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c detachment faults and how those rates compare to sea-floor spreading rates
constitute fundamental data required to constrain how oceanic core-complexes form and their role during
crustal accretion. We combine sea-surface magnetic data, with the magnetic polarity of shallow-core samples
and Pb/U SHRIMP ages of igneous zircon to determine the time-averaged half-spreading rate during oceanic
detachment faulting at Atlantis Bank, 100 km south of the ultraslow-spreading Southwest Indian Ridge
(SWIR). The Pb/U zircon ages correlate well with the magnetic ages and so highlight that magmatic accretion
and faulting were coeval for over 2 Myr, creating and exposing a N1.5-km-thick layer of gabbro for N35 km
parallel-to-spreading. We use bivariate linear regression of distance–age data and forward modeling of
magnetic anomaly data to calculate a half-spreading rate during detachment faulting of 14.1+1.8/−1.5 km/
Myr (95% confidence limits). When integrated with regional constraints on spreading history, we note that
detachment faulting coincided with a short-lived regional increase in the full-spreading rate along the SWIR
and, for the ridge segment containing Atlantis Bank, spreading was highly asymmetric with ~80% of plate-
motion accommodated by detachment faulting. Consequently, the detachment fault effectively formed the
plate-boundary at the surface in this spreading segment. Highly asymmetric spreading was confined to the
spreading segment containing Atlantis Bank and to the duration of detachment faulting. So the ridge
segment containing Atlantis Bank migrated northward relative to its symmetrically spreading eastern
neighbour, such that the intervening non-transform discontinuity shortened. We suggest that the highly
asymmetric spreading may be a characteristic feature of oceanic detachment faulting, an inference supported
by more poorly constrained half-spreading rates determined at several other oceanic core-complexes.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
At slow- and ultraslow-spreading mid-ocean ridges large offset
(N10 km)normal fault systems, referred to as oceanic detachment faults,
expose gabbro and peridotite at the sea-floor in domal massifs termed
‘oceanic core-complexes’ (Cann et al., 1997; Blackman et al., 1998;
Tucholke et al.,1998; Escartin et al., 2003; Searle et al., 2003; Smith et al.,
2006). Active oceanic detachment faults root in the axial valley of these
mid-ocean ridges so slip on these faults may accommodate a significant
component of sea-floor spreading, such that these faults can be
considered an integral part of the plate-boundary system (Fig. 1).
Although many authors have assumed symmetric sea-floor spreading
rates during detachment faulting (Tucholke et al., 2001,1998; Escartin et
al., 2003; Buck et al., 2005); there is evidence for both short- and long-
lived asymmetric spreading rates at slow- andultraslow-spreadingmid-
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ocean ridges (Allerton et al., 2000; Hosford et al., 2003). To test the
assumption of symmetric spreading during slip on oceanic detachment
faults and improve our understanding of the dynamics and conditions
that form these fault systems, accurate determinations of half-spreading
rates during detachment faulting are needed. To date, slip-rates on these
faults have been inferred solely from the interpretation of sea-surface
magnetic anomaly data. However,magnetic anomalies are often unclear
over oceanic core-complexes, most likely because core-complexes
expose sometimes weakly magnetic lower crustal and mantle rocks
rather than basalt. Consequently, the few spreading rates determined
have been poorly constrained (Schulz et al., 1988; Searle et al., 2003).
Recently, radiometric dating techniqueshavebeenused for thefirst time
to accurately date oceanic crust across an oceanic core-complex (John
et al., 2004; Schwartz et al., 2005), and the opportunity nowexists to use
these data to provide independent constraints on half-spreading rates
during detachment faulting. Here we combine Pb/U ages from igneous
zirconwith detailedmagnetic data from the Atlantis Bank oceanic core-
complex, on the SWIR, to determine the half-spreading rate during
detachment faulting. We argue that this spreading rate approximately
corresponds to the rate of slip on this oceanic detachment fault (Fig.1), as
intrusionof the exposedgabbros, cooling through theCurie temperature
and denudation during detachment faulting were synchronous or
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Fig. 1. The accommodation of sea-floor spreading in the upper crust during detachment faulting. Flexural rotation following denudation on the detachment fault suggests that half-
spreading rates determined by magnetic data and absolute ages over a detachment fault will record the original time-averaged rate of slip along the detachment fault prior to
rotation.
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occurred very rapidly (Dick et al., 2000; Natland and Dick, 2002; John
et al., 2004;Miranda, 2006; Coogan et al., 2007). Flexural rotation of the
footwall to the detachment fault (Buck,1988) means that the horizontal
half-spreading rate approximates the original rate of slip on the dipping
fault system (Fig. 1). We also use regional magnetic data from the
surrounding region to place this rate of detachment faulting in a broader
plate tectonic context.

