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[1] The Osbourn Trough is a fossil spreading center that rifted apart the Manihiki and
Hikurangi Plateaus during Cretaceous time. Previous models of the Osbourn spreading
center are based on data collected near the trough axis, and therefore only constrain the
history of the Osbourn spreading center during the last few Ma of spreading. Our data set
includes multibeam data collected northward to the Manihiki Plateau, allowing us to
examine seafloor morphology created during the entire active period of the Osbourn
spreading center, as well as several additional multibeam data sets that provide the
opportunity to examine the relationship between the Osbourn paleospreading center and
the Cretaceous Pacific-Phoenix ridge. The axial gravity of the trough is similar to the
gravity found at other extinct slow-intermediate spreading rate ridges. Magnetic field
measurements indicate that spreading at the trough ceased during Chron C34. Abyssal-hill
trends indicate that spreading during the early history of the Osbourn spreading center
occurred at 15�–20�. The east-west component of this spreading explains the modern east-
west offset of the Manihiki and Hikurangi Plateaus. Spreading rotated to 2�–5� prior to
extinction. Abyssal-hill RMS amplitudes show that a decrease in spreading rate, from
>7 cm/yr to 2–6 cm/yr full-spreading rate, occurred �2–6 Ma prior to ridge extinction.
Our data analysis is unable to determine the exact spreading rate of the Osbourn spreading
center prior to the slowing event. The temporal constraints provided by our data show that
the Osbourn spreading center ceased spreading prior to 87 Ma or 93 Ma, depending
on whether the Manihiki and Hikurangi Plateaus rifted at 115 Ma or 121 Ma. Our model
resolves the conflict between regional models of Osbourn spreading with models based on
trough characteristics by showing that spreading at the Osbourn spreading center was
decoupled from Pacific-Phoenix spreading.
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1. Introduction

[2] The Osbourn Trough is a fossil Cretaceous spreading
axis located in the Southwest Pacific Basin (Figure 1). It lies
between the Manihiki and Hikurangi Plateaus, and inter-
sects the Tonga-Kermadec Trench and Louisville Ridge at
its western boundary. The Osbourn Trough was identified
relatively recently [Lonsdale, 1997] due to a weak bathy-
metric expression, an absence of magnetic field reversal
anomalies, and a lack of ship track data. The drilling vessel
Glomar Challenger surveyed the Osbourn Trough at 26�S,
169�W during Deep Sea Drilling Program (DSDP) leg 91
[Menard et al., 1987]. At the time of this survey the length
of the Osbourn Trough was unknown, making its interpre-
tation difficult. Global gravity data sets showed that the
trough is characterized by a negative axial gravity anomaly,
revealing the full extent of the Osbourn Trough for the first
time [Lonsdale, 1997; Sandwell and Smith, 1997].

[3] Lonsdale [1997] hypothesized that the Osbourn
Trough is an extinct spreading center, but that result was
controversial due to limited data coverage [e.g., Small and
Abbott, 1998]. Subsequent ship track studies [Billen and
Stock, 2000], however, showed that the trough has mor-
phology typical of extinct spreading ridges. The Osbourn
paleospreading center formed when a large oceanic plateau
rifted into several pieces, resulting in the creation of the
Manihiki and Hikurangi plateaus [Lonsdale, 1997], a hy-
pothesis that is supported by studies of the two plateaus
[Hoernle et al., 2004; Mortimer and Parkinson, 1996;
Taylor, 2006]. Mortimer et al. [2006] present isotopic data
which constrain this rifting event to prior to 115 Ma.
Spreading at the Osbourn ridge presumably ceased when
the Hikurangi plateau collided with the Chatham Rise
paleosubduction zone [Lonsdale, 1997].
[4] The spreading rate and extinction age of the Osbourn

paleospreading center remain controversial. Data collected
at the trough axis imply a slow spreading rate and a late
extinction age for the Cretaceous Osbourn spreading center.
Conversely, attempts to determine the role the Osbourn
spreading center plays in the tectonic history of the South-
west Pacific Basin [Eagles et al., 2004; Larter et al., 2002]
require either a fast spreading rate for the Osbourn ridge,
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Figure 1. Bathymetric map [Smith and Sandwell, 1997] of the Southeast Pacific Basin near the
Osbourn region. The locations of the tectonic features discussed in the text are labeled. The location of
this figure is shown on the inset globe. The Pacific-Phoenix-Farallon triple junction trace (PAC-PHO-
FAR) is plotted as a thick dashed line. The Chatham rise paleosubduction zone is plotted as a line with
triangular teeth. The direction of these teeth indicates the direction of paleosubduction. The Osbourn
Trough appears as an east-striking bathymetric low near 26�S, the eastern end of which terminates at the
intersection with the northern end of the Wishbone Scarp near 165�W. The cruises discussed in the
gravity and magnetic data sections are labeled. In addition to these, the sections of multibeam data from
several additional cruises analyzed in section 5 are shown as thin dotted lines. The survey geometry
provides us the opportunity to study crust created throughout the entire spreading history of the Osbourn
spreading center. The locations of Deep Sea Drilling Program sites 205 and 595 are shown as a star and a
dot, respectively. At the southern end of the figure the locations of anomalies 34y and 33y on either side
of a gravity lineation east of the Wishbone Scarp are plotted as taken from Larter et al. [2002]. The
differing distance between these anomalies on either side of this lineation demonstrate that it is the
location of a paleoplate boundary. The three white boxes labeled 2, 9, and 10 delineate the locations of
Figures 2a, 9, and 10, respectively.
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with a corresponding early extinction age, or complex plate
geometries. A fast spreading rate is expected if the Osbourn
Trough is indeed an extinct section of the Pacific-Phoenix
ridge as postulated by Lonsdale [1997]. This conflict
between models results, in part, because the region sur-
rounding the Osbourn Trough formed during the Cretaceous
Long Normal Polarity Interval (Chron C34, 121–83 Ma
[Cande and Kent, 1995]) and therefore lacks the magnetic
reversal anomalies useful for determining plate histories.
This deficiency has led to the formulation of models based
solely on the axial characteristics of the Osbourn Trough,
which may only be representative of the last few Ma before
the trough’s extinction. Confusion also surrounds the origin
of several features of the region surrounding the trough. The
Wishbone Scarp (Figure 1) is difficult to explain as a
fracture zone, as it is very prominent south of the trough
but there is no conjugate feature observed in the gravity
field north of the trough. Furthermore, the Wishbone Scarp
forks to the south, which is not a feature typical of fracture
zones. Mortimer et al. [2006] assert that the western arm of
the Wishbone Scarp is a fracture zone that later became the
location of incipient subduction. East of the Wishbone
Scarp there is a linear gravity anomaly that is the northern
extension of a triple junction trace (Figure 1). The identi-
fication of this feature as a triple junction trace is based on
the differing distances between Chrons C34y and C33y on
either side of this gravity lineation. The reconstruction of
Eagles et al. [2004] shows this triple junction separated the
Phoenix, Pacific, and Charcot plates during the early
Cretaceous.
[5] The first extensive marine survey of the Osbourn

Trough was carried out aboard the United States Antarctic
Program’s Research Vessel Icebreaker (R/VIB) Nathaniel B.
Palmer (cruise NBP9806 [Billen and Stock, 2000]). Mag-
netic anomalies were interpreted to indicate that the
Osbourn Trough ceased spreading at 71 or 83 Ma [Billen
and Stock, 2000]. Assuming that rifting between the Man-
ihiki and Hikurangi plateaus began shortly after their
formation at the beginning of Chron C34 (121 Ma), Billen
and Stock [2000] estimated an average full spreading rate
(FSR) for the Osbourn paleospreading center of 6–8 cm/yr.
This spreading rate is consistent with the trough’s morphol-
ogy, as imaged by multibeam bathymetry. The model
proposed by Billen and Stock [2000] is similar to that
originally proposed by Lonsdale [1997] except that he
calculated a 15 cm/yr full spreading rate based on a
105 Ma extinction age. This extinction age was hypothe-
sized to correspond to the time when the Hikurangi plateau
collided with the Gondwana margin.
[6] Sutherland and Hollis [2001] estimate that the crust at

