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[1] Oceanic detachment faulting represents a distinct mode of seafloor spreading at slow spreading mid-
ocean ridges, but many questions persist about the thermal evolution and depth of faulting. We present
new Pb/U and (U-Th)/He zircon ages and combine them with magnetic anomaly ages to define the cooling
histories of gabbroic crust exposed by oceanic detachment faults at three sites along the Mid-Atlantic Ridge
(Ocean Drilling Program (ODP) holes 1270D and 1275D near the 15°20'N Transform, and Atlantis Massif
at 30°N). Closure temperatures for the Pb/U (~800°C-850°C) and (U-Th)/He (~210°C) isotopic systems in
zircon bracket acquisition of magnetic remanence, collectively providing a temperature-time history during
faulting. Results indicate cooling to ~200°C in 0.3-0.5 Myr after zircon crystallization, recording time-
averaged cooling rates of ~1000°C—2000°C/Myr. Assuming the footwalls were denuded along single con-
tinuous faults, differences in Pb/U and (U-Th)/He zircon ages together with independently determined slip
rates allow the distance between the ~850°C and ~200°C isotherms along the fault plane to be estimated.
Calculated distances are 8.4 = 4.2 km and 5.0 + 2.1 km from holes 1275D and 1270D and 8.4 + 1.4 km at
Atlantis Massif. Estimating an initial subsurface fault dip of 50° and a depth of 1.5 km to the 200°C iso-
therm leads to the prediction that the ~850°C isotherm lies ~5—7 km below seafloor at the time of faulting.
These depth estimates for active fault systems are consistent with depths of microseismicity observed
beneath the hypothesized detachment fault at the TAG hydrothermal field and high-temperature fault rocks
recovered from many oceanic detachment faults.
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1. Introduction

[2] Along slow and ultraslow spreading mid-ocean
ridges, plate separation may be accommodated by
slip on long-lived, large-offset (>10 km) normal
faults [e.g., Smith et al., 2006; Schroeder et al.,
2007; Escartin et al., 2008; Cheadle and Grimes,
2010]. These large-offset normal faults, termed
oceanic detachment faults, often bound oceanic core
complexes that are characterized by smooth, domal,
bathymetrically high surfaces with corrugations
parallel to the plate spreading direction [Cann et al.,
1997; Tucholke et al., 1998; Escartin et al., 2003;
MacLeod et al., 2009]. Crustal exposures denuded
by detachment faults comprise substantial portions
of new seafloor generated along some segments
of the slow-spreading Mid-Atlantic Ridge (MAR)
(>50% between 13°N and 16°N) [Smith et al., 2000,
2008; Schroeder et al., 2007], and the ultraslow
spreading Southwest Indian Ridge (SWIR) (~40%)
[Cannat et al., 2006]. Crustal accretion during oce-
anic detachment faulting is typically highly asym-
metric with respect to the ridge axis, both in terms
of the crustal architecture and spreading rate [e.g.,
Lagabrielle et al., 1998; Allerton et al., 2000; Searle
etal.,2003; Baines et al., 2008; Grimes et al., 2008].
Where sampling has taken place, peridotite and
gabbro are commonly recovered on the seafloor
[e.g., Cannat, 1996; Cann et al., 1997; Karson, 1999;
Escartin and Cannat, 1999; Schroeder et al., 2007],
and ocean drilling has revealed large gabbro bodies
within the footwall of several large-offset normal
fault systems [Dick et al., 2000; Kelemen et al.,
2004; lldefonse et al., 2007]. In light of these
observations, it is apparent that both the nature
of magmatism encountered in tectonically domi-
nated spreading ridges, and the thickness of the
crust and lithosphere is complex and yet to be fully
characterized.

