙𝑒𝑣𝑒𝑙 =
ℎ*. r3
r% − r3

 ( 1 ) 

Equation 1. Continental crust thickness for areas above sea level (h1 = relief, rc = density of 
crust (2800 kg.m-3),  rm = density of mantle (3300 kg.m-3),  𝜌4 = density of sea water (1024 

kg.m-3)). 

 
 
 

Figure 13. Isostatic model for crustal thickness calculations (𝜌3 = density of 
continental crust (2800 kg.m-3), 𝜌% = density of mantle (3300 kg.m-3),  𝜌4 = density 

of sea water (1024 kg.m-3)). 
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 𝐷𝑒𝑝𝑡ℎ	𝑡𝑜	𝑀𝑜ℎ𝑜	𝑖𝑓	𝑡𝑜𝑝𝑜𝑔𝑟𝑎𝑝ℎ𝑦	𝑖𝑠	𝑢𝑛𝑑𝑒𝑟	𝑠𝑒𝑎	𝑙𝑒𝑣𝑒𝑙	 =
r3 −	r4
r% −	r3

. ℎK ( 2 ) 

Equation 2. Continental crust thickness for areas below sea level (h2 = water depth, rc = density 
of crust (2800 kg.m-3),  rm = density of mantle (3300 kg.m-3),  𝜌4 = density of sea water (1024 

kg.m-3)). 

 

 𝑆2 =
𝑎. r% −	r3 .

𝑡3
𝑎 . 1 − a. T*.

t3
𝑎 −

a. T*. r%
2 . (1 − 1b)

r% 1 − a. T* − r4
 ( 3 ) 

Equation 3. Thermal subsidence from McKenzie, [1978]. Values for variables comes from 
Parsons and Sclater (1977), in addition to other references used herein. 

 

Where; 

𝑆2:  Initial Subsidence  

𝑎:  Thickness of the lithosphere (125 km) 

r%:  Density of mantle (3300 kg.m-3) 

r3:   Density of crust (2800 kg.m-3) 

r4:  Density of seawater (1024 kg.m-3) 

𝑇*:  The temperature of the asthenosphere (1333°C) 

t3: Initial thickness of the continental crust (35 km) 

b: The stretching factor (unitless) 

a: Thermal expansion coefficient (3.28x10-15.°C-1) 

 𝛽 = 1 −
ℎ"#

𝜌% − 𝜌3
𝜌% − 𝜌"

𝑡3 −
1

1.16 𝜋
𝜌%𝛼' 𝑇* − 𝑇) 𝑦-.

𝜌% − 𝜌"

S*

 ( 4 ) 

Equation 4. Stretching factor calculations from Kington and Goodliffe, [2008]. Values for 
variables comes from Bouhifd et al. (1996) and Kronrod and Kuskov (2007). 
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Where; 

ℎ"#:  Thickness of sedimentary basin 

𝜌%:  Mantle density 

𝜌":  Density of basin infill 

𝛼':   Thermal co-efficient of mantle 

𝑇):  Surface temperature 

𝑇*:  Upper asthenosphere temperature 

𝑦-.: Pre-rift thermal lithospheric thickness (depth to 𝑇*isotherm) 

𝜌3:  Density of continental crust 

𝑡3:  Pre-rift crustal thicknes 

Other assumptions which may lead to an overestimate of extension are instantaneous rifting, 

lower crustal flow, and crustal rigidity. The assumption of instantaneous rifting may lead to an 

overestimate of extension as in reality the crust will have had time to cool and densify [Kington 

and Goodliffe, 2008]. Lower crustal flow may cause subsidence in the absence of extension 

[Kington and Goodliffe, 2008]. If the lithosphere has flexural rigidity, this will result in lower 

values of subsidence during extension. Given the basin’s high heat flow (~100 mw/m2) 

[Martinez and Goodliffe, 2003], assuming Airy isostasy (i.e. a lack of lithospheric rigidity) is not 

unreasonable, but could result in an underestimate of extension. Extension estimates only include 

continental crust. Oceanic crust was removed from all calculations. In my 2-D subsidence 

profiles (Figure 13) across the margins of the Woodlark Basin, I have assumed that the pre-rift 

crustal thickness at sea level was 35 km [Finlayson et al., 1976; Taylor and Huchon, 2002], not 

included oceanic crust in my calculations [Taylor et al, 1999], assumed conservation of crustal 

volume trough the extension process, and assumed Airy isostasy. The equations presented above 
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permitted the estimation of margin width prior to extension [Kington and Goodliffe, 2008]. 