DSDP site 595A (Figure 1) formed at 132–144 Ma based
on the biostratigraphy of the deepest sediments cored. They
use these estimates in conjunction with the observations of
Billen and Stock [2000] and the 63�S paleolatitude of
creation of the crust [Menard et al., 1987] to propose a
different model of the history of the Osbourn spreading
center. In this model, Sutherland and Hollis [2001] propose
that two spreading centers were active in this region prior to
120 Ma, the Pacific-Phoenix spreading center and a spread-
ing center to the south separating the Phoenix plate from a
newly inferred plate, which they dub the Moa Plate.
Sutherland and Hollis [2001] propose that the crust at

DSDP site 595 was created at the Phoenix-Moa ridge at
ca. 137 Ma. After eruption of the Manihiki and Hikurangi
plateaus spreading continued on the Phoenix-Moa ridge,
which separated the two plateaus. The Osbourn Trough is
interpreted to be the extinct western section of this ridge. In
order to explain the close proximity of the Osbourn Trough
and DSDP site 595, Sutherland and Hollis [2001] argue that
the East Wishbone Scarp is the remnant of a transform fault
that offset the Phoenix-Moa ridge, implying a �50 Ma age
discontinuity at a fracture zone west of DSDP site 595.
[7] Recently, as data from the regions surrounding the

Osbourn Trough became more available, tectonic models of
these regions have been formulated. These models provide a
regional framework into which any tectonic model of the
Osbourn Trough must fit. Larson et al. [2002] provide a
constraint on the location of the Pacific-Phoenix-Farallon
triple junction (PAC-PHO-FAR, Figure 1) throughout
Chron C34 by examining the changes in abyssal-hill fabric
east of the Osbourn Trough. The geometry of this triple
junction, along with the area of seafloor created during
Chron C34 implies that spreading at the Pacific-Phoenix
ridge occurred at 18–20 cm/yr FSR. They also show a
change in spreading direction at the Pacific-Phoenix spread-
ing center. Prior to �100 Ma spreading occurred along an
azimuth of �171�, whereas the spreading direction in
regions created after 100 Ma averaged �164�.
[8] Eagles et al. [2004] present a detailed high-resolution

reconstruction of the Pacific-Antarctic ridge and associated
plate kinematics from 90 to 45 Ma. The earliest part of this
reconstruction presents a model of the region south of the
Osbourn Trough that provides a late-stage boundary for
models of the Osbourn region. Eagles et al. [2004] also
argue that the spreading directions observed by Larson et al.
[2002] cannot explain the east-west offset of the Hikurangi
and Manihiki plateaus.
[9] Taylor [2006] presents a model of the Ellice Basin, a

region west of the Manihiki Plateau (Figure 1). This model
shows that the Manihiki and Hikurangi Plateaus were not
only conjugate to each other at the time of formation but
that they were also conjugate to the Ontong Java Plateau.
This single large plateau fragmented into at least three parts
around 119–123 Ma. Taylor’s [2006] model thus provides
an early boundary condition for models of the Osbourn
spreading center.
[10] Mortimer et al.’s [2006] model of the history of the

western arm of the Wishbone Scarp asserts that this scarp
formed as a fracture zone prior to 115 Ma, was later the
location of oblique convergence resulting in the formation
of an intraoceanic subduction zone at ca. 115 Ma, and
evolved into a rift margin at 92–98 Ma before becoming
tectonically inactive. These results constrain the age of the
formation of the Osbourn paleospreading center to before
115 Ma. Because the West Wishbone Scarp would have
been in close proximity to the Manihiki and Hikurangi
plateaus at this time, the observations of Mortimer et al.
[2006] provide an important constraint on the early history
of the Osbourn spreading center.
[11] Ideally, a model of the Osbourn spreading center

should be compatible with the history of the Pacific-
Phoenix-Farallon triple junction [Larson et al., 2002],
provide temporal and spatial continuity between the models
of Taylor [2006] and Eagles et al. [2004] and be consistent
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with the observations of Mortimer et al. [2006]. A crucial
observation for constraining the timing of this model is the
age of the crust at DSDP sites 595 and 596 (Figure 1).
40Ar/39Ar analyses of the crust cored at site 595/6 yield a
minimum age of 100Ma [Menard et al., 1987]. This estimate
is compatible with the 132-144 Ma age of the radiolaria
found in the basal sediments (9 m above basement) of hole
595A [Sutherland and Hollis, 2001]. However, the radiolar-
ian fossils in the deepest sediments cored at hole 595 (1.5 m
above basement) indicate an age of 94–99 Ma.
[12] In this paper we present a new set of ship track

surveys of the Osbourn region. These data represent the
most extensive survey of the Osbourn Trough thus far and
include data collected northward to the Manihiki Plateau
(Figure 1). This data set offers us the opportunity to
examine regions created continuously at the Osbourn
spreading center from its formation to its extinction. We
analyze and interpret these data and formulate a new
tectonic model that is compatible with the regional tectonics
of the Southwest Pacific Basin. We find that contrary to the
models of Billen and Stock [2000] spreading at the Osbourn
spreading center ceased prior to the end of Chron 34. This
earlier extinction age matches the models of Eagles et al.
[2004]. The reduction of the Osbourn spreading center’s
spreading rate as it approached extinction may be typical of
ridge extinction events. This change in spreading rate
explains the axial morphology of the Osbourn Trough. We
also observe a change in spreading direction throughout the
period of active spreading at the Osbourn Trough, which
accounts for the east-west offset of the Manihiki and
Hikurangi plateaus [Eagles et al., 2004]. Furthermore
abyssal hill trends imply that the Osbourn Trough is not
an extinct section of the Pacific-Phoenix ridge and therefore
that the region of seafloor containing the Hikurangi plateau
must have formed a plate separate from the Phoenix plate
during the active period of the Osbourn spreading center.

2. Data

[13] We used ship track gravity, magnetic, and seismic
data obtained during five separate cruises in this study
(Figure 1). Three of these cruises were aboard the R/VIB
Nathaniel B. Palmer. Two of these Palmer cruises
(NBP0304 and NBP0207) were transits, only crossing the
Osbourn Trough once, while the third (NBP0304b) carried
out an extensive survey at a right-stepping offset in the
Trough located near 172.7�W. One cruise (KM0413) was a
transit carried out aboard the University of Hawaii’s School
of Ocean and Earth Science and Technology’s (SOEST)
Research Vessel R/V Kilo Moana. The fifth cruise
(COOK20) was a transit aboard the Scripps Institution of
Oceanography’s Research Vessel R/V Melville. We also
use magnetic anomaly data collected during NBP9806
(Figure 1) [Billen and Stock, 2000].