[3] The depths at which (1) detachment fault
systems extend beneath the ridge axis and (2) gabbros
within the footwall were emplaced are not well
constrained, though these factors are closely related
to the thermal structure of the lithosphere. The
thermal structure at mid-ocean ridges is controlled

by thermal energy supplied by conduction from
the mantle and intrusion of magma, and the loss of
heat toward the seafloor during conduction and
hydrothermal circulation. Conductive heat transfer
within oceanic crust has been well described [e.g.,
Sleep, 1975], but relatively few direct constraints
exist on the cumulative thermal evolution of highly
extended oceanic crust. One approach to character-
izing this thermal history is through the application
of thermochronology using U-bearing minerals.
This technique is based on the measurement of ages
recorded by multiple isotopic systems with different
closure temperatures, thus providing constraints
on the time-temperature evolution of rocks. Ther-
mochronometry has been utilized to study numerous
large-offset fault systems in continental settings
[e.g., Foster et al., 1990; John and Foster, 1993];
however, applications to oceanic crust are limited.
John et al. [2004] used thermochronometry to
characterize the thermal history of gabbros in Ocean
Drilling Program (ODP) Hole 735B at Atlantis Bank,
identifying rapid cooling (time-integrated rates of
>800°C/Myr from ~850°C-350°C), as well as evi-
dence for off-axis reheating. Schwartz et al. [2009]
followed this work to further constrain the cool-
ing history of samples from the surface of Atlantis
Bank and high-angle normal fault scarps that dissect
the core complex. These workers reported similar,
rapid cooling and local off-axis reheating.

[4] In this contribution, we present new Pb/U and
(U-Th)/He zircon ages and use them to investigate
the timing of magmatic accretion as well as sub-
sequent cooling histories of (shallow) footwall
rocks denuded during large-offset normal faulting.
The integration of Pb/U and (U-Th)/He zircon ages
with magnetic anomaly ages provides a compre-
hensive temperature-time (T-t) path over the tem-
perature range (~850°C-200°C). Samples were
collected in situ during ODP Leg 209 at 14°N—16°N,
MAR, and by the submersible A/vin on the southern
wall of Atlantis Massif (30°N, MAR). These rocks
represent only the upper part of the detachment
fault zone (<10-200 m below the exposed fault
scarp), and likely record a different thermal history
than deeper levels of oceanic core complexes. We
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also compare this newly acquired data set with
similar constraints reported for Atlantis Bank (SWIR)
[John et al., 2004; Baines et al., 2009; Schwartz
et al., 2009]. The young age of the rocks in this
study (<2.5 Ma) has the advantage of yielding
smaller absolute age uncertainties, allowing higher-
resolution constraints on the cooling history. These
cooling histories are applied, in conjunction with
independent estimates of fault slip rates, to delimit
possible length scales of these fault systems while
they were active, and estimate depths to the ~850°C
isotherm along the fault plane, thereby allowing
speculation on the original emplacement depths of
rocks within the footwall and lithospheric thickness
at the time of faulting. Though not previously
applied in this geologic setting, this approach is
essentially the inverse of techniques applied to
continental fault systems in which the thermal gra-
dient is independently known, and the thermo-
chronometer ages of samples collected along the
fault scarp are used to date the onset of denudation
and subsequently determine the slip rate and active
fault geometry [e.g., Foster et al., 1990; John and
Foster, 1993].

2. Geologic Setting

[5] Eight rock samples in this study were collected
during ODP Leg 209 [Kelemen et al., 2004] north
and south of the fracture zone at 15°20’, MAR
(Figure 1). One additional sample (4/vin 3646-1205)
was collected by submersible during the MARVEL
2000 cruise from the southern wall of the Atlantis
Massif core complex adjacent to the Atlantis
Transform at 30°N [Schroeder and John, 2004;
Grimes et al., 2008].

2.1. Fifteen-Twenty Fracture Zone

2.1.1. ODP Site 1275

[] The seafloor at 14°N—16°N, MAR, is charac-
terized by the absence of a well-developed, vol-
canic upper crust, and exposures of lower crustal
gabbro and mantle peridotite are extensive on both
flanks of the ridge [Rona et al., 1987; Cannat et al.,
1992, 1997; Cannat and Casey, 1995; Lagabrielle
et al., 1998; Kelemen et al., 2004; Schroeder et al.,
2007; MacLeod et al., 2009]. Drilling along this
section of the MAR has recovered primarily mantle
peridotite and gabbro [Kelemen et al., 2004]. The
gabbros occur as bodies with estimated sizes ranging
from 10 to >150 m thick plutons (e.g., Hole 1275D),
to discrete cm-scale dike or veins heavily over-

printed by deformation and low-temperature alter-
ation (e.g., Hole 1270D) [Kelemen et al., 2004;
Bach et al., 2004]. Radiometric dating was car-
ried out on samples from ODP cores 1275D and
1270D.