Potential errors in calculations were derived by examining the range of values possible for the 

different variables. 

2.2. Estimating Extension from Brittle Faulting 
 

Previous studies showed that a poly-phase faulting interpretation is required to provide an 

accurate estimate of extension through brittle faulting in the Woodlark Basin [Kington and 

Goodliffe, 2008]. As the penetration of the seismic reflection data is limited, assumptions 

regarding fault geometry at depth must be made. In my poly-phase faulting interpretation for line 

MW9304-330, I interpreted fault heaves and dips for the early phases of extension. This contains 

a potentially large amount of extension which is today masked. In the model, continued 

extension results in the rotation of the primary fault blocks and their bounding faults to a low 

angle, at which point they locked. The modern phase of faulting followed. Brittle extension 

estimates use fault heaves, the horizontal offset across a fault. As in Kington and Goodliffe 

[2008] this method assumes that fault blocks are not rotated. This would require accurate depth 

information which is not available in the absence of well and high-fold seismic data. As with 

calculations of extension from subsidence, faults in oceanic crust were ignored (having formed 

after the cessation of continental rifting). Low-fold seismic reflection data along N-S lines 

(Figure 15) spaced at 5 nautical miles (1 nautical mile =1852 m) [Goodliffe et al., 1999] were 

used for the calculation of the brittle extension estimate.  
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Error estimates take into account how accurately I can measure fault heaves (Figure 15), 

Figure 14. Fault heave in normal faulting. Horizontal 
extension caused a horizontal displacement of the fault blocks. 

Figure 15. Seismic reflection profiles superimposed on a bathymetry map 
of the Woodlark basin. Note that seismic reflection data do not have 

coverage over the shallowest margins of the Woodlark basin due to the 
shallow water depths. High-resolution bathymetry data allowed me to 

trace faults between each seismic reflection line. The red line marks the 
location of the continent-ocean boundary [Taylor et al., 1999]. 
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plus potential errors in the poly-phase fault interpretation. I estimate a potential 25% error in 

calculations considering the repeatability of the interpretations. Fault interpretations were made 

using Petrel, an industry standard seismic interpretation package. Heaves (Figure 16) were 

summed along each line. Data were not available along the length of all lines used for subsidence 

calculations due to shallow water conditions and areas above sea level. In areas where seismic 

reflection data were not available, estimates of extension from subsidence were substituted.  

 
 
2.3. Estimating Extension from Euler Pole Solutions 

 
Published Euler pole locations [Taylor et al., 1999] were used calculate extension across 

the basin. Figure 10 from Taylor et al. [1999] was used to derive the amount of extension at the 

longitude of each of the profiles. For each profile, the width of oceanic crust was subtracted from 

the total extension since 6 Ma, yielding the amount of continental extension over the same 

period. 
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3. RESULTS 

3.1. Subsidence  
 

Bathymetry (red solid line), thermally corrected bathymetry (black line), Moho as 

derived from bathymetry (blue line), and the Moho as calculated from thermally corrected 

bathymetry (green line), was used to create the crustal profiles shown in Figures 16-26. The dark 

green zones near the middle of each crustal profile (c) show the location of oceanic crust [Taylor 

et al., 1999]. This study only considers ß between the dashed lines in the plots of ß vs. profile 

length. The dashed lines approximate the limits of extension within the basin. They are defined 

as the location where the bathymetry reaches sea level as we move away from the center of the 

rift. 

 The subsidence profile located at 153.0°E (Figure 16) shows a maximum ß of 2.5 at the 

northern end of the profile which falls outside of the rifted basin and is ignored for the purpose of 

this study. Similarly, the high values of ß at the southern end of the profile also fall outside of the 

rift basin. As such, caution is taken interpreting each of the profiles presented in figures 16-26 

and only values that fall inside the rift basin are used. For the profile located at 153.0°E (Figure 

16), ß varies from a minimum of 1 on the margins of the rift to 1.79 towards the center of the rift. 

For the profile located at 153.1°E (Figure 17), ß reaches a maximum of 1.8 near the oceanic 

crust. The maximum ß values that fall in the rifted area in the Woodlark Basin are as follows; 1.8 
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at 153.2°E; 1.8 at 153.3°E; 1.7 at 153.4°E; 1.8 at 153.5°E; 1.8 at 153.6°E; 1.8 at 153.7°E; 1.9 at 

153.8°E; 1.8 at 153.9°E; and 1.9 at 154.0°E (Figures 18, 19, 20, 21, 22, 23, 24, 25, and 26 (d)). 