[14] During all five cruises, magnetic field strength and
multibeam bathymetry were collected. Swath width of the
multibeam surveys averages �15–20 km for the 4000–
6000 m water depths typical of this region of the Southwest
Pacific Basin. The processed multibeam data obtained near
the Osbourn Trough are shown in Figure 2 superimposed
upon bathymetry predicted from satellite altimetry [Smith
and Sandwell, 1997]. Profiles of the magnetic field strength
recorded during our cruises, along with those of NBP9806A
[Billen and Stock, 2000] are plotted in Figure 3a. Plotted in
Figure 3b are the observed magnetic field strength data after
being reduced to the pole (skewness = 60�).
[15] In addition gravity data were collected during the

three Palmer cruises and COOK20. These data are plotted
in Figure 4, superimposed upon a series of north-south
profiles taken from a global satellite data set [Sandwell and
Smith, 1997]. There is good agreement between the satellite
data and the data collected during the three easternmost
cruises. A gravimeter malfunction that occurred during
NBP0304b may explain the poor agreement of the satellite
data with the NBP0304b ship track data.
[16] Single channel seismic (SCS) data were collected

during NBP0207 between latitudes 27�S and 25�S; during
NBP0304b, a multichannel seismic (MCS) survey was
carried out at the locations shown in Figure 2. The SCS
survey carried out during NBP0207 utilized two GI guns
with a 3.71 liter capacity, capable of producing energy up to
150 Hz. Ship speed during this survey was 11.1 km/h, with
a shot spacing of 37 m. The NBP0304b MCS survey
consisted of two north-south lines flanking the 172.7�W
offset in the Osbourn Trough and two short east-west lines
that cross this offset. A much larger airgun source was used
during this survey to image subcrustal structure beneath the
Osbourn Trough. A 6 Bolt airgun array with a 34.8 liter total
capacity and a shot spacing of 47 m was used for a source.
Forty-five channels of data were recorded with a group
spacing of 25 m. The seismic data exhibit a two-reflector
signature on all seismic lines collected. The uppermost
reflector is the seafloor, while the lower reflector 0.0–0.2 s
beneath is the sediment-basement contact. Despite the large
source sizes used and high number of channels during
NBP0304b, no structures are resolved below the sediments.

3. Magnetic Anomalies

[17] The magnetic field strength profiles of Figure 3a are
shifted such that they are aligned along the axis of the
Osbourn Trough. If the observed anomalies are due to
magnetic field reversals, there should be a correlation
among all the profiles. However, the magnetic field strength
profiles adjacent to each other correlate better than those far
apart. In particular, NBP0304 correlates better with both
NBP0207 and COOK20 (correlation coefficient, R = 0.65
and 0.79, respectively) than it does with either of the west

Figure 2. (a) Multibeam data collected near the Osbourn Trough during our cruises, superimposed upon predicted
bathymetry from satellite altimetry [Smith and Sandwell, 1997]. The locations of the NBP0207 SCS and NBP304b MCS
surveys are shown by the locations of the red and black dashed lines, respectively. The white box outlines the location of
Figure 2b. (b) Close-up of Figure 2a highlighting the change in abyssal-hill character that occurs between 24�S and 25�S.
The abyssal-hill fabric north of 24.5�S is much smoother than the fabric south of 24.5�S. This change in texture is not
accompanied by a change in sediment thickness, so the subdued fabric to the north cannot result from sediment smoothing.
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Figure 2
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and central profiles of NBP9806 (R = 0.34 and 0.20) even
though these two NBP9806 profiles correlate well with each
other (R = 0.75). Billen and Stock [2000] present models of
the NBP9806 profiles that predict either a 71 Ma (preferred)
or an 83 Ma extinction age for the Osbourn spreading
center. However, because the correlation between the pro-
files in Figure 3a disappears with increasing distance
between profiles, the models of Billen and Stock [2000]
do not predict the shape of our magnetic anomaly data. The
lack of correlation across our survey area indicates that the
source of the observed anomalies cannot be magnetic field
reversals, casting doubt on the extinction age estimates of
Billen and Stock [2000] and on paleospreading rates in-
ferred from those estimates.
[18] The phase-shifted profiles (Figure 3b) have a strong

symmetry about the axis of the Osbourn Trough indicating
that the magnetic anomalies are most likely due to magnetic
field strength fluctuations within Chron C34. Similar fluc-
tuations have been observed within Chron C5 [Bowers et
al., 2001]. We therefore conclude that the Osbourn spread-
ing center stopped spreading some time during Chron C34

(121–83 Ma); however, the exact extinction age cannot be
determined by analysis of the observed magnetic anomalies.

4. Gravity Models

4.1. Spreading Rates From Gravity Measurements

[19] Active spreading centers are generally characterized
by a linear residual gravity anomaly coincident with the
ridge axis. The shape of this anomaly depends on the ridge’s
spreading rate [Small, 1994; Watts, 1982]. A similar pattern
is observed in the gravity fields of extinct spreading axes
[Jonas et al., 1991].
[20] Jonas et al. [1991] interpret the central gravity lows

observed at extinct spreading centers as changes in crustal
geometry beneath the axial valley. They use this model to
successfully explain the residual gravity of several extinct
spreading centers. Their model is based on the observation
that the basal portions of the oceanic crust emplaced at the
Bay of Islands ophiolite complex formed at high pressures
within the mantle. Elthon et al. [1982] propose a model in
which these portions form at a depth of �30 km beneath the
ridge axis, flow upward along an upwelling conduit of

Figure 3. (a) Magnetic anomaly data observed at the Osbourn Trough. The magnetic profiles have been
aligned along the axis of the Osbourn Trough (the trough axis coincides with the central solid vertical
gridline). Included in this figure are our data along with that of a previous survey, NBP9806 [Billen and
Stock, 2000]. The lack of correlation across the survey area indicates that the magnetic anomalies cannot
result from magnetic field reversals. (b) Magnetic anomaly data in Figure 3a after application of a
reduction to the pole filter (skewness = 60�). The symmetry of the phase-shifted profiles shows that these
anomalies may result from fluctuations in the magnetic field strength during Chron C34. Similar
fluctuations have been observed to occur during Chron C5 [Bowers et al., 2001].
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material as the oceanic plates rift apart, and are emplaced at
the base of the oceanic crust. Jonas et al. [1991] propose
that this conduit becomes frozen upon ridge extinction
displacing higher-density mantle material resulting in a
gravity low. Recently, Müller et al. [2005] were able to
model the gravity field of the Adare Trough using this
Moho topography model.
[21] Seismic reflection and refraction data obtained at the

Labrador Sea paleospreading center indicate that crustal
thickness decreases toward the ridge axis [Srivastava and
Keen, 1995]. Magnetic reversal anomalies observed near the
ridge axis indicate that the region of reduced crustal
thickness (4–6 km versus 6–7 km thick) was formed during
a 13 million year period of slower spreading (0.6 cm/yr
versus 2 cm/yr) immediately prior to ridge extinction. This
crustal thinning is accommodated by extension along nu-

merous faults in the crust of this region and seismic
velocities at the axis are anomalously low through the crust
and upper 3 km of the mantle [Srivastava and Keen, 1995].
Osler and Louden [1992] hypothesize that these regions
have undergone serpentinization resulting in lower densities
and seismic velocities, a process that may have been aided
by the presence of several faults that penetrate the crust near
the ridge axis. The regions of altered density may be
sufficiently large to explain the gravity anomaly observed
at the Labrador Sea paleospreading center [Osler and
Louden, 1992].
[22] Jung and Vogt [1997] observe that the crust thins at

the axis of the Aegir Ridge, located in the Norwegian Sea,
similar to the observations of Osler and Louden [1992] at
the Labrador Ridge. Uenzelmann-Neben et al. [1992] ob-
served a change in the amplitude of sediment-layer reflec-
tions at the axis of the Aegir Ridge. This change is due to a
change in pore fluids in the sediments of the axial region.
Observing that the Aegir Ridge is characterized by a
residual gravity low, Uenzelmann-Neben et al. [1992] infer
that the sediment pore fluids of the axial region were
released from a crustal magma chamber as it solidified
during its extinction. The residual gravity low at the Aegir
Ridge may therefore be due to a low-density region within
the crust.