[7] ODP Site 1275 is located at ~15°44'N, ~28 km
west of the central magnetic anomaly in the axial
valley (Figure 1) [Kelemen et al., 2004; Schroeder
et al., 2007]. The deepest hole drilled during Leg
209 (1275D) was spud at the top of a domal,
bathymetric high interpreted to be an oceanic core
complex [Escartin and Cannat, 1999; MacLeod
et al., 2002; Escartin et al., 2003; Fujiwara et al.,
2003; Kelemen et al., 2004]. At this location the
seafloor is smooth, with ridge-perpendicular corru-
gations (Figure 1). Seabed rock drilling (<1 m long
cores) on the surface of this core complex recov-
ered extensive fault rocks, providing strong evi-
dence that it represents a fault surface [MacLeod
et al., 2002; Escartin et al., 2003]. Hole 1275D
was drilled ~14 km east of the inferred breakaway
(Figure 1d) and penetrated 209 m below the sea-
floor (mbsf) into the footwall to the detachment
fault (total recovery = 50%). The upper ~50 m of
core consists primarily of ultramafic rock types
with minor diabase [Kelemen et al., 2004]. The
lower ~160 m is composed of gabbroic rocks in-
truded by diabase, plagiogranite, and other gabbroic
units. Recovered proportions for the entire core
include 74% gabbro (including gabbro, gabbronorite,
Fe-Ti oxide gabbro, Fe-Ti oxide gabbronorite,
and minor olivine gabbro), 14% ultramafic rocks,
10% diabase, and 2% plagiogranite (Figure 2).
Numerous igneous contacts within the core imply
that the gabbroic section was built by multiple
intrusive events [Kelemen et al., 2004]. Semibrittle
and brittle deformation is extensive in the upper
30 m [Schroeder et al., 2007]. At depths greater
than 50 mbsf, the core records very little defor-
mation, and alteration occurred largely under static
conditions [Kelemen et al., 2004].

[8] In total, 6 rock samples from core 1275D were
dated. Five samples comprised cm-scale plagio-
granite dikes intruding gabbro, spanning 10-200 mbsf
(Figures 3a—3c). An additional sample at 167 mbsf
(Figure 3d) was collected from a complex interval
~3.3 m thick that includes Fe-Ti oxide gabbro
and olivine-bearing microgabbro hosting diorite
xenoliths, intermingled with quartz diorite-tonalite.
Upper and lower contacts with medium to coarse-
grained Fe-Ti oxide gabbro are reported in the core,
but the relative age relationships were difficult to
discern [Kelemen et al., 2004].
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Figure 1. (a) Seabeam bathymetric map of the region surrounding the 15°20’ Fracture Zone, MAR (modified from
Fujiwara et al. [2003]). (b) Blowup of the bathymetry at ODP Site 1275; note the spreading direction parallel
corrugations on the surface of the smooth, domal, bathymetric high or core complex (modified from Fujiwara et al.
[2003]). (c) Blowup of the bathymetry at ODP Site 1270 (modified from Fujiwara et al. [2003]). (d) Bathymetric
profiles along cross-section lines A-A' and B-B’ (shown in Figure la). Nonfaulted seafloor shown as gray line;
inferred faults shown as black lines (A-A’ modified from Escartin et al., 2003; B-B" modified from Schroeder et al.
[2007]).

[9] The small-volume plagiogranites occur through-  Contacts between the plagiogranite dikes and host
out the core, and are interpreted to represent some  gabbro range from sharp to completely gradational
of the latest melts to crystallize. They typically  (Figures 3a—3c), and locally exhibit complex min-
comprise plagioclase + amphibole + quartz +  gling relationships [Kelemen et al., 2004]. Contacts
Fe-Ti oxide + alkali feldspar + zircon + apatite. = showing mingling with the wall rock imply that
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Figure 2. Columns depicting rock types recovered
versus depth in ODP cores 1270D and 1275D normal-
ized to percent of recovery. The recovered rock types
are averaged over 10 m intervals and normalized to
100%, and a given 10 m interval typically comprises
more than one rock type. The actual percentage of rock
recovered over each interval is represented by the black
fill in the left-hand column of both plots (modified from
Kelemen et al. [2004]). Stars indicate location of zircon-
bearing samples analyzed in this study.

the intrusion of at least some of the plagiogranite
dikes occurred while earlier gabbros were above
the solidus. These observations are particularly
relevant for interpreting age and cooling information
recorded by the plagiogranite dikes and applying
the chronologic data to the gabbroic section as a
whole, as they imply a relatively short time interval
between emplacement of the gabbroic section and
formation of zircon-saturated felsic melts.