2. Regional setting

Atlantis Bank (Fig. 2) is a well-studied oceanic core-complex located
on the Antarctic Plate ~100 kmsouth of the axial valley of the ultraslow-
Fig. 2. a) Crustal magnetization plotted along ship tracks over Atlantis Bank. Hand picked isoc
isochrons— black andwhite lines. Also shown are the location of submersible samples (circle
method (John et al., 2004; Schwartz et al., 2005). Grey triangles show the location of shallow
triangles— normal polarity, open triangles— reverse polarity. b) Shaded bathymetry of Atlan
profiles used in Fig. 3. c) Latitude versus age for the samples and for the isochrons at the same
plotted as squares (filled for normal chrons, open for reversed chrons). Also shown are the be
line (grey shading), and the average half-spreading rate of 8.6 km/Myr since 20 Ma. Age error
as a black and white panel at the bottom and provides an indication of errors for the magnet
(star): SP — Somalian Plate, NP — Nubian Plate, IP — Indian Plate (after Horner-Johnson et a
spreading SW Indian Ridge (Fig. 2c inset), between the Atlantis II
Transform fault (~57°05′E) and a fracture zone associated with a non-
transform discontinuity at ~57°40′E (Dick et al., 1991). At Atlantis Bank,
detachment faulting exposed relatively evolved gabbros and subsidiary
peridotite for at least 35 km parallel-to-spreading (Dick et al., 2000;
Matsumoto et al., 2002). Extensive high-temperature crystal plastic
textures are observed in gabbros fromODP Hole 735B (Dick et al., 2000)
and from the surface of Atlantis Bank (Miranda, 2006), suggesting that
deformation was synchronous with or immediately followed gabbro
emplacement. Fluid inclusion data from the upper 500 m of core
recovered in ODP Hole 735B suggest that intrusion and cooling of
gabbros occurred only 1.5–2 km below the sea-floor (Vanko and Stakes,
hrons are also plotted: Normal polarity isochrons— thick black lines and reverse polarity
s), dredge samples (diamonds) and ODP Hole 735B (star) that were dated using the U/Pb
drill cores whose magnetic polarities were presented by Allerton and Tivey (2001): Solid
tis Bank: symbols as in (a), plus thin black lines— 500 m contours, dashed black lines—
scale. Symbols are the same as for (a) with the exception of themagnetic data, which are
st-fit bivariate linear regression (thin solid black line), the 95% confidence limits on that
bars are only shown for the Pb/U zircon ages. The magnetic polarity timescale is shown
ic ages. Location error for each point is b2 km. Inset shows the location of Atlantis Bank
l., 2005).



Table 1
Spreading rates and confidence limits calculated over Atlantis Bank

Distance–age data Sample
size

Raw data Corrected dataa

Rate S.E.b 95%
confidence
limits

Rate S.E.b 95%
confidence
limits

Magnetic data 75 13.8 1.2 +1.8/−1.5 13.2 1.1 +1.7/−1.3
All Pb/U ages 20 14.3 6.9 +15.7/−5.4 14.5 6.2 +14.6/−5.7
Pb/U ages (excluding
anomalous ages)c

15 14.6 4.4 +9.6/−3.9 15.4 4.7 +11.6/−4.9

Magnetic and all Pb/U
ages

95 13.6 1.7 +2.0/−1.9 13.2 1.2 +1.8/−1.8

Magnetic and Pb/U ages
(excluding anomalous
ages)c

90 14.1 1.2 +1.8/−1.5 13.7 1.2 +1.6/−1.3

a Corrected for an assumed paleo-ridge orientation of 080°N.
b Standard error.
c After Schwartz et al. (2005).
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1991), and paleomagnetic data implies 19±5° footwall rotation for
temperatures below the Curie temperature (b580 °C:Kikawa and Pariso,
1991; Worm, 2001; Natland and Dick, 2002). Although this implies
relatively low degrees of rotation, tectonic rotation above the Curie
temperature at Atlantis Bank is unconstrained, so we cannot preclude
greater tectonic rotation (e.g. Garcés and Gee, 2007) that may be more
consistent with a rolling-hinge model for detachment faulting (Buck,
1988; deMartin et al., 2007).

Atlantis Bank is a 40 km by 20 km bathymetric massif, elongate in the
N–S direction, that rises to 718-m depth (Fig. 2). The anomalous uplift of
this platformwas partly due to flexural uplift following extension on the
outwarddippingmoderate–high-anglenormal faults thatbound it (Baines
et al., 2003). The anomalous elevation of Atlantis Bank has two major
benefits for this study; it reduces attenuation of the magnetic anomaly
observed at sea-level providing relatively high-resolution data and has
madeAtlantis Bank easily accessible for drilling and submersible sampling
yielding a sample suite that has been absolutely dated (John et al., 2004;
Schwartz et al., 2005). These factors provide an unprecedented opportu-
nity to investigate the kinematic evolution of this core-complex.

3. Data

3.1. Magnetic data

Clear linear magnetic anomalies are observed on sea-surface
magnetic anomaly data over Atlantis Bank because the exposed
gabbros form a good magnetic source layer (Kikawa and Pariso, 1991;
Worm, 2001; Natland and Dick, 2002), and the anomalously shallow
bathymetry reduces attenuation of the magnetic anomaly observed at
sea level. Correlation of these anomalies to the geomagnetic polarity
timescale (Ogg and Smith, 2004) allows us to determine the time-
averaged half-spreading rate over the oceanic core-complex. The sea-
surfacemagnetic anomaly data used in this studywas collected during
cruises by the R/V Robert Conrad in 1987 (Dick et al., 1991), the R/V
Karei in 2000 (Hosford et al., 2003), and the R/V Yokosuka in 1998
(Hosford et al., 2003) and 2001 (Baines et al., 2007). Baines et al.
(2007) inverted these data for crustal magnetization and anomalies
were correlated to the geomagnetic polarity timescale 2004 (GPTS
2004, Ogg and Smith, 2004). Approximately north–south profiles of
crustal magnetization were extracted from the gridded solution along
the original ship tracks and isochrons were handpicked at peaks or
troughs in the crustal magnetization solution and assigned the age at
the mid-point of the corresponding polarity epoch (Fig. 2a) (Baines
et al., 2007). For this study, we limited ourselves to ten approximately
evenly spaced points per isochron over Atlantis Bank to prevent the
possibility of these data dominating subsequent calculations of
spreading rates that include other data.