4.2. Osbourn Trough Gravity

[23] The gravity field of the Osbourn Trough is similar to
that observed at the Labrador Sea, Aegir Ridge, and other
extinct spreading centers. In Figure 4 the axis of the
Osbourn Trough coincides with the gravity low centered
at 26�S east of 172.5�W. The trough shifts northward west
of this point and coincides with a similar gravity low at
25.75�S. In fact the Osbourn Trough is a more prominent
feature in gravity data sets than in bathymetric data sets, and
it is not surprising that the trough was not originally
identified on bathymetric maps but rather was recognized
by its axial gravity anomaly [Lonsdale, 1997].
[24] The observed gravity profiles (Figure 4) are com-

posed of several components. A 15–20 mGal, 30 km
wavelength gravity low centered on the axis of the Osbourn
Trough is seen in all shiptrack and satellite profiles. Super-
imposed upon this, the gravitational expression of abyssal
hills correlates with bathymetry and is reflected as 5–
10 mGal �20 km wavelength oscillations present through-
out the profiles (compare the seismically determined
bathymetry in Figures 5a–5c with the observed gravity).
The longest wavelength components of the gravity field
could be caused by changes in crustal thickness or large-
scale density anomalies located in the mantle. The ampli-
tude of the axial gravity anomaly cannot be explained by
bathymetry and sediment cover. Billen and Stock [2000]
argued that the axial gravity anomaly seen at 173.7�W
would require an increased sediment thickness in the trough
axis, and they predicted that at this location, to account for
the gravity anomaly, sediment cover would have to be 350 m
thick. Our seismic data show, however, that sediments in the
trough axis at the locations of our seismic surveys (Figure 2)
are only 60–70 m thick. Note also that single-channel
seismic reflection data obtained during Deep-Sea Drilling
Project (DSDP) leg 91 by the drilling vessel Glomar
Challenger demonstrate that the Osbourn Trough at 26�S

Figure 4. Gravity data observed near the Osbourn Trough
after the removal of regional values. Our ship track data are
shown as solid lines. The dashed lines are north-south
profiles taken from a global gravity data set [Sandwell and
Smith, 1997]. The straight dotted lines show the zero value
for each profile. The solid gray line follows the Osbourn
Trough axis. The Osbourn Trough coincides with the
gravity lows at 26�S and 25.2�S, east and west of 172.7�W,
respectively.
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169�W is 500 m deep and contains a thin (<70 m) sediment
infill [Menard et al., 1987]. The thin sediment infill of the
Osbourn Trough implies that the axial anomaly must be due
to density anomalies in the crust or uppermost mantle,
density anomalies that may be explained by the serpentini-
zation, Moho topography, or low-density crustal body

models that have been invoked to explain the gravity
anomalies of other extinct spreading centers.

4.3. Gravity Models of the Osbourn Trough

[25] Nettleton’s [1939] method of gravity interpretation
uses the topography and free air anomaly of a region to
determine average subsurface density. This method is valid
as long as topography and density do not correlate, such as
would occur if the topography were locally compensated. In
our analysis we extend Nettleton’s [1939] method to more
complex models. The model domain is separated into
several subdomains each of which has a constant density
and represents a particular model element (e.g., sediments,
crust, etc.). The gravitational field of each subdomain for a
unit density is calculated using Parker’s [1972] method.
The modeled gravity is given by the equation:

g xð Þ ¼
XN

j¼1

rj8j xð Þ þ b ð1Þ

where g(x) is the modeled gravity along the profile, 8j(x) is
the unit density gravity field of the jth subdomain, N is the
total number of subdomains, b is the average background
gravity of the region, and rj is the density of the jth model
element. This approach requires us to prescribe only the
shape of the model elements; the densities (rj) are
determined by a least squares inversion of the measured
gravity field. Our method requires nonlocal topographic
compensation, and at the wavelengths considered in our
model (�50 km) this requirement is satisfied for typical
oceanic regions [Watts, 2001].
[26] To incorporate the seismic observations into this

modeling process, the water-bottom and sediment-basement
interfaces were interpreted from the migrated seismic sec-
tions. A time to depth conversion was then carried out using
a 1500 m/s velocity for the water column and a 1600 m/s
velocity for the sediments, based on measurements at DSDP
site 204 [Burns et al., 1973, Figure 2]. This time-depth
conversion provides the geometry of the sediment and
basement layers in the gravity models.
[27] We have constructed three models that predict the

Osbourn Trough’s gravity field (Figure 5 and Table 1).
Model 1 contains an elliptical low-density body within the
crust. A tradeoff exists between the density contrast of this
body with the crust and the thickness of this ellipse;
however, for a given depth, the width remains fixed
regardless of density contrast. The depth of this ellipse
can also vary without affecting the calculated densities.
Deeper ellipses are narrower than shallow ones.
[28] The limit of a superposition of a large number of

ellipses at a range of depths leads to model 2. This model
presents low crustal density as the cause of the axial gravity
anomaly. The geometry of this low-density zone is well-
constrained by the gravity data, assuming that it extends

Table 1. Densities of Gravity Model Elements

R2 rsediment, g/cm
3 rcrust, g/cm

3 rmantle, g/cm
3 rbody, g/cm

3

Model 1 (Low-Density Body) 0.88 1.61 ± 0.20 2.48 ± 0.04 3.26 ± 0.06 2.04 ± 0.04
Model 2 (Low Crustal Density) 0.87 1.67 ± 0.21 2.52 ± 0.04 3.32 ± 0.06 2.36 ± 0.04
Model 3 (Crustal Root) 0.88 1.77 ± 0.13 2.47 ± 0.13 3.28 ± 0.05 -

Figure 5. Models of the density structure of the Osbourn
Trough that accurately predict the observed data. (a) A
single low-density region beneath the trough axis. (b) A low
crustal density model where the crust density has been
modified by hydrothermal alteration. (c) The Moho
topography model of Jonas et al. [1991]. Densities for
each of these models that provide the best fit to the data are
given in Table 1. The output of each of these models (top)
fits the data equally well.
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from the surface of the crust to the Moho and may result
from fracturing or hydrothermal alteration. A depth of
alteration greater than or less than the Moho would yield
density contrasts between the altered zone and normal crust
less than or greater than those in Table 1, respectively.
[29] Our third model is based upon the model of Jonas et

al. [1991], with the gravity signature of the Osbourn Trough
resulting from the geometry of the Moho alone; no low-
density anomaly within the crust is required. There is a
tradeoff between the width and depth extent of the crustal
root. If the root extends to 30 km deep, as postulated by
Jonas et al. [1991], it would become a conduit only a few
kilometers wide.
[30] These three models may be overly simplistic, but

they are a useful starting point for examining the gravity
anomalies. We have assumed constant density within each
model element but our method is insensitive to vertical
density gradients. Models that contain such gradients and
also preserve the density contrasts between elements pro-
duce identical results. Each of our three models explains
observations equally well and yields densities for their
common elements (crust, mantle, and sediments) that are
similar (Table 1).
[31] Our gravity models do not allow us to draw unique

conclusions about the density structure of the Osbourn
Trough. They do, however, show that the gravity field of
the Osbourn Trough is typical of that at other extinct
spreading axes. Furthermore, the amplitude of the axial
anomaly is similar to that observed at the axes of extinct
ridges with �5.5 cm/yr full paleospreading rate [Jonas et
al., 1991]. This estimate provides an important constraint on
the history of the Osbourn spreading center immediately
prior to extinction.