[10] Similar evolved dikes and veins recovered from
the predominantly gabbroic crustal sections recov-
ered in ODP core 735B and IODP core U1309D
have estimated emplacement temperatures >750°C—
800°C [Robinson et al., 2002; Blackman et al., 2006].
Direct constraints from Ti-in-zircon thermometry
applied to normal magmatic zircons from plagio-
granite yields crystallization temperatures ranging
from 680°C to 850°C (average 750°C + 90°C, 20)
[Grimes et al., 2009], which are below the estimated
solidus for MAR gabbros (860°C = 30°C) [Coogan
et al., 2001]. Multiple origins have been proposed
for these plagiogranite dikes, including differen-
tiation by ~85%-90% fractional crystallization of
basaltic magma [Niu et al., 2002], liquid immisci-
bility in late stage, iron-rich melts [Natland et al.,
1991], and anatexis of hydrated crustal gabbros at
temperatures >900°C [Koepke et al., 2007]. Kelemen
et al. [2004] initially hypothesized that the plagio-
granite dikes in core 1275D represent small volumes
of highly evolved melt extracted from the gabbros
during late-stage crystallization. This interpretation

is supported by mantle-like 6'*0 (zircon) values
reported for these samples [Grimes et al., 2010].
Regardless of the origin, a thermal pulse related to
the intrusion of gabbroic magma is required to form
the plagiogranites, and the Pb/U zircon age reflects
timing of the near-solidus (rather than liquidus)
temperatures of that magma.

2.1.2. ODP Site 1270

[1] Site 1270 is located at 14°43'N, ~15 km east of
the central magnetic anomaly along the MAR
[Fujiwara et al., 2003] (Figure 1). The site is on a
gently west dipping (~10°), striated, laterally con-
tinuous surface interpreted as a large displacement
fault scarp [Schroeder et al., 2007]. The seafloor is
also cut by steeper, secondary faults (Figure 1).
Unlike Site 1275, faulting did not result in formation
of a domal core complex, although this location has
been described as a “corrugated megamullion struc-
ture” [Fujiwara et al., 2003]. Previous sampling
by submersible, as well as drilling on ODP Leg
209 recovered dominantly peridotite, with gabbro
and minor basalt and diabase [Kelemen et al., 1998;
Fujiwara et al., 2003, Figure 2; Schroeder et al.,
2007]. All holes drilled at Site 1270 are character-
ized by low recovery, and fault gouge was frequently
encountered at 15-20 m depth. The total depth
penetrated by Hole 1270D was 57 mbsf, with 7.7 m
of rock recovered comprising 91% harzburgite, 7%
dunite, and 2% gabbroic dikes (Figure 2) [Kelemen
et al., 2004]. The dikes are 1-2 cm thick, highly
altered, and preserve evidence of highly localized,
synkinematic, high-temperature alteration [Bach
et al., 2004; Jons et al., 2009]. Relict igneous
minerals are sparse, but locally include plagioclase,
clinopyroxene, amphibole, Fe-Ti oxide minerals,
zircon and apatite. Mantle-like 6'*0 confirm an
igneous origin for the zircons [Grimes et al., 2010].
Plagioclase is almost completely replaced; brown
amphibole replaces clinopyroxene locally adjacent
to contacts with peridotite. Based on geochemical
modeling, as well as the presence of zircon and
apatite, Jons et al. [2009] concluded these dikes were
likely altered plagiogranite intrusions. Approxi-
mately 230 m to the west and downslope along the
fault scarp, Hole 1270B penetrated 46 mbsf and
98% gabbroic rock types were recovered, including
evolved gabbro and gabbronorite containing Fe-Ti
oxide minerals. It is possible that the dikes intrud-
ing peridotite in core 1270D originated as differ-
entiated liquids that migrated away from these
thicker gabbros during crystallization and compac-
tion [Kelemen et al., 2004].
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Figure 3. Representative rock types host to zircons. (a—c) Felsic dikes. (d) Olivine and plagioclase phyric diabase
intermingled with felsic patches (courtesy of ODP Leg 209 Report by Kelemen et al. [2004]). (e—f) Centimeter-scale
greenschist-grade shear zones or dikes (dominantly chlorite-actinolite or tremolite schist) intruding peridotite. Scale

bars are 2 cm.