 
 

Figure 16. Profiles at 153.0°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 17. Profiles at 153.1°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 18. Profiles at 153.2°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 19. Profiles at 153.3°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 20. Profiles at 153.4°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 21. Profiles at 153.5°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 22. Profiles at 153.6°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 23. Profiles at 153.7°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 24. Profiles at 153.8°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 25. Profiles at 153.9°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 
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Figure 26. Profiles at 154.0°E; (a) The bathymetry across the study area (red line). (b) Red solid 
line over the black line is the bathymetry. The black line is the thermally corrected bathymetry. 
The blue and green lines at the bottom of panel b are the Moho calculated from the bathymetry 

and thermally corrected bathymetry respectively. (c) Thermally corrected crustal thickness 
model. Continental crust is shaded tan, oceanic crust is shaded dark green. Dashed lines define 

the northern and southern boundaries of the rifted zone. (d) Distribution of ß value along the 
profile. Note that maximum values at the northern and southern ends of the profile fall outside of 

the rifted zone and are ignored for the purpose of this study. (e) The location of the profile is 
highlighted in red in the location map. Black lines indicate the locations of the other 10 profiles 

that were also used for subsidence calculations. 

 
For the profile located at 153.0°E (Figure 16), the subsidence technique yielded 95.58 

(±38) km of extension. The profiles located to the east yielded slightly more extension: 106.9 

(±41) km at 153.1°E (Figure 17); 119.1 (±43) km at 153.2°E (Figure 18); 124.1 (±44) km at 
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153.3°E (Figure 19); 132.6 (±44) km at 153.4°E (Figure 20); 129.8 (±45) km at 153.5°E (Figure 

21); 134.1 (±46) km at 153.6°E (Figure 22); 136.6 (±48) km at 153.7°E (Figure 23); 141.4 (±49) 

km at 153.8°E (Figure 24); 145.2 (±51) km at 153.9°E (Figure 25); and 145.3 (±52) km at 

154.0°E (Figure 26) (Table 1, Figure 28). Moving east, the increase in extension calculated for 

each profile is consistent with the Euler pole being to the west [Kington and Goodliffe, 2008]. As 

expected, the ß values are greater than observed to the west (~1.5 from brittle extension, ~1.7 

from subsidence) prior to the initiation of seafloor spreading [Kington and Goodliffe, 2008]. 

Location (Degree)  Amount of extension (km) 
153.0°E 95.6 (±38) 
153.1°E 106.9 (±41) 
153.2°E 119.1 (±43) 
153.3°E 124.1 (±44) 
153.4°E 132.6 (±44) 
153.5°E 129.8 (±45) 
153.6°E 134.0 (±46) 
153.7°E 136.6 (±48) 
153.8°E 141.3 (±49) 
153.9°E 145.2 (±51) 
154.0°E 145.3 (±52) 

	

Table 1. Extension estimates from subsidence. Longitudes for the eleven profiles and the amount 
of estimated extension for each profile are shown. 

 

 
  

Figure 27. Extension estimated from subsidence vs. longitude. 
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3.2. Brittle Extension 

Estimates of brittle extension along each profile must take into account the possibility of 

poly-phase faulting. Poly-phase faulting for the seismic line MW9304-330 was previously shown 

(Figure 14). Fault blocks with heaves ranging from 9.8 km to 15.2 km and fault dips between 31° 

to 36° were interpreted to be the products of the first phase faulting; the poly-phase interpretation 

added 29.8 km of extension to the MW9304-330 brittle extension estimate (Figure 28). The 

second phase of faulting included higher angle normal faults with heaves ranging from 383 m to 

585 m and fault dips between 45° and 60°. Across the survey, the base of the syn- and post-rift 

unconsolidated sediment is usually identified by a strong reflection below which there is less 

Figure 28. Poly-phase faulting model used for seismic reflection line MW9304-330. The 
development of the faults is illustrated. After the initiation of the first phase of normal 

faulting (~65°) (a), faults tilt at 31° to 36°  degrees as a result of ongoing extension (b). 
The faults lock at 31° to 36°  degrees due to friction along the fault plane (c). The second 
phase of faulting cross-cuts the first phase and extension continues until the initiation of 
seafloor spreading (d). The vertical exaggeration for the seismic reflection data is 3. The 

vertical axis of the seismic reflection line is in two-way travel time (ms). 
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coherency. Sediments typically contain coherent reflections that lack extensive continuity. 