5. Abyssal-Hill Fabric

5.1. Spreading Rate and Direction From Abyssal
Hill Fabric

[32] Abyssal hills are elongate ridges on the ocean floor
whose shape varies by region [Goff and Jordan, 1988;
Hayes and Kane, 1991; Menard, 1967]. They are created
at spreading centers and form the uppermost layer of
oceanic crust and, postcreation, form a series of flanking
ridges whose long axis parallels the spreading center. The
primary control on abyssal-hill morphology is faulting,
which occurs at mid-ocean ridges shortly after crustal
formation [Buck and Polikov, 1998; Goff et al., 1995;
Macdonald et al., 1996]. This faulting process is controlled
by the stress state at the ridge, leading to a correlation
between abyssal-hill shape and ridge characteristics [Goff,
1991; Goff et al., 1997; Kriner et al., 2006]. These charac-
teristics include spreading rate, spreading direction, and
ridge axial-valley morphology. Thus evaluating abyssal-hill
morphology makes it possible to reconstruct the tectonic
history of a region in the absence of magnetic reversal
anomalies [Menard, 1967]. It is not possible, however, to
directly determine seafloor ages from abyssal-hill morphol-
ogy, making it necessary to infer ages from other data types
(e.g., biostratigraphy and isotopic dating of core or dredge
samples) in regions devoid of magnetic reversal anomalies.
[33] During their creation, the long axes of abyssal hills

preferentially align with the trend of the ridge; therefore

because spreading is generally perpendicular to the ridge
axis, the direction normal to abyssal-hill strike is an indi-
cator of paleospreading direction. The alignment of abyssal
hills is not perfect, however, and some scatter of azimuths is
observed within regions created at a single spreading center.
This scatter makes is necessary to define regions of rela-
tively constant trend over which a single estimate of abyssal
hill trend can be made. By observing where abyssal-hill
trends change from generally north-south to east-west,
Larson et al. [2002] were able to determine the spreading
directions of the Pacific-Phoenix and Pacific-Farallon
spreading centers during Chron C34.
[34] Menard [1967] observed that the root-mean-square

(RMS) amplitude of abyssal hills negatively correlates with
the spreading rate of the parent ridge during abyssal-hill
formation. Later studies [Goff, 1991;Goff et al., 1997;Hayes
and Kane, 1991] confirm this correlation for slow spreading
ridges with RMS amplitudes varying from �220 m for
regions created at ridges with a full spreading-rate (FSR) of
2 cm/yr, to �60 m for regions created at ridges with
spreading at 7 cm/yr FSR. Goff et al. [1997] find that this
correlation breaks down for areas formed by ridges spread-
ing faster than 7 cm/yr. Faster-spreading (>7 cm/yr FSR)
ridges produce seafloor whose RMS amplitude is 50–60 m
and independent of spreading rate.
[35] Abyssal-hill width is defined as the horizontal scale

of abyssal hills measured perpendicular to the hill’s azi-
muth. Goff, [1991, 1997] observe that as abyssal hills get
higher they also get wider. As a result, there is also a
correlation between abyssal-hill width and the spreading
rate of the parent spreading center during abyssal-hill
formation. The characteristic width of abyssal hills
decreases from �8 km for crust created at 2 cm/yr FSR to
�2 km for crust created at 7 cm/yr FSR. Characteristic
width increases with increasing spreading rate for faster
rates, from 2 km at 7 cm/yr FSR to 3 km for crust created at
16 cm/yr FSR. Goff, [1991] attribute this increase to the
complex spreading histories typical of extremely fast
spreading ridges.
[36] The degree of abyssal hill asymmetry, defined as the

difference in slope magnitude between the inward facing
(toward the spreading axis) and outward facing sides of an
abyssal hill, also correlates with spreading rate [Kriner et
al., 2006]. Unlike the correlations between abyssal-hill
width and spreading rate and between abyssal-hill RMS
amplitude and spreading rate, the correlation between abyssal-
hill asymmetry and spreading rate does not change at the
transition between axial-valley and axial-high morphology at
�7 cm/yr FSR.

5.2. Osbourn Trough Abyssal-Hill Morphology

[37] We hope to answer the following two questions by
analyzing the abyssal-hill fabric observed near the Osbourn
Trough: (1) Was there ever an east-west component of
spreading on the Osbourn spreading center that can explain
the east-west offset of the Manihiki and Hikurangi plateaus?
(2) Was there a change in spreading rate prior to the
extinction of the Osbourn spreading center and if so, how
does that change the inferred extinction age for the Osbourn
spreading center?
[38] Our surveys are ideal for this type of analysis

because they extend away from the trough for several
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hundred kilometers. Two surveys (those conducted during
NBP0304 and NBP0207) extend northward to the Manihiki
plateau, providing a record of abyssal hills generated at the
Osbourn spreading center throughout its entire active peri-
od. In addition to the labeled ship tracks in Figure 1, we also
analyze abyssal hill trends observed in several other multi-
beam surveys (dotted lines in Figure 1). These additional
surveys provide continuous coverage between regions cre-
ated at the Osbourn spreading center and the regions created
at the Pacific-Phoenix ridge, discussed by Larson et al.
[2002].
[39] The location of changes in abyssal-hill morphology

cannot be identified a priori so we use a technique of
parameter estimation that is spatially local to define regions
of relatively constant abyssal-hill properties. For abyssal-
hill trends a single estimate of paleospreading direction is
then made for each region.
[40] In this paper we estimate abyssal-hill statistics by the

application of a ridgelet transform method to the multibeam
bathymetry data [Downey and Clayton, 2007]. This method
utilizes the ridgelet transform of Candès [1998] and Candès
and Donoho [1999] to locally estimate abyssal-hill azimuth,
width, and RMS amplitude. An issue that arises in the use of
abyssal fabric is the effect of erosion and sedimentation on
the estimates. Fortunately, seismic data are available to
allow us to quantify this effect. In Appendix A we discuss
the effect of sedimentation on abyssal-hill parameter esti-
mates.
[41] Application of the ridgelet transform procedure to

our multibeam data shows that the abyssal hills observed
north and south of the Osbourn Trough can be divided into
four groups based on azimuth trends and location (Figure 6).
The first group, designated the ‘‘Manihiki’’ abyssal hills,
consists of the abyssal hills observed between the southern
side of the Manihiki Plateau and 22�S. The mean azimuth of
this population is 104.7� ± 1.7� (95% confidence interval;
Figure 6). The second group, the ‘‘North Osbourn’’ abyssal
hills in Figure 6, consists of the abyssal hills observed
between 22�S and the axis of the Osbourn Trough at 26�S.
These abyssal hills have a mean azimuth of 92.1� ± 3.1�, and
the results of a Watson-Williams test [Zar, 1999] show that
this group has a different mean from the Manihiki abyssal
hills with 95% confidence. Further subdivision of the
observed azimuths into smaller populations does not yield
any populations with average azimuths intermediate to
those of the Manihiki and North Osbourn abyssal hills.
South of the Osbourn Trough a similar pattern is observed.
The ‘‘South Osbourn’’ abyssal hills, those observed be-
tween 30�S and the Osbourn Trough, have a mean azimuth
of 94.8� ± 3.5�, similar to the mean azimuth of the North
Osbourn abyssal hills. South of 30�S the fourth group, the
‘‘Hikurangi’’ abyssal hills, have mean trend of 110.1� ± 7.3�

which likewise is similar to the azimuth of the Manihiki
abyssal hills. Like the Manihiki and North Osbourn Abyssal
hills, the two groups south of the Osbourn Trough also have
differing means at a 95% confidence level. However, the
sharpness of the transitions at 22�S and 30�S cannot be
accurately determined from our data. We estimate that the
locations of these transitions are accurate to approximately
1�. The symmetric pattern of abyssal-hill azimuths about the
Osbourn Trough is in agreement with the spreading center
origin of the Osbourn Trough. The change in abyssal-hill
azimuth indicates that the spreading direction of the Osbourn
paleospreading center changed from an azimuth of�13.0� to
�2.8� at the time when the crust near 22�S and 30�S was
simultaneously being created.
[42] Two groups of abyssal hills east of those created at

the Osbourn Trough are also shown in Figure 6. These
populations are those described by Larson et al. [2002] as
being created at the Pacific-Phoenix spreading center during
Chron C34. North of the Austral Fracture Zone (AFZ;
Figure 1) we observe the ‘‘North PAC-PHO’’ abyssal hills,
whose mean azimuth is 78.4� ± 6.5�. South of the AFZ are
the ‘‘South PAC-PHO’’ abyssal hills, which have mean
azimuth 74.1� ± 3.5�. Both of these populations have means
that are different from the four Osbourn abyssal hill groups
as well as from each other at a 95% confidence level.
[43] The output of the RMS amplitude and width analysis