[12] The thin dikes intruding peridotite in 1270D are
inferred to have been emplaced while the peridotite
was at temperatures >600°C [Kelemen et al., 2004;
Bach et al., 2004; Schroeder et al., 2007], based
on intimate interfingering of gabbro into the host
peridotite, high-temperature contacts (e.g., coarse
grain size at the contacts), and ductile fabrics
locally within the dikes. Gabbro recovered in the
upper 10-15 m of 1270B show extensive ductile,
as well as minor brittle, deformation that may be in
part related to movement along the planar fault
surface exposed on the seafloor [Kelemen et al.,
2004].

[13] Paleomagnetic data imply tectonic rotations
of ~60°-80° at both sites (ODP holes 1270D and

1275D) [Kelemen et al., 2004; Garces and Gee,
2007]. This interpretation is based on inclination
of the magnetic remanence vector in core recovered
during drilling that are shallower than expected for
the geocentric axial dipole (GAD) at this latitude,
and the assumption that the rotation occurs about a
horizontal axes parallel to the ridge axis. This latter
assumption is supported by fully reoriented core
and paleomagnetic observations from Atlantis Massif
at 30°N on the MAR, which constrain the rotation
axis to be parallel to the ridge axis at that core
complex [Morris et al., 2009]. Given the present
interpretation of large rotations, the paleovertical
section actually sampled by the drill cores would
have been significantly shorter (i.e., 35-100 m for
Hole 1275D).
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2.1.3. Paleomagnetic Constraints on Crustal
Age

[14] The age of the crust penetrated by drilling
during ODP Leg 209 can be estimated from sea
surface magnetic anomalies [Fujiwara et al., 2003].
Continuous downhole magnetic measurements
collected during ODP Leg 209 [Kelemen et al., 2004;
Garces and Gee, 2007] provide more detailed mea-
surements of the local magnetic polarity. The ages
inferred from magnetic anomaly data correspond
to either cooling through the Curie temperature
or the formation of magnetic minerals during ser-
pentinization. The Curie temperature of magnetite
in gabbro is <580°C [Tarling, 1983], whereas the
temperature of magnetite formation during serpen-
tinization near the 15°20" Fracture Zone is estimated
to have begun ~350°C and continued below 250°C
[Bach et al., 2004]. Magnetization is a continuous
process, and can be acquired over a range of tem-
peratures [e.g., Gee and Meurer, 2002]. In the fol-
lowing discussion, we therefore assume remanence
was acquired at 530°C £ 50°C for gabbroic rocks,
and 300°C + 50°C for peridotite.

[15] Shipboard magnetic measurements made dur-
ing ODP Leg 209 indicate that gabbros from core
1275D are reversely magnetized [Kelemen et al.,
2004; Garces and Gee, 2007]. Sea surface mag-
netic anomaly data are consistent with this obser-
vation, and suggest that the remanence was acquired
during chron C2r (1.95-2.58 Ma) [Ogg and Smith,
2004]. Hole 1275D was spud east of the peak of
the anomaly [cf. Fujiwara et al., 2003], implying
that it is younger than the midpoint of chron C2r; we
therefore refine the magnetic age estimate to
between 1.95 and 2.26 Ma (~2.11 £ 0.16 Ma). With
this magnetic age, the position of Hole 1275D 28 km
off-axis yields a time-integrated spreading rate of
~13.3 mm/yr that is consistent with the regional
half-spreading rate over the last 5 Ma (13 mm/yr)
[Fujiwara et al., 2003].