Significant brittle extension is more visible at the basement reflector due to higher acoustic 

impedance of the basement. Seismic reflection interpretations show that significant brittle 

faulting occurred near the northern and southern ends of each seismic reflection line; Figure 29 

contains two normal faults; one with 2.1 km of heave and a fault angle of 42°, and another with 5 

km of heave and a fault angle of 33°. This shows that a considerable amount of brittle extension 

may be accommodated outside of the seismic reflection data coverage. This limitation will be 

addressed by using estimates of extension derived from subsidence in areas where there are no 

seismic reflection data. Figures 29-36 show representative interpretations of seismic reflection 

data. For each figure, the complete seismic reflection line is shown, together with a segment at a 

larger scale displayed as both uninterpreted and interpreted sections. The inset map in each 

figure shows the location of the large scale seismic reflection section.  
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Figure 29. a) MW9304-260. The red box indicates the location of the large-scale area of detail 
shown in panels b and c. The location of these panels is also shown in the location map (panel 
d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) seismic 
reflection section. A rare 750 m (assuming a sediment velocity of 1500 m.sec-1) thick sediment 
pond bounded to the south by a horst block that extends 743 m above the seafloor. d) Location 

map of the area. Black lines are seismic reflection profiles in the study area. Red highlighted line 
segment shows the location of panels b and c. V.E. = Vertical exaggeration. 
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Figure 30. a) MW9304-280. The red box indicates the location of the large-scale area of detail 
shown in panels b and c. The location of these panels is also shown in the location map (panel 
d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) seismic 

reflection section. Sedimentation and brittle normal faulting on the seafloor across the line. 
Heaves of these faults vary from 181 m to 465 m with bounding fault dips of 46° to 53°. A 6.4 km 

wide sediment package with a maximum thickness of 163 m (assuming 1500 m/s of sediment 
velocity) covers these faulted blocks. d) Location map of the area. Black lines are seismic 

reflection profiles in the study area. Red highlighted line segment shows the location of panels b 
and c. V.E. = Vertical exaggeration. 



	 39	

 
 

Figure 31. a) Line MW9304-290. The red box indicates the location of the large-scale area of 
detail shown in panels b and c. The location of these panels is also shown in the location map 
(panel d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) 

seismic reflection section. Sedimentation (with a maximum depth of 280 m assuming a sediment 
velocity of 1500 m/s) over tilted faulting near the northern margin. d) Location map of the area. 
Black lines are seismic reflection profiles in the study area. Red highlighted line segment shows 

the location of panels b and c. V.E. = Vertical exaggeration. 
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Figure 32. a) Line MW9304-300. The red box indicates the location of the large-scale area of 
detail shown in panels b and c. The location of these panels is also shown in the location map 
(panel d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) 
seismic reflection section. Normal faults (with dips between 45° and 48°) near the southern 

margin of the study area are covered by thin sediments in basins up to 4.9 km wide. Sediments 
are up to 240 m (assuming a 1500 m/s sediment velocity) near southern margin of the study area. 

d) Location map of the area. Black lines are seismic reflection profiles in the study area. Red 
highlighted line segment shows the location of panels b and c. V.E. = Vertical exaggeration. 
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Figure 33. a) Line MW9304-310. The red box indicates the location of the large-scale area of 
detail shown in panels b and c. The location of these panels is also shown in the location map 
(panel d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) 
seismic reflection section. Block faulting underneath little sedimentation near the northern 

margin of the study area. Fault heaves vary between 164 m and 625 m with faults dips between 
45° and 50°. d) Location map of the area. Black lines are seismic reflection profiles in the study 

area. Red highlighted line segment shows the location of panels b and c. V.E. = Vertical 
exaggeration. 
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Figure 34. a) Line MW9304-310. The red box indicates the location of the large-scale area of 
detail shown in panels b and c. The location of these panels is also shown in the location map 
(panel d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) 

seismic reflection section. Step like normal faulting (with fault dips of 43° to 48°) covered by thin 
sediments (sediments are up to 228 m assuming a 1500 m/s of sediment velocity in basins and up 

to 6 km wide) near the southern margin of the Woodlark Basin. d) Location map of the area. 
Black lines are seismic reflection profiles in the study area. Red highlighted line segment shows 

the location of panels b and c. V.E. = Vertical exaggeration. 
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Figure 35. a) Line MW9304-320. The red box indicates the location of the large-scale area of 
detail shown in panels b and c. The location of these panels is also shown in the location map 
(panel d). b) Uninterpreted seismic data. c) Interpreted (seafloor = blue, basement = yellow) 

seismic reflection section. Large tilted fault blocks with heaves between 1.3 km and 2.5 km and 
fault dips between 45° and 37° near the northern margin of the study area (sedimentation up to 