Isochrons over Atlantis Bank trend approximately ENE-WSW
(average 080°), especially chrons C5r.3r and C5An. This trend is
oblique to the E–W trend that would be expected for an orthogonal
spreading segment, given the north–south direction of relative plate-
motion. Although regionally most isochrons trend approximately
east–west, the ENE-WSW trend of isochrons over Atlantis Bank is not
particularly unusual for the area (Baines et al., 2007). We note that the
observed anomalies are locally consistent with the majority of U–Pb
ages, therefore the ENE-WSW trend of the isochronsmay be a primary
feature reflecting obliquity of the paleo-ridge axis during the
formation of Atlantis Bank. Alternative explanations, such as topo-
graphic truncation of shallowly south-dipping E–W-trending mag-
netic polarity boundaries (Allerton and Tivey, 2001) due tomajormass
wasting on the western flank of Atlantis Bank or sinistral deformation
on observed transform-parallel normal faults (Baines et al., 2003),
may partially contribute to, but cannot fully account for, the observed
ENE-WSW trend of the isochrons.

In addition to the sea-surface magnetic data, estimated magnetic
ages based on the magnetic polarity of 23 shallow-core samples drilled
across the summit of Atlantis Bank provide additional constraints
(Allerton and Tivey, 2001). The shallow cores acquired their magnetic
remanence during polarity chrons C5r.1-2r, C5r.2n and C5r.3r. Although
it is possible to interpolate magnetic ages of the three cores within the
60 kyr chron C5r.2n based on their position within that chron,
attempting similar interpolation for the remaining 20 cores requires
using the isochrons identified from sea-surface anomaly data. This
would bias the results of later inversions for spreading rate towards that
determined from the sea-surface data. So, in order to treat these core
data independently and consistently, all the cores were assigned ages
corresponding to the mid-point of their respective polarity chrons. Two
additionaldatapointsweredefined that correspond to theboundaries of
polarity chron C5r.2n, and are located at the mid-point between
neighbouring cores of opposite polarity.

3.2. U/Pb ages

Twenty Pb/U SHRIMP zircon ages have been obtained from
undeformed gabbroic rock samples recovered from the footwall of
the detachment fault by dredges, manned and unmanned submersible
dives (Schwartz et al., 2005), and from ODP Hole 735B (John et al.,
2004). These ages independently validate the identified magnetic
isochrons and provide further constraints on the spreading rate over
Atlantis Bank. The dated samples span a spreading-parallel distance of
25.6 km and range in composition from gabbro to oxide gabbro and
magmatic felsic veins (Schwartz et al., 2005). Five of the ages are
anomalously old compared to the magnetic data and may represent
crystallization in the upper 5–18 km of lithosphere followed by later
assimilation into crustal gabbros (Schwartz et al., 2005). Excluding
these five anomalous ages, the remaining Pb/U SHRIMP zircon ages
range from 10.6–12.2 Ma with 2σ errors of 1–5% (0.1–0.6 Myr). We
have calculated spreading rates using all twenty ages, and by
excluding the five anomalous samples (Table 1).

4. Calculating half-spreading rates

To determine the half-spreading rate over Atlantis Bank and to
quantify the accuracy of that rate, we use two complimentary
methods: i) bivariate linear regression of discrete magnetic and U–Pb
distance–age data, and ii) iterative forward modeling of individual
magnetic anomaly profiles.

4.1. Regression of distance–time data for spreading rate

We calculate half-spreading rates using the linear bivariate
regression method (York, 1966). Due to the statistically small sample
size and presence of scatter in the data that is not caused by analytical
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error alone, we weight each point equally and determine confidence
limits on the rates using the bootstrap method (Efron and Tibshirani,
1994). In this application of the bootstrap method, confidence limits
were determined by performing linear bivariate regression for 10,000
randomly defined samples of the original data. Each random sample
had the same number of points as the original data set, but the points
that comprised the sample were chosen at random such that each
point could be selected more than once. The resulting 10,000
spreading rates were used to calculate normalized probability density
functions (PDFs) of spreading rate that define the median spreading
rate and 95% confidence limits on that rate. When the spreading rate
was well-constrained the 95% confidence limits determined by the
bootstrap method were equivalent to the standard errors calculated
by linear bivariate regression, however when errors were large as is
relatively commonwhen determining spreading rates over such short
time intervals (e.g. Baines et al., 2007), the bootstrap method revealed
significant skew in the PDFs, and thus the confidence limits, that is not
revealed by the standard errors. For this reason, we report the results
of the bootstrap, as they better reflect the uncertainty in the calculated
spreading rates.