of the abyssal hills created at the Osbourn spreading center
is shown in Figures 7 and 8, respectively. These two
statistics are influenced by sediment cover, so we restrict
our analysis to the ship tracks near the western end of the
Osbourn Trough where sediments are thinnest and where
we have seismic data constraints on sediment thickness. The
results of this analysis are shown for latitudes between 26�S
and 20�S. North and south of these latitudes, thick sedi-
ments blanket the abyssal-hill fabric, casting doubt on our
estimates of the abyssal-hill RMS amplitude and width (see
Appendix A). Similarly, ship tracks approaching the Tonga-
Kermadec subduction zone pass into terrain faulted by
extension related to subduction. We have also avoided the
region of anomalous bathymetry north of the 172.7�W
trough offset (i.e., a ‘‘discordant zone’’ [Macdonald et al.,
1991]). In the locations presented in Figures 7 and 8 our
estimates of abyssal-hill width and amplitude are believed to
be representative of the basement topography created at the
Osbourn spreading center. The RMS amplitude of the
bathymetry decreases from 250 to 300 m at the trough axis
near 26�S to 50 m north of 25�S (Figure 7). The RMS
amplitude north of 25�S is approximately 50–60 m for all
ship tracks northward until latitude 23.3�S. North of this
point the RMS amplitudes begin to fluctuate about 50 m
with a maximum excursion of �110 m and a minimum of
�25 m. The largest excursions occur in regions of increasing

Figure 6. Abyssal-hill azimuths as determined via ridgelet transform. The azimuth estimates have been split into six
populations, the Manihiki, North Osbourn, South Osbourn, and Hikurangi abyssal hills, all of which were created at the
Osbourn spreading center, and the North and South Pacific-Phoenix abyssal hills. A rose diagram of each population is
shown. The size of each population is presented along with the mean azimuth and 95% confidence interval. The difference
between the strikes of the Manihiki/Hikurangi populations and the Osbourn abyssal hill populations indicates a change of
spreading direction at the Osbourn spreading center. Furthermore, the difference between the Osbourn and Pacific-Phoenix
abyssal hills indicates that the Osbourn spreading center was not a section of the Cretaceous Pacific-Phoenix ridge.
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sediment thickness at the northern ends of NBP0207 and
NBP0304 (grey curves in Figure 7).
[44] The general trend north of 25�S is that where sedi-

ments are thin (<80 m thick) RMS amplitudes are small,
approximately 40–70 m with a few excursions to 100 m.
The results of Goff et al. [1997] and Hayes and Kane [1991]
allow us to estimate spreading rates for the region of our
analysis. The decrease in RMS amplitude from 250 m to
50 m between 26�S and 25�S corresponds to a drop in
spreading rate from >7 cm/yr FSR at the time of formation
of the crust at 25�S to 2 cm/yr FSR immediately prior to
extinction of the Osbourn spreading center. The region
north of 25�S where RMS amplitude is 50–70 m corre-
sponds to formation at spreading rates >7 cm/yr FSR.
Unfortunately, as discussed above, we cannot constrain
the exact spreading rate for this region as the correlation
between RMS amplitude and spreading rate only holds for
rates less than 7 cm/yr FSR.
[45] The widths of abyssal hills in this region also vary

(Figure 8). Between 24.5�S and 26�S widths range from 1.5
to 16 km. North of 24.5�S the smallest scales are subdued
with widths generally ranging from 2 to 16 km. Abyssal-hill
widths less than 2 km correspond to a spreading rate of
�8 cm/yr FSR [Goff et al., 1997]. The smaller widths at the
trough axis may be explained by increased faulting near the
axis of the Osbourn spreading center during the last few
million years of spreading. Increased faulting immediately
prior to the extinction of the Labrador ridge was observed
by Srivastava and Keen [1995].
[46] It is difficult to use abyssal-hill widths to constrain

the spreading rate of the Osbourn spreading center because
we observe a wide range of scales in all regions of our
survey and are unable to designate any particular width as
dominant (Figure 8). Furthermore, as increasing sediment
thickness obscures the finest scales first, the true range of
scales may be even larger than what we observe. This wide
range of observed scales is interesting in itself as it indicates
that the faulting process that forms abyssal hills can create
them at several scales simultaneously.
[47] The abyssal hill analysis yields some important

constraints on the tectonic history of the Osbourn spreading
center. When the Hikurangi and Manihiki Plateaus rifted,
the subsequent spreading that continued to separate the two
plateaus took place along a 15�–20� azimuth. The east-west
component of this spreading may explain the modern east-
west offset of the Hikurangi and Manihiki plateaus. At some
point prior to extinction the spreading direction at the
Osbourn spreading center changed relatively suddenly to
an azimuth of 2�–5� �450 km from the modern trough
axis. We also know that the spreading rate slowed signif-
icantly immediately prior to the extinction of the spreading
center. If the last 110 km of the crust north and south of the
trough was emplaced at an average full spreading rate of 2–
6 cm/yr (a range that is in agreement with RMS amplitudes,
gravity, and morphology observed at the trough axis), then
this slowing began 2–6 Ma before ridge extinction. The
RMS amplitude of bathymetry also indicates that prior to
this slowing the spreading rate was >7 cm/yr FSR. In order
to better constrain this spreading rate and determine the
timing of the events outlined by the abyssal-hill strikes we
must combine our results with other data obtained near the
Osbourn region.

Figure 7. Abyssal hill RMS amplitude for regions not
contaminated by seamounts or thick sediments. The solid
gray lines show sediment depth along each ship track taken
from the NGDC global sediment database. The solid black
lines are the RMS amplitude of bathymetry calculated along
the profiles. RMS amplitude increases greatly south of
25�S. North of this latitude it remains relatively stable at
50–60 m, with some fluctuations occurring as sediments get
thicker. The gray dashed line in the NBP0207 panel denotes
the sediment thickness interpreted from the NBP0207 SCS
data. The agreement between this thickness estimate and the
NGDC database is closest northward, away from the
Osbourn Trough. The KM0413 data are presented north
of 25�s, as south of this latitude KM0413 passes into the
‘‘discordant zone’’ associated with an offset in the Osbourn
Trough. The results are also similar with very smooth
bathymetry being observed northward to 20�S. The gray
dashed line in the KM0413 figure is the sediment thickness
at the northern end of the eastern NBP0304b MCS line (see
Figure 2 for location).
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[48] Two additional features of interest in the bathymetry
of the Osbourn region are shown in Figures 9 and 10. The
region in Figure 9, east of the Wishbone Scarp contains two
long linear features (highlighted with dashed lines) that may

be the bathymetric expression of fracture zones. These two
features are subparallel to and located between the South-
east Manihiki Scarp and the triple junction trace described
by Eagles et al. [2004, Figure 1]. However, we are unable to
determine if these features are connected to either the triple
junction trace or the Southeast Manihiki Scarp due to a lack
of data north and south of these lineations. Several short
lines delineate a series of ridges observed southwest of the
Manihiki Plateau in Figure 10. These ridges are isolated to
this region and their trend parallels neither the local abyssal
hill fabric nor the trend of the Southeast Manihiki Scarp.
These ridges may result from the rifting event that first
separated the Manihiki and Hikurangi plateaus as they are
approximately parallel to the trend of the southwest margin
of the Manihiki Plateau.