484.8 m assuming a 1500 m/s sediment velocity). d) Red highlighted line segment shows the 
location of panels b and c. V.E. = Vertical exaggeration. 
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Figure 36. Transition from oceanic (south) to continental (north) crust in line MW9304-330. The 
red box indicates the location of the large-scale area of detail shown in panels b and c. The 

location of these panels is also shown in the location map (panel d). b) Uninterpreted seismic 
data. c) Interpreted (seafloor = blue, basement = yellow) seismic reflection section. Faulting 
(heaves between 259 m and 675 m with fault dips between 45° to 56°) in continental crust. d) 
Red highlighted line segment shows the location of panels b-d. V.E. = Vertical exaggeration. 

 

Seismic reflection line MW9304-260 yielded 107.1 (± 26.8) km of extension. This 

includes 12.5 km of poly-phase faulting, 13.3 km of sub-resolution faulting, and 26.7 km of 

extension from fault heaves. In addition, 54.6 km of extension, derived from subsidence, is 

included for areas in the rift basin beyond the end of the seismic reflection lines. Results for the 

other seismic reflection lines are shown in Table 2 and Figure 37. 

	

Table 2. Brittle extension estimates for the seismic lines MW9304-260, 270, 280, 290, 300, 310, 
320, and 330. 

 

Profile Number Fault heaves Sub-resolution faulting Subsidence derived Poly-phase faulting Total (km)
MW9304-260 26.7 13.3 54.6 12.5 107.1 (± 26.8)
MW9304-270 28.7 14.4 48.3 13.4 104.7 (± 26.2)
MW9304-280 31.9 16.0 38.7 14.8 101.3 (± 25.3)
MW9304-290 48.4 24.2 27.6 19.9 120.1 (± 30.0)
MW9304-300 54.5 27.3 24.0 22.6 128.4 (± 32.1)
MW9304-310 57.9 29.0 14.5 26.0 127.4 (± 31.9)
MW9304-320 52.1 26.0 24.2 23.5 125.8 (± 31.4)
MW9304-330 67.9 34.0 11.5 29.8 143.1 (± 35.8)
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Figure 37. Comparison of brittle extension estimates. 

 

3.3. Euler Pole Solutions 
 

Using the results of Taylor et al. [1999], the amount of extension was calculated for each 

profile. For the profile at 153.0°E, 210 km of extension was calculated. With a 95-km pre-rift 

crustal width, this gives a ß of 3.2. b values for all lines are shown in Figure 39 and listed in 

Table 3. Results from Taylor et al. [1999] and b values derived from Euler pole kinematics are 

shown in Figures 38 and 39. 
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Location (Degree) Beta (unitless) 
153.0°E 3.2 
153.1°E 3.1 
153.2°E 3.3 
153.3°E 3.8 
153.4°E 4.1 
153.5°E 4.4 
153.6°E 4.2 
153.7°E 4.1 
153.8°E 3.9 
153.9°E 3.8 
154.0°E 3.7 

 

Table 3. Beta values from Euler pole kinematics. 

 
 

Figure 38. Cumulative plot of rift basin width as a funciton of longitude [Taylor et al., 1999]. 
The north-south widths of oceanic crust, stretched continental crust, and pre-rift contintal crust 

are shown. Dashed lines show the amount of extension predicted by the Taylor et al. [1999] 
Euler poles for ages ranging from 1 to 6 Ma. From  [Taylor et al., 1999]. 
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Figure 39. Variation of ß with longitude as derived from Euler pole kinematics.