4.2. Forward modeling magnetic anomaly profiles

The regression outlined above uses only the discrete handpicked
isochrons, however we can objectively assess the results of the
regression by modeling the magnetic anomaly profiles themselves. To
do this we forward model magnetic anomaly profiles using the
method of Parker (1972) for a range of spreading velocities and
inferred age at 32°43.4′S (the latitude of ODP Hole 735B) and compare
these models to the observed magnetic anomaly profile. This is
analogous to iteratively varying the slope (velocity) and intercept (age)
of a line on a plot of age against distance tominimize error. To calculate
the forward models we assume a 1.5-km-thick magnetic source layer
whose upper boundary is defined by the observed bathymetry.
Discrete blocks of constant magnetization with vertical boundaries
were defined given an input spreading velocity and the geomagnetic
polarity timescale 2004 (GPTS 2004: Ogg and Smith, 2004). The blocks
are magnetized parallel to a geocentric dipole with magnetizations of
±2 A/m, which approximates the average magnetization of ODP Hole
735B (Shipboard Scientific Party, 1999), and the background field
defined by the ninth generation International Geomagnetic Reference
Field (International Association of Geomagnetism and Aeronomy,
2003). This technique allows us to rapidly calculate a large suite of
synthetic anomaly profiles and calculate the root mean square (RMS)
error of these synthetics relative to the observed anomaly. Contour
plots of RMS error reveal bulls-eyes about the best-fit spreading
velocity and intercept age, the width of the bulls-eyes provide a
qualitative measure of the error on the best-fit velocities and ages
(Fig. 3). We note that this straightforward approach is able to produce
synthetic profiles that match the observed anomaly reasonably well;
in general the anomalies on the modeled profiles are sharper than
those observed. This effect ismost likely due to geological complexities
such as dipping or diffuse polarity boundaries, varying degrees of
magnetization and temporally complicated intrusive relationships
within the exposed crust. However our primary aim is to match the
sequence and location of magnetic anomalies in order to determine
the best-fit half-spreading rate rather than matching the detailed
shape of individual anomalies. Although it is possible to improve the fit
of the synthetic profiles by varying the dip or magnetization contrast
across individual polarity boundaries, doing so is subjective, and has
little effect on the best-fit spreading velocities. For example, we have
tested the effect of dipping polarity boundaries on the calculated
spreading rate along line B–B′ (Figs. 2 and 3d). Allerton and Tivey
(2001) suggested that the magnetic polarity boundaries for anomaly
C5r.2n dip 20° to the south, so we have modeled this profile using the
same parameters as above but with 20° south-dipping polarity
boundaries. The resulting anomalies for each chron are less sharp
and of slightly lower amplitude than for vertical polarity boundaries.
However, the polarity boundaries and hence anomalies are the same
distance apart, such that the effect on the best-fit spreading velocities
determined using dipping boundaries compared to vertical polarity
boundaries is insignificant. For this reason and because the dip of
polarity boundaries other than C5r.2n is uncertain, we use vertical
magnetic polarity boundaries in our forward models.

5. Results

5.1. Half-spreading rate over Atlantis Bank

Bivariate linear regression of the raw magnetic isochrons and the
magnetic polarity of shallow drill cores gives a half-spreading rate of
13.8+1.8/−1.5 km/Myr (95% confidence limits) between chrons C5n
and C5Ar (10.4–12.7 Ma; GPTS 2004) (Fig. 2c). The overall ENE-WSW
obliquity of the isochrons is not explicitly included in this calculation
which calculates an average rate by integrating raw data across
Atlantis Bank. Accounting for the average 080° trend of the isochrons
by rotating the raw data 10° clockwise, we calculate a spreading rate of
13.2+1.7/−1.3 km/Myr. Although this rate is lower with narrower
confidence limits, it is within error of the rate calculated from raw data
and it is not clear that the ridge obliquity was constant during the
formation of Atlantis Bank. Calculating best-fit spreading rates by
forward modeling three anomaly profiles over Atlantis Bank reveals
some variation in the best-fit spreading rates (13.5–15.5 km/Myr)
implying that the obliquity of the paleo-ridge axis may have changed
during the formation of Atlantis Bank (Fig. 3). Thus the validity of
making corrections for obliquity is uncertain. As the best-fit spreading
rates calculated by forward modeling individual anomaly profiles, by
regressing data corrected for the average obliquity and by regressing
the raw data are all within error (Fig. 3; Table 1), we will restrict
further discussion to spreading rates calculated from the raw data
rather than data that has been manipulated to correct for the average
obliquity (Table 1).

Regression of all the available Pb/U ages independently corrobo-
rates the interpretation of the magnetic data alone and yields a
spreading rate of 14.3+15.7/−5.9 km/Myr. Excluding the five anom-
alously old ages (Schwartz et al., 2005) gives a better constrained half-
spreading rate to the south of 14.6+9.3/−3.9 km/Myr. Although the
confidence limits on these rates are larger, they agree well with the
rate determined from magnetic data alone and these rates are all
significantly greater than the 8.6±0.1 km/Myr time-averaged half-
spreading rate in this segment since 20 Ma. (Baines et al., 2007).

The Pb/U ages date crystallization of individual magmatic bodies
(850±50 °C) (John et al., 2004), which may not be intruded in a regular
manner. For example theremay be somevariation of emplacement both
horizontally within the axial valley and with depth below the axial
valley. Such variation would, in part, explain the greater uncertainty
associated with these spreading rates compared to those determined
from themagnetic ages, which provide an average age for cooling of the
entire magnetic source layer through the Curie temperature of the
gabbros (500–580 °C) (Worm, 2001). Nonetheless, the magnetic ages
closely match the Pb/U ages (Fig. 2b) implying rapid cooling from 850±
50 °C to below 500 °C in ≪0.4 Ma (John et al., 2004; Schwartz et al.,
2005), a result consistentwith rapid cooling rates calculated fromCa-in-
olivine diffusion profiles for rocks in Hole 735B (Coogan et al., 2007). As
cooling rates were so rapid, the magnetic ages and U/Pb ages are
equivalent within error and have been used together to calculate a half-
spreading rate for the Antarctic plate of 14.1+1.8/−1.5 km/Myr during
detachment faulting (10.3–12.7 Ma) (Table 1; Fig. 2).