6. Tectonic Model

6.1. Geometry of Osbourn Spreading

[49] Abyssal-hill strikes provide constraints on the geom-
etry of spreading at the Osbourn spreading center. Spread-
ing initially occurred at an azimuth of approximately 15�–
20�, based on the trends of the Hikurangi and Manihiki
abyssal hills, but later rotated to a 2�–5� azimuth as
indicated by the near east-west strike of the abyssal hills
that flank the Osbourn Trough. On the basis of these
constraints we have formulated a geometrical model of
spreading at the Osbourn paleospreading center (Figure 11).
[50] Figure 11a shows the initial configuration of the

Manihiki and Hikurangi Plateaus immediately prior to their
separation. This configuration matches that proposed by
Taylor [2006] and predates the opening of the Ellice basin to
the west (Figure 1). The configuration in Figure 11b is that
corresponding to 1200 km of separation between the Hikur-
angi and Manihiki plateaus. The east-west component of
spreading explains the east-west offset of the plateaus
described by Eagles et al. [2004]. This spreading direction
also closely parallels the 14� trend of the Southeast Man-
ihiki Scarp. The Southeast Manihiki scarp also appears to be
the location of the boundary between the Northern PAC-
PHO and Manihiki abyssal hills. In agreement with the
results presented by Larson et al. [2002], our measurements
of the trend of PAC-PHO abyssal hills indicate that the
spreading southeast of the Manihiki Plateau occurred along
an azimuth of 168� and later rotated to 164� as the PAC-
PHO ridge migrated southward. The different spreading
directions observed southeast and southwest of the Manihiki
Plateau imply that these regions were created at different
plate boundaries, and therefore there were at least three
plates separated by these boundaries. These three plates
consisted of the plate containing the Manihiki Plateau

Figure 8. Widths of abyssal hills as determined via
ridgelet transform. All cruises display similar behavior,
with no particular scale being dominant for any latitude
band. There is an increase in small-width abyssal hills near
the Osbourn Trough axis at 26�S. These small scales may
result from increased faulting near the axis. This figure
demonstrates that the process that creates abyssal hills at
trough axes does so at a variety of scales simultaneously.
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which, following Larson et al., we call the Pacific Plate
(although which plate should be considered the ancestor of
the modern Pacific plate at this time is debatable; the plates
containing the Hikurangi, Manihiki, and Ontong Java
Plateaus during the Early Cretaceous make up portions of
the modern Pacific Plate), the Hikurangi plate, south of the

Osbourn paleospreading center, and the Phoenix plate,
south of the Cretaceous Pacific-Phoenix ridge. The bound-
ary between the Hikurangi plates and the Phoenix plates
appears to have been at the location of the Southeast
Manihiki Scarp, although the exact configuration of this
triple junction between the three plates cannot be deter-
mined from our data. In Figure 10b we also show the
location of the Western Wishbone Scarp as conjugate to the
Southeast Manihiki Scarp and therefore it may also be a
remnant of the Hikurangi-Phoenix plate boundary. This
configuration is in agreement with the fracture zone origin
of the West Manihiki Scarp presented by Mortimer et al.
[2006]. Determining the exact role of the two ridges, and the
nature of the boundaries between them, requires more
detailed marine geophysical surveys of the West Wishbone
Scarp, Southeast Manihiki Scarp and surrounding areas.
[51] After a total of �2400 km of spreading between the

Plateaus, the spreading direction changed to 2�–5� relative
to the Manihiki Plateau. Following this rotation another
�900 km of crust was accreted at the Osbourn ridge before
the spreading rate of the ridge slowed. The configuration of

Figure 9. Bathymetric detail of a region east of the
Osbourn Trough showing the presence of two bathymetric
lineations (marked by dashed lines) that may mark the
location of fracture zones. These features may be contin-
uous with either the Southeast Manihiki Scarp or the
Pacific-Phoenix-Charcot triple junction trace (Figure 1).
These features may also mark the most easterly extent of the
Hikurangi plate during Chron C34. Figure 10. Bathymetry of the southern Manihiki Plateau

and Southeast Manihiki Scarp. The short black lines mark
the locations of several anomalous ridges that parallel
neither the local abyssal-hill fabric nor the trend of the
scarp. These features are isolated to this region and because
they are subparallel to the southwest side of the Manihiki
Plateau, they may have resulted from the rifting that initially
separated the Hikurangi and Manihiki Plateaus.
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Figure 11. Tectonic model of the Osbourn region, presented in a Manihiki Plateau reference frame. Our
model begins with the Hikurangi and Manihiki Plateaus conjugate, in agreement with Taylor’s [2006]
model. Spreading directions determined by abyssal-hill strikes are shown as double-headed arrows and
the locations of the Southeast Manihiki and Western Wishbone Scarps are outlined with dashed lines. The
Pacific Plate is labeled PAC, the Hikurangi plate is HIK, and the Antarctic sector of Gondwana is ANT.
(a) Beginning location for the Manihiki and Hikurangi plateau. (b) Configuration after 1200 km of total
separation between the Plateaus. The spreading direction during the early history of the Osbourn
spreading center roughly parallels the strike of the West Wishbone Scarp and the Southeast Manihiki
Scarp. The formation of these scarps may be related to the plate boundary that existed here at this time, as
implied by the differing azimuths of abyssal hills east and west of the Southeast Manihiki Scarp. (c) The
configuration of the Osbourn Spreading center immediately prior to the slowing of spreading. By this
time the crust at DSDP site 595 has formed. (d) The configuration of the Osbourn region at the time of
extinction of the Osbourn Trough superimposed on the bathymetry of the Southwest Pacific Basin.
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the Osbourn region immediately prior to this slowing event
is shown in Figure 11c. At no location are the abyssal hills
created at the Osbourn spreading center parallel to those
created at the Pacific-Phoenix Ridge. Thus it appears that
the Hikurangi plate remained separated from the Phoenix
Plate throughout its entire lifetime. The fracture zones
observed in Figure 9 may mark the location of the eastern-
most extent of the Hikurangi Plate at the time of Figure 11c.
[52] We propose, following Lonsdale [1997], that the

slowing event and eventual extinction of the Osbourn
Trough was caused by the entrance of the Hikurangi Plateau
into a subduction zone that underthrust the Gondwana
section of the Antarctic Plate.
[53] Figure 11d shows the configuration of the spreading

center and subduction zone at the time of extinction of
the Osbourn Trough, overlain on their modern locations on
the Pacific Plate. After the capture of the Hikurangi Plate
by the Pacific Plate, the relative motion between the Pacific
Plate and Gondwana was divergent; the captured piece
began to move northward away from Gondwana. This
motion was accommodated by extension in the Zealandia
sector of Gondwana as outlined by Luyendyk [1995].
Extension continued until �85 Ma when the Campbell
Plateau and Chatham Rise rifted away from Antarctica at
the modern Pacific-Antarctic Ridge.
[54] It may have been possible that as the Osbourn

spreading center died, the eastern arm of the Wishbone
Scarp began forming. As the Hikurangi Plateau entered the
subduction zone, it stalled subduction at this location
causing the drastic reduction in spreading rate at the western
part of the Osbourn ridge. A piece of the eastern part of the
Hikurangi Plate may have continued to move southward
into the subduction zone, eventually becoming the Charcot
Plate of Eagles et al. [2004]. In such a scenario the eastern
arm of the Wishbone Scarp would have been the location of
a strike-slip boundary between the Charcot Plate and the
(now captured) Hikurangi portion of the Pacific Plate.
However, as there are few data in the region surrounding
the Wishbone scarp, such a model remains speculative and
is omitted from Figure 11.