 

	

3.2 3.1
3.3

3.8
4.1

4.4
4.2

4.1 3.9 3.8 3.7

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

153.0°E 153.1°E 153.2°E 153.3°E 153.4°E 153.5°E 153.6°E 153.7°E 153.8°E 153.9°E 154°E

Beta(unitless)



	 48	

4. DISCUSSION 

 Kington and Goodliffe [2008] and my results clearly show an increase in extension to the 

east as predicted by an Euler pole to the west [Taylor et al., 1999]. Calculations of extension 

from subsidence in Kington and Goodliffe [2008] yielded ~115 (±47) km of extension. This 

same technique yield ~145.3 (±52) km of extension for the profile located at 154.0°E. 

Calculations of extension from brittle faulting in Kington and Goodliffe [2008] yielded ~111 

(±23) km of extension. Brittle faulting yielded ~143.2 (±35.8) km of extension for the profile 

located at 154.0°E. Kington and Goodliffe [2008] estimated ~220 km of extension from Euler 

pole kinematics, this study predicts 235 km of extension at ~154.0°E. In both the previous study 

and this study extension as calculated from subsidence and brittle faulting agree. The inactive 

nature of continental rifting (seafloor spreading having initiated at ~1.8 Ma) in my study area 

does not make a difference, even in the presence of an assumed degree of post-rift thermal 

subsidence. The additional subsidence should have appeared in my calculations as additional 

extension. A more complete comparison between the areas would require edge-to-edge seismic 

reflection data. This is not possible given the areas of shallow reef. Extension estimates are 

compared in Table 4. 
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Location 
(Degree) Subsidence (km) Brittle (km) Euler Pole 

(km) 
153.0°E   95.6 (±38) Not included in this study 209.6 
153.1°E 106.9 (±41) Not included in this study 201.4 
153.2°E 119.1 (±43) Not included in this study 194.8 
153.3°E 124.1 (±44) 107.1 (±26.8) 194.9 
153.4°E 132.6 (±44) 104.7 (±26.2) 199.6 
153.5°E 129.8 (±45) 101.3 (±25.3) 204.8 
153.6°E 134.1 (±46) 128.4 (±32.1) 209.5 
153.7°E 136.6 (±48) 127.4 (±31.9) 215.0 
153.8°E 141.4 (±49) 125.8 (±31.5) 219.6 
153.9°E 145.2 (±51) 143.1 (±35.8) 224.9 
154.0°E 145.3 (±52) Not included in this study 229.6 

	

Table 4. Comparison of results from subsidence, brittle extension, and Euler pole kinematics. 

The results of this study showed a similar pattern to the Kington and Goodliffe [2008] 

study; Euler pole estimates far exceeded the estimates from brittle faulting and subsidence (Table 

4). If anything, the discrepancy between subsidence/brittle faulting extension estimates and Euler 

pole estimates of extension (~105 km at the rifting to spreading transition vs. 79.7 km in this 

study area), strongly supports the validity of  the Kington and Goodliffe [2008] model for the 

evolution of the Woodlark Basin. Previous work proposed that, due to the changes in Euler 

poles, the rate of extension may have decreased through time [Taylor et al., 1999; Kington and 

Goodliffe, 2008]; in a case like this, modern day spreading rates derived by GPS observations 

would underpredict long-term opening rates.  Even in the absence of Euler pole changes, the 

Kington and Goodliffe [2008] model also implies that GPS observations would underpredict 

long-term opening rates. Estimates of extension based only on fault heaves, subsidence, and even 

GPS, are at risk of underestimating true lithospheric extension. In addition to large-scale crustal 

contributions, a factor in the extension underestimation from fault heaves is the effects of 
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unidentified sub-resolution faulting; the resolution of any seismic reflection survey is such that 

small-scale faulting is not observed. Although previous studies [Walsh et al., 1991] have 

proposed statistical methods of dealing with this, this remains an area for much potential error. 

Even the most optimistic predictions of sub-resolution faulting result in estimates of extension 

from brittle faulting falling far short of those from Euler poles. Similarly, including estimates of 

extension from poly-phase faulting does not close this gap. A short-coming for this study area is 

the lack of multi-channel seismic reflection data and well data. The resultant seismic velocity 

data would permit a more detailed study of fault geometry. However, the availability of high-

resolution bathymetry for this area has facilitated a detailed fault interpretation through the 

tracing of faults on the seafloor. 

As deep penetration seismic reflection data are not available for the study area, my 

interpretation could be lacking at depths down to ~10 km. In the absence of these data, a poly-

phase faulting model was used to estimate earlier phases of extension and extension at depth. 