Sensu-strictu, the ~14 km/Myr rate over Atlantis Bank does not
record the slip rate along the detachment fault, but rather the
apparent rate of plate spreading. Ridge-parallel normal faults
observed in bathymetric data cutting the detachment fault suggest a



Fig. 3. Results of forward models for the three profiles: lines A–A′ (a–c), B–B′ (d–f) and C–C′ (g–i) shown in Fig. 2. a), d) and g) Observed magnetic anomaly profiles (solid black lines)
and synthetic magnetic anomaly profiles assuming vertical polarity boundaries (dashed-dot dark grey lines), d) also shows a forwardmodel calculated in GM-SYS assuming identical
parameters but for polarity boundaries that dip 20° to the south (pale dashed line). b), e) and h) root mean square (rms)misfit betweenmodels and observations. Contour plots of rms
misfit for models runwith different spreading velocity and intercept age at 32°43.4′S, white lines show the locations of profiles through the minima plotted below and to the right of
the contour plots. c), f) and i) the magnetic polarity structure as defined for the best-fit spreading rate and intercept age using the geomagnetic polarity timescale 2004 and the
observed bathymetry for a 1.5-km-thick source layer. Black boxes — normal polarity (+2 A/m), white — reversed polarity (−2 A/m).
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component of later extension that would lead to an overestimated rate
of detachment faulting (Fig. 1). However the throw on these faults is
relatively minor, scarps are b600 m high, such that the total
magnitude of extension on these faults is likely to be b1.5 km.
Accounting for this late-stage extension would reduce the half-
spreading rate we have determined by b0.7 km/Myr, which is less
than the calculated error on half-spreading rate. Therefore the
~14 km/Myr rate inferred over Atlantis Bank likely approximates the
time-averaged slip rate on the detachment fault system.

5.2. Regional analysis

A regional analysis of spreading rates from the SWIR surrounding
Atlantis Bank since 26 Ma, was presented by Baines et al. (2007). Of
particular relevance here, they analysed data over a period from 10.4–
15.6 Ma (C5n to C5Br) that includes the formation of Atlantis Bank and
showed that regionally the full-spreading rate increased to an average
of 15.7±0.7 km/Myr. They also showed that although the segment
containing Atlantis Bank (segment AN-1) was spreading asymme-
trically, the segment to the east (segment AN-2), was spreading
symmetrically over the same period. This difference in spreading
asymmetry led to relative migration of the spreading ridges in each
segment and a reduction in the offset of the intervening non-
transform discontinuity (Fig. 4b). We note that this reduction was
most rapid at the time Atlantis Bank formed and that the half-
spreading rate determined over Atlantis Bank from 10.4–12.7 Ma is
significantly faster than the average of 10.4±0.6 km/Myr over the
longer period from 10.4–15.6 Ma (Baines et al., 2007). Before 12.7 Ma,
we calculate a half-spreading rate of 7.3+1.6/−1.5 km/Myr (12.7–
15.6 Ma) while after 10.4 Ma the half-spreading rate was 8.9±0.7 km/



Table 2
Regional spreading rates from 10.4–12.7 Ma (C5n–C5Ar) calculated from magnetic
anomaly data

Segment Description Rate
(km/
Myr)

95% Confidence
Limits

Plus Minus

AN-1 Full-spreading rate 17.2 2.8 1.4
Antarctic Plate (Atlantis Bank) 13.8 1.8 1.5
Somalian Plate 4.6 1.3 1.6

AN-2 Full-spreading rate 16.4 1.3 1.4
Antarctic Plate 8.3 0.7 0.7
Somalian Plate 8.3 0.9 1.1

Fig. 4. Regional analysis of spreading during the formation of Atlantis Bank. a) Magnetic isochrons for the zone between the Atlantis II and Novara Transform faults after Baines et al.
(2007). Current plate-boundary — thick grey line, normal polarity isochrons — black lines, reverse polarity isochrons — grey lines, fracture zones — Dashed light grey lines, AB —

Atlantis Bank, NTD— 56°40′E non-transform discontinuity. Bathymetry shownwith same palette as in Fig. 2b) without the false illumination. b) Closure of the 57°40′E non-transform
discontinuity and ridgemigration. A graph of the spreading-parallel offset of magnetic isochrons across the 57°40′E non-transform discontinuity versus age both north (filled circles)
and south (open circles) of the ridge axis (modified from Baines et al., 2007). The offset across the non-transform discontinuity reduced rapidly during the formation of Atlantis Bank.
Cartoons above and below the graph show the ridge geometry and approximate spreading rates before detachment faulting (~13 Ma) and at the cessation of detachment faulting
(~10 Ma) respectively.
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Myr (4.7–10.4 Ma; Baines et al., 2007). These rates are both
significantly slower than the half-spreading rate calculated over
Atlantis Bank (14.1+1.8/−1.5 km/Myr), so suggest that the regional
increase in full-spreading rate, asymmetric spreading and shortening
of the non-transform discontinuity may all be associated with changes
in plate kinematics that coincide with the formation of Atlantis Bank.