6.2. Timing of Osbourn Spreading

[55] Despite their strong geometrical constraints on
Osbourn spreading, our data provide little temporal con-
straint on the events of Figure 11. The magnetic anomaly
profiles of Figure 3 imply that the extinction of the
Osbourn Spreading Center occurred some time during
Chron C34. Abyssal-hill statistics show that spreading at
the Osbourn spreading center slowed significantly 2–6 Ma
prior to extinction. This slowing event is expressed as a
change in the average abyssal-hill amplitude near 25�S
north of the Osbourn Trough (Figure 2b). Sediment
thickness in the region of Figure 2 is constant at about
60–70 m, so the increased smoothness north of 25�S
cannot result from increased sedimentation. We estimate
a spreading rate of 2–6 cm/yr FSR after the slowing event
and >7 cm/yr FSR prior to slowing, based upon abyssal-
hill amplitudes; however, the exact rate before slowing
cannot be determined.
[56] We must therefore rely on other data to constrain the

timing of these events. One such constraint is provided by
the age of the crust at DSDP site 595. Preliminary work

estimated a 100 Ma minimum age of the crust at this site
[Menard et al., 1987]. Sutherland and Hollis [2001],
however, estimate the crust at this site to be 132–144 Ma
based upon biostratigraphy of cored sediments. Previous
models of the Osbourn spreading center have assumed that
rifting between the Hikurangi and Manihiki plateaus began
shortly after their formation around 119–121 Ma. However,
Mortimer et al. [2006] show that this rifting only needs to
have occurred before the formation of the West Wishbone
Scarp at ca. 115 Ma.
[57] A minimum spreading rate of 7 cm/yr FSR for the

early portion of Osbourn spreading implies that the crust
between the Manihiki Plateau and 25�S, and its conjugate
south of 27�S and north of the Hikurangi Plateau, was
created in at most 22 Ma. This period, along with the 2–
6 Ma period of slow spreading, implies that the Osbourn
paleo-spreading center was active for, at most, 24–28 Ma.
If rifting began at 121 Ma, extinction of the Osbourn
Trough must have occurred by 93–97 Ma. However, if
rifting occurred later, at 115Ma, extinction could have been
as late as 87–91 Ma. All of these ages are well before the
end of Chron C34 at 83 Ma. If the crust at DSDP site 595
was created at the Osbourn spreading center then rifting
ages of 121 Ma and 115 Ma predict that the age of this crust
is older than 101 Ma and 95 Ma, respectively. Both of these
age constraints are in agreement with the age estimates for
DSDP site 595 of both Menard et al. [1987] and Sutherland
and Hollis [2001]. The age estimate of Sutherland and
Hollis [2001] implies that the crust at DSDP site 595 formed
prior to the eruption of the Hikurangi and Manihiki
Plateaus, an assertion that is difficult to explain if this crust
was indeed formed at the Osbourn Trough. However, our
data do not directly contradict the model of Sutherland and
Hollis [2001]. The one ship track that we do have at the
longitude of DSDP site 595 shows no evidence of the
fracture zone implied by Sutherland and Hollis [2001];
however, data in this region are too sparse to eliminate its
presence entirely. In the context of their model, the scenario
presented in Figure 11 describes the late evolution of the
Pacific-Moa plate boundary. Another explanation for the
anomalous ages determined by Sutherland and Hollis
[2001] is that deep sea currents transported older sediments
to the location of DSDP site 595.

7. Conclusions

[58] Our data analysis yields several important clues to
explaining the tectonic history of the Osbourn Trough.
Analysis of the magnetic data shows that the Osbourn
paleospreading center stopped spreading during Chron
C34. The most fruitful part of our analysis is the examina-
tion of the seafloor fabric away from the trough axis. A
change in seafloor RMS amplitude shows that spreading
slowed 2–6 Ma prior to the extinction of the Osbourn
Trough. Change in abyssal-hill strike also shows that
spreading direction changed from NNE-SSW to approxi-
mately N-S (measured in a modern Manihiki Plateau
reference frame) some time prior to the slowing event.
Using our results, we formulated a new model of the
Osbourn Trough’s tectonic history.
[59] Our model successfully explains the conflict between

Osbourn paleospreading models and regional models by
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showing that spreading on the Osbourn spreading center was
decoupled from that of the Pacific-Phoenix Ridge and by
showing that the Osbourn spreading center spread at a rate
faster than predicted by its axial characteristics. Correspond-
ingly, our model predicts that the Osbourn spreading center
ceased spreading prior to previous estimates. A rifting age of
115 Ma for the Hikurangi and Manihiki Plateaus predicts
spreading ceased prior to 87 Ma, while a 121 Ma extinction
age implies that spreading stopped before 93 Ma.
[60] One aspect of our tectonic model warranting further

study is the interaction of the western end of the Pacific-
Phoenix Ridge with the Ellice Basin spreading center
postulated to be active at this time [Taylor, 2006]. The
presence of the Ellice Ridge implies that there must be a
triple junction trace somewhere southwest of the Manihiki
Plateau, although no such feature has been identified. As
this region is heavily sedimented and has been subject to
much intraplate volcanism further marine geophysical sur-
veys are required to elucidate the details of formation of this
area. The Wishbone Scarp is also sparsely surveyed, and
more data are required to determine the origin of this
anomalous feature. Another aspect warranting further in-
vestigation is the extent of the fracture zones of Figure 9 and
whether they are contiguous with either the Southeast
Manihiki Scarp or the Charcot-Phoenix-Pacific triple junc-
tion trace described by Eagles et al. [2004].

Appendix A: Effect of Sedimentation on
Spreading Rates and Direction Estimates From
Abyssal-Hill Fabric

[61] Our seismic data provide a means to quantify the
effects of sedimentation on abyssal-hill statistics. The
NBP0207 seismic line runs north-south perpendicular to
the trend of the abyssal-hill fabric. The two-dimensional
nature of the seafloor morphology perpendicular to the
seismic line implies that the observed seismic bathymetry
and basement depth are a good approximation to the
average bathymetry and basement topography along an
azimuth of 90� (i.e., the bathymetry and basement topogra-
phy along the seismic line is expected to be similar in shape
to the Radon transform of the two-dimensional bathymetry
and basement topography at q = 90�). The unusual fabric
near the NBP0304b seismic lines precludes their use in this
analysis because the bathymetry along the seismic line is
not representative of the bathymetry across the NBP0304b
multibeam swath.
[62] By comparing the RMS amplitude and scales of the

seismically determined bathymetry and basement topogra-
phy profiles, we are able to determine the effect of sedi-
mentation on these quantities. Figure S1a1 shows the
bathymetry and basement topography interpreted from the
NBP0207 seismic data. Figure S1b shows the sediment
thickness observed along this line after the application of a
mean filter of 5 km half-width. Figure S1c displays the ratio
of the bathymetry RMS amplitude to the basement RMS
amplitude, each of which have been calculated using a
20 km moving window. The rough negative correlation
between this ratio and the sediment depth in Figure S1b

indicates that thicker sediments reduce the RMS amplitude
of the bathymetry relative to that of the basement more
effectively than do thinner sediments. Furthermore, where
sediment thickness is less than 75–100 m, the ratio in
Figure S1c is very near to 1, indicating that a sediment
cover of this thickness does not significantly reduce the
RMS amplitude of the bathymetry relative to the RMS
amplitude of the basement. Similar results have been
reported by Goff [1991], Goff and Tucholke [1997], and
Goff et al. [1995] and are predicted by the sedimentation
model of Webb and Jordan [1993].
[63] Figures S1d–S1f demonstrate the effects of sedimen-

tation on scale. Figures S1d and S1e are thewavelet transforms
of the basement topography and bathymetry respectively.
Figure S1f is the difference between Figure S1d and S1e.
The two wavelet transforms are very similar in shape, but
their amplitudes differ for widths less than 8 km (Figure S1f).
Thus the effect of sedimentation is to preferentially reduce the
features of small scale. We do not observe a correlation
between the range of scales affected and the sediment
thickness. Such a correlation has been observed by Goff
[1991] and Goff et al. [1997, 1995], where sediments
progressively dampen larger scales with increasing sediment
thickness.
[64] In order to accurately interpret the results of our

multibeam analysis it is important to know the sediment
thickness near our survey locations. Where sediments are
relatively thin (<70–100 m) we can be confident that our
RMS amplitude is an accurate estimate of the RMS ampli-
tude of basement. Our scale measurements will be affected
by sedimentation regardless of sediment depth. Where
possible we can use our seismically determined sediment
thickness. Elsewhere we must rely on the NGDC global
sediment thickness database [Divins, 2006]. Sedimentation,
however, should have no effect on abyssal-hill azimuths
because sedimentation acts to change abyssal-hill widths
and amplitudes only.
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