These were, of course, based on assumptions regarding fault geometries. Extension, as estimated 

from subsidence, limits these shortcomings and is broadly in agreement with our estimates of 

extension from brittle faulting. As in Kington and Goodliffe [2008], this points to another factor 

beyond the limits of these methods contributing to the discrepancy with Euler pole based 

estimates of extension.  

Do Euler pole kinematics underestimate extension in areas where seafloor magnetization 

are not available in the Woodlark Basin? Two Euler poles have been identified in the Woodlark 

Basin. Based on the results of Taylor et al. [1999], estimates of conjugate margin magnetization 

chrons are identified from present to chron 2A.3 (~3.5 Ma). Thus, it is safe to say that the 
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estimates of extension are more poorly constrained prior to that time. A clear next step is a 

thorough re-evaluation of Euler pole kinematics for the basin prior to this time.  

There is a disagreement in extension estimates among upper crustal methods; GPS and 

Euler pole kinematics do not always agree. A clear source for this error in the Woodlark Basin is 

the 0.5 Ma spreading center reorientation; GPS observations ignore the existence of a previous 

Euler pole as the method only considers modern day plate motion at the surface. As estimates of 

extension from GPS only capture the present-day kinematics of the basin, GPS and long-term 

estimates of extension from seafloor magnetization will not agree for this particular basin. 

Although I have justified all assumption made as part of this study, this does add an 

element of potential error. These include the pre-rift crustal thickness and specific models for 

isostasy that make it possible to calculate crustal thickness. Previous studies, which have made 

similar assumptions, have shown that they yield appropriate results [Kington and Goodliffe, 

2008]. It should be noted that if there is significant flexural rigidity in the basin, subsidence will 

under-estimate extension; i.e. the strength of the lithosphere will have resulted in subsidence 

being less than it should be. Incorporating estimates of flexural rigidity into the lithosphere 

would be a good step for future studies. It is important to put boundary conditions on how much 

extra extension could be hidden. Is it enough to match estimates from Euler pole kinematics? If 

so, this would make the decoupled layer model of Kington and Goodliffe [2008] unnecessary. 

Davis and Kusznir [2004] have shown that in other basins, there is discrepancy between 

extension models using the upper crust and the whole lithosphere. In the study area of Kington 

and Goodliffe [2008] seafloor spreading has not yet initiated. It is possible that the discrepancy is 

a function of the age of the basin; all the basins studied in Davis and Kusznir [2004] are on old 
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and cold passive margins. Although rifting started at only 1.8 Ma, our results are consistent with 

this hypothesis. 

Goodliffe [1998] examined different types of rift margins in the Woodlark Basin. Two 

distinct end-members were present; those that formed by the gradual propagation of a spreading 

center in to a margin, and those that formed by the near instantaneous nucleation of a long (~100 

km) spreading segment within a rift. Rifting within this study area formed through the latter 

mechanism. A nucleation rift margin is characterized by a progressively thinned margin that 

gradually necks down in thickness until seafloor spreading initiates. A gradual necking of crustal 

thickness is not characteristic of a propagation margin. Instead, there is a very abrupt change in 

seafloor depth at the rifting to spreading transition. This suggests that the initiation of seafloor 

spreading may have more to do with mantle dynamics than crustal thickness. In each of these 

methods, a very different amount of extension is predicted prior to the initiation of seafloor 

spreading [Taylor et al., 1999]. It is recommended that further studies directly compare 

nucleation and propagation margins in the Woodlark Basin.  
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5. CONCLUSIONS 

1. In this study, brittle extension estimates and subsidence derived extension estimates are 

essentially the same. However, they are still far lower than the ~235 km of extension 

predicted by Euler pole kinematics. These results are consistent with the results of 

Kington and Goodliffe [2008] and support the model that extension rates are different 

for the upper and lower crust, i.e. depth dependent extension, during continental 

extension. 

2. The results of this study show that the amount of extension as calculated from brittle 

faulting and subsidence increases towards the east (Table 4). This is consistent with an 

Euler pole to the west. 

3. Subsidence derived extension estimates yielded 95.6 (±38) km of extension at 153°E 

with a maximum stretching factor of ~1.8, increasing to ~154.3 (±52) km with a 

maximum stretching factor of ~1.9 to the east.  

4. Taking into account sub-resolution and poly-phase contributions to extension, brittle 

faulting based extension estimates yielded 107.1 (±26.8) and 143.1 (±35.8) km of 

extension at 153°E and 154°E respectively.	
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