To further investigate this potentially anomalous period from 10.4–
12.7Ma,we use the regionalmagnetic anomaly data to further constrain
the kinematics of sea-floor spreading during the formation of Atlantis
Bank. However, away from the anomalously elevated Atlantis Bank,
greater attenuation of the magnetic signal from the deeper source layer
reduces the resolution of sea-surfacemagnetic data. The slower average
half-spreading rate to the north of segments AN-1 and AN-2 (5.4 km/
Myr) also compresses the sequence of anomalies with the result that
many of the shorter duration magnetic polarity chrons observed at
Atlantis Bank cannot be resolved, and only isochrons of long duration
(N400 kyr) can be identified. Despite the lower resolution of these data,
anomalies C5n, C5r, C5An and C5Ar have been identified on the
Somalian Plate conjugate to Atlantis Bank (segmentAN-1; Hosford et al.,
2003; Baines et al., 2007) and on both plates in the spreading segment
immediately to the east (segment AN-2; Hosford et al., 2003; Baines
et al., 2007; Fig. 4a). These isochronsareused to calculate spreading rates
using the same bivariate regression methodology used over Atlantis
Bank (Table 2). Full-spreading rates calculated directly using the total
distance between isochrons north and south of the axis are 17.2+2.8/
−1.4 km/Myr and 16.4+1.3/−1.4 km/Myr for segments AN-1 and AN-2
respectively. These spreading rates are within error of each other, so
suggest a regionally elevated full-spreading rate during the formation of
AtlantisBank,whichwas significantly faster than the14km/Myraverage
full-spreading rate since 20Ma.Although the calculated rates from10.4–
12.7 Ma are not significantly greater than the average 15.7±0.7 km/Myr
rate calculated over the longer period from 10.4–15.6 Ma, they hint that
regionally elevated full-spreading rates could be restricted to the time
that Atlantis Bank formed.

The elevated full-spreading rate of ~17 km/Myr taken together
with the 14.1 km/Myr half-spreading rate over Atlantis Bank suggests
a half-spreading rate for the Somalian Plate in segment AN-1 of
~3 km/Myr, although direct calculation using the isochrons on the
Somalian Plate suggests a half-spreading rate of 4.6+1.3/−1.6 km/Myr.
The apparent discrepancy between these half-spreading rates reflects
errors associated with determining a half-spreading rate from the
closely spaced and poorly defined anomalies north of the spreading
axis. However, it is clear from these data that spreading in segment
AN-1 was highly asymmetric, with 80±15% of the full-spreading rate
accommodated to the south by slip on the detachment fault.
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In contrast for segment AN-2 over the same period spreading rates
were symmetric with half-spreading rates of 8.3+0.9/−1.1 km/Myr for
the Somalian Plate and 8.3+0.7/−0.7 km/Myr for the Antarctic Plate.
This means that ridge segments AN-1 and AN-2 migrated relative to
one another in a dextral sense at ~4–7 km/Myr, reducing the
spreading-parallel offset across the non-transform discontinuity that
separates these segments (Fig. 4b). This reduction may also be related
to shallowingof the bathymetric trace of this offset at this time (Fig. 4a)
(Hosford et al., 2003; Baines et al., 2007). We stress that extremely
asymmetric spreading was confined to segment AN-1 and to the
formation of Atlantis Bank, so may be directly associated with
detachment faulting.

6. Discussion

Many plate-kinematic observations suggest that Atlantis Bank did
not form during a period of “normal” symmetric spreading. In
particular, asymmetric spreading rates have dominated the region
about the Atlantis II Transform fault since at least 20 Ma (Dick et al.,
1991; Hosford et al., 2003) and resulted in major changes in plate-
boundary geometry including significant growth of the adjacent
Atlantis II Transform fault (Baines et al., 2007). Furthermore, a rotation
in plate-spreading direction ~20Ma resulted in 12Myr of transtension
on the Atlantis II Transform fault (Dick et al., 1991; Baines et al., 2007).
The formation of Atlantis Bank itself was associated with particularly
extreme asymmetric spreading and a short-lived regional increase in
the full-spreading rate. Here we discuss the role each of these factors
may have played in the initiation of detachment faulting.

Atlantis Bank is the only oceanic core-complex observed in Segment
AN-1, yet spreading in this segment has been asymmetric since 20 Ma
and theAtlantis II Transformwas in transtension from ~20 to 8Ma. Thus
neither transtension nor asymmetric spreading associated with the
plate-boundary's long term evolution can fully explain the single,
relatively short-lived episode of detachment faulting in this area. Using
similar logic, we note that the short-lived regional increase in the full-
spreading rate, which coincides with the formation of Atlantis Bank, is
not associated with a spate of core-complex formation regionally along
the SWIR (e.g. Baines et al., 2007; Cannat et al., 2006). So this pulse of
faster spreading is unlikely to be the sole cause of detachment faulting.
We suggest that the formation of Atlantis Bank may reflect a
combination of these factors, such that the location of Atlantis Bank in
segment AN-1 was controlled by anomalous stress conditions at the
ridge-transform intersection associated with transtension along and
Fig. 5. a) Cartoon of asymmetric spreading and the distribution of crustal accretion during
detachment faulting. The majority of material accreted beneath, and was denuded by, the de
depth during detachment faulting. In the upper crust the majority of extension was acc
accommodatemuch of the remaining extension. The detachment fault likely rooted in a zone
a gradational transition from dominantly tectonic extension to magmatic accretion at this lev
the intrusion of gabbroic rocks, the majority of which were then uplifted and exposed by th
probably accommodated by upwellingmantle and byminor gabbroic intrusion into the lithos
extension that was likely accommodated by high-angle normal faults that penetrate the lith
growth of theweakAtlantis II Transform fault (Baines et al., 2003, 2007),
while the initiation of detachment faulting coincides with the regional
increase in full-spreading rate ~13 Ma.

Several authors have noted the reorientation and concentration of
regional tectonic stresses at ridge-transform intersections (e.g. Fujita
and Sleep, 1978; Phipps Morgan and Parmentier, 1984; Furlong et al.,
2001; van Wilk and Blackman, 2005) and some have suggested that
these effects may promote the formation of oceanic core-complexes
(Furlong et al., 2001). Transtension on the Atlantis II Transform fault
may have amplified these effects, such that a zone of high stress
extended further from the transform fault into the inside corner of the
ridge-transform intersection (Fujita and Sleep, 1978). Furthermore,
long-lived fast-to-the-south asymmetric spreading in segment AN-1
likely thermally weakened the inside corner (Sleep, 1975; Fujita and
Sleep, 1978). These factors suggest that the inside corner of segment
AN-1 was relatively weak, under elevated stress and so was
predisposed to detachment faulting. However, in isolation, these
factors may have been insufficient to trigger detachment faulting and
further perturbation to the system was necessary; in this case the
increase in full-spreading rate 12.7–10.4 Ma. This increase in
spreading rate may have acted to trigger detachment faulting in a
number of ways; for example by altering the regional tectonic stress
conditions, mantle flow dynamics or relative proportion of extension
accommodated magmatically. The complex interaction of kinematic
factors and their likely role in the initiation of detachment fault at
Atlantis Bank contrasts with other regions on the mid-ocean ridge
system where detachment faulting is more common and may be the
dominant mode of sea-floor spreading (Smith et al., 2006, 2008). In
these settings the full-spreading rate and/or magma supply may be
better suited for detachment faulting (e.g. Buck et al., 2005; Tucholke
et al., 2008) than the eastern SWIRwhere detachment faults occur less
frequently (Cannat et al., 2006; Baines et al., 2007).

Although the sense of asymmetric spreading during detachment
faulting at Atlantis Bank is consistent with the long term evolution of
the SWIR and growth of the Atlantis II Transform fault (Baines et al.,
2007), the magnitude of asymmetry is extreme and constrained to
Atlantis Bank alone. We suggest that the extremely asymmetric half-
spreading rates are linked to the asymmetric process of oceanic
detachment faulting itself, such that strain localization on the
detachment fault reduced extensional stresses within the axial valley
and limited magmatic extension by diking, increasing the proportion
of plate-motion accommodated by the fault and leading to highly
asymmetric spreading rates (Fig. 5). Thus, oceanic detachment
detachment faulting at Atlantis Bank. Darker shaded crust was accreted during active
tachment fault. b) Schematic model of how extensional strain was accommodated with
ommodated by the detachment fault, while dyking in the axial valley was likely to
of magmatic accretion at 1.5–2 km depth (Vanko and Stakes, 1991) and is represented by
el. In the middle–lower crust, extension was dominated by magmatic extension during
e detachment fault. Below the oceanic crust (N3 km: Muller et al., 1997), extension was
pheric mantle (Lizarralde et al., 2004; Schwartz et al., 2005). We include a component of
ospheric mantle to N6 km (Huang and Solomon, 1988).
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faulting may commonly produce asymmetric plate-spreading rates.
This inference is supported by less well-constrained data from other
oceanic core-complexes. Specifically, we note that asymmetric
spreading rates have been inferred at FUJI dome (10.8 km/Myr, 77%
of spreading) (Searle et al., 2003), the Kane megamullion (17.9 km/
Myr, 63% of spreading) (Schulz et al., 1988), Atlantis Massif (N16 km/
Myr, N70% of spreading) (Grimes et al., in press) and for detachment
faults at the Australian–Antarctic Discordance (up to 75% of spreading)
(Okino et al., 2004). Another implication, if asymmetric spreading
rates are an inherent feature of detachment faulting is that oceanic
detachment faulting will necessarily lead to relative ridge migration
and changes in the plate-boundary geometry, similar to those
observed at Atlantis Bank (Fig. 4).

Although in the above discussion we have primarily considered
kinematic triggers for detachment faulting, several authors have taken
the exhumation of peridotites to infer limited magmatism in the
footwall of oceanic detachment faults, and suggested that the
formation of oceanic core-complexes is linked to variations in the
supply of melt to the ridge axis (Tucholke et al., 1998; Buck et al.,
2005). However, significant thicknesses of gabbros recovered from
several oceanic core-complexes including Atlantis Bank suggest that
magmatic intrusionmay continue in the footwall of active detachment
faults (Natland and Dick, 2002; Ildefonse et al., 2007; Dick et al., 2008).
Furthermore Dick et al. (2008) have documented spreading-perpen-
dicular variations in footwall lithology at the Kane megamullion
where between two gabbroic plutons displaying high-temperature
crystal plastic deformation (similar to Atlantis Bank) a section of
dominantly mantle rocks has been recovered. Our observations of
systematic younging of magnetic and Pb/U zircon ages towards the
ridge axis at Atlantis Bank also emphasize that gabbroic accretion
continued during N2 Myr of detachment faulting and supports the
interpretation that magma supply to segment AN-1 has not changed
significantly since 14 Ma (Coogan et al., 2004). However, although
magma supply to segment AN-1 may have been unchanged, the
increased full-spreading rate during the formation of Atlantis Bank
may alter the relative proportion of extension accommodated
magmatically and so act to promote detachment faulting (Tucholke
et al., 2008).

In the same way that magma supply varies between oceanic core-
complexes so do the accommodation of deformation and observed
tectonic rotations. At some oceanic core-complexes on the Mid-
Atlantic Ridge where gabbro has been recovered, tectonic rotation
below the Curie temperature may have been 50–80° (Garcés and Gee,
2007) and deformation appears to have localized in serpentinized
fault zones surrounding large, undeformed, primitive gabbro bodies
that also accreted during detachment faulting (Grimes et al., in press)
but at greater depth (~6 km) andwere largely solid during denudation
(Ildefonse et al., 2007). In contrast, at Atlantis Bank gabbros accreted at
1.5–2 km depth (Vanko and Stakes, 1991) are crystal plastically
deformed and underwent ~20° rotation below the Curie temperature.
Although it is not possible to constrain tectonic rotation above the
Curie temperature, at Atlantis Bank, the good agreement between Pb/
U zircon ages and magnetic ages (John et al., 2004; Schwartz et al.,
2005), fast cooling rates calculated from geospeedometry (Coogan et
al., 2007) and the apparently rapid acquisition of magnetization
(Pariso and Johnson, 1993; Worm, 2001) highlight that cooling to
below Curie temperature after gabbroic accretion was likely rapid,
such that significant tectonic rotations before the gabbros cooled
below the Curie temperature are unlikely. However, large tectonic
rotation above the Curie temperature may not be necessary as we can
reconcile the low tectonic rotation observed in these shallowly
intruded gabbros with the model of denudation along detachment
faults that steepen with depth (Buck, 1988; deMartin et al., 2007). In
such a model, shallowly intruded gabbros will undergo less tectonic
rotation than those denuded from greater depth. Thus Atlantis Bank
may represent a magmatically robust “hot” shallow end-member to
the spectrum of conditions and magma supply that form oceanic
detachment faults.

In contrast to the observed variations in magma supply, localiza-
tion of deformation and tectonic rotation between oceanic core-
complexes, we have noted that asymmetric spreading rates during
detachment faulting appear common. We therefore present a
kinematically constrained model for the accommodation of extension
with depth during the formation of Atlantis Bank (Fig. 5); we suggest
that the detachment fault rooted at the dyke–gabbro transition in a
zone of active magmatic accretion (Dick et al., 2000). Below this, the
majority of extension was accommodated magmatically such that the
plate-boundary in the lower–middle crust was represented by a zone
of gabbroic accretion (Fig. 5). Given the asymmetric kinematics of
plate-motion, the majority (~80%) of gabbro that accreted in this zone
was likely denuded by the detachment fault, so is now exposed on the
Antarctic Plate at Atlantis Bank. Thus lower crustal accretionmay have
continued unabated during detachment faulting, while in the upper
crust tectonic extension on the detachment fault was dominant and
magmatic extensionwas relatively reduced, a model that is consistent
with observations of reduced magmatism in the upper crust during
continental detachment faulting (Gans and Bohrson, 1998). Below the
zone of magmatic accretion in the middle–lower crust, extension
would be primarily accommodated by ductile deformation and
upwelling of mantle, either by pervasive flow or localized deformation
on discrete shear zones (Jaroslow et al., 1996;Warren and Hirth, 2006;
Achenbach et al., 2007). Magmatic accretion in the mantle lithosphere
may have also accommodated a component of extension (Lizarralde
et al., 2004; Schwartz et al., 2005).

7. Conclusions

At Atlantis Bank we calculate a time-averaged rate of detachment
faulting of 14.1+1.8/−1.5 km/Myr using both magnetic anomaly data
and SHRIMP Pb/U zircon ages. At this time, the full-spreading rate of
the SWIR increased from the average of 14 km/Myr to ~17 km/Myr for
~2.3 Myr, so implies highly asymmetric spreading with ~80% of plate-
motion accommodated by detachment faulting. Therefore, the
detachment fault system acted as the primary plate-boundary in the
upper crust. Asymmetric spreading was confined to the ridge segment
containing Atlantis Bank resulting in this segment's northward
migration relative to its symmetric spreading eastern neighbour and
the consequent shortening of the intervening non-transform
discontinuity.

A regional analysis suggests that the initiation of oceanic
detachment faulting at Atlantis Bank may have been influenced by a
combination of kinematic factors; specifically a short-lived regional
increase in full-spreading rate, the long-lived evolution of plate-
boundary geometry and Atlantis Bank's proximity to the growing and
weak Atlantis II Transform fault (Baines et al., 2007), which was
undergoing transtension following a rotation in plate-spreading
direction ~20 Ma (Baines et al., 2003; Dick et al., 1991).

The Pb/U ages further highlight that magmatic accretion and
faulting were intimately related at Atlantis Bank and occurred
simultaneously for N2 Myr creating and exposing a N1.5-km-thick
layer of gabbro for over 35 km parallel-to-spreading. We propose a
model of sea-floor spreading during detachment faulting at Atlantis
Bank where the majority of extension in the upper crust was
accommodated by detachment faulting with relatively reduced
extension by magmatic diking in the upper crust. The detachment
fault rooted in a zone of magmatic accretion in the lower–middle crust
below which extension was primarily accommodated by magmatic
intrusion, or ductile deformation and upwelling of mantle.

Although Atlantis Bank's tectonic setting may have played a role in
triggering this oceanic detachment fault, the highly asymmetric
spreading rates were restricted to Atlantis Bank and asymmetric
half-spreading rates have been observed at several other oceanic core-
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complexes (Schulz et al., 1988; Searle et al., 2003; Okino et al., 2004;
Grimes et al., in press). Therefore we suggest that highly asymmetric
spreading rates may be a characteristic feature of oceanic detachment
faulting.
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