[16] Determining the magnetic polarity at Site 1270
is complicated by subhorizontal magnetic inclina-
tions measured for both gabbroic rocks from core
1270B and serpentinized peridotite from core 1270D
(<230 m east of 1270B) [Kelemen et al., 2004].
Based on comparisons of the foliation orientation
with the remanence directions, Garces and Gee
[2007] concluded that the gabbros are reversely
magnetized and peridotites have normal polarity.
These conclusions are consistent with the location of
Site 1270 near the boundary of the broad region of
normal magnetization flanking the present-day ridge
axis [Fujiwara et al., 2003; Garces and Gee, 2007]

that may include crust generated during the Jaramillo
(Clr.1n), Bruhnes (C1n), and the intervening reversed
polarity interval Clr.1r [Garces and Gee, 2007]. The
normal polarity of 1270D peridotites is unlikely to
be the result of a viscous remanent magnetization
imparted by exposure to the current normal polarity
field, because their shallow inclinations imply a
similar magnitude of rotation since acquisition of
remanence as the gabbro sampled in 1270B [Kelemen
et al., 2004; Garces and Gee, 2007]. Magnetic
remanence hosted by the peridotites was therefore
most likely acquired in magnetite formed during
serpentinization of olivine (<350°C) [Bach et al.,
2004]. The magnetic polarities of gabbro and peri-
dotite at Site 1270 therefore bracket a magnetic
reversal (reversed to normal), providing additional
constraints on the age and cooling history of these
rocks. For gabbros from 1270B, the observations
suggest that remanence was acquired either during
chron Clr.1r (0.78-0.99 Ma) [Ogg and Smith, 2004],
or before the start of the Jaramillo (>1.07 Ma) [Ogg
and Smith, 2004]. The normally magnetized peri-
dotite would reflect later, lower temperature mag-
netization either during the Jaramillo (0.99—-1.07 Ma)
[Ogg and Smith, 2004] or the Bruhnes (<0.78 Ma)
[Ogg and Smith, 2004] normal polarity chron. Low
amplitude and discontinuous negative polarities are
observed in the sea surface anomaly data to the west
and southwest of Site 1270 that likely represent
subchron Clr.1r [cf. Fujiwara et al., 2003]. Based
on this observation we favor the interpretation that
the gabbros were emplaced and magnetized prior
to the Jaramillo (>1.07 Ma), followed by magne-
tization of the peridotites during the Jaramillo
upon formation of magnetite during serpentinization
(1.03 £ 0.04 Ma). The geochronologic data presented
here support such an interpretation. The estimated
age of the gabbros based on magnetic constraints
along with the distance off-axis of ~15 km loosely
constrains the time-integrated spreading rate to
have been <14 km/Myr, and is consistent with the
regional half-spreading rate over the past 5 Ma of
12.8 km/Myr [Fujiwara et al., 2003].

2.2. The Atantis Massif Sample Site

[17] Atlantis Massif is a well-studied oceanic core
complex bounded by a detachment fault located at
30°N on the Mid-Atlantic Ridge [Cann et al., 1997;
Blackman et al., 2002; Karson et al., 2006]. Map-
ping surveys and sampling of Atlantis Massif has
been carried out along the southern wall, the surface
of the central dome, and during IODP drilling on the
central dome (IODP Hole U1309D). A detachment
fault shear zone extends at least 100 m below the top
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of the southern wall adjacent to the Atlantis Trans-
form, and is characterized by strongly foliated to
mylonitic serpentinites and talc-amphibole schists
[e.g., Schroeder and John, 2004; Karson et al., 2006].
In contrast, core recovered from Hole U1309D from
the central dome included dominantly gabbroic rock
types, with notably minor amounts of ultramafic
rocks [Blackman et al., 2006]. Fully reoriented core
taken with paleomagnetic inclination data from IODP
Hole U1039D imply 46° + 6° counterclockwise
rotation below 580°C [Morris et al., 2009], pro-
viding a minimum estimate for the dip on the fault
at initiation. The regional symmetric half spreading
rate at this latitude is ~12 mm/yr. However, Pb/U
zircon ages indicate that the Atlantis Massif core
complex formed during a short-lived period of
spreading asymmetry, with between 70 and 100% of
the plate motion accommodated by detachment
faulting west of the ridge [Grimes et al., 2008].
Spreading asymmetry of 60%—80% of the full rate
has been demonstrated during formation of several
other core complexes on the basis of Pb/U zircon
ages and magnetic anomalies, including the Kane
oceanic core complex [Cheadle et al., 2008], Atlantis
Bank [Baines et al., 2008], and Fuji Dome [Searle
et al., 2003]. Based on the Pb/U zircon ages from
the southern wall of Atlantis Massif, we use
an intermediate time-integrated spreading rate of
20 mm/yr since emplacement (80% asymmetric) in
the following discussions.

[18] One rock sample from Atlantis Massif is
incorporated by this study. Sample 3646-1205 is a
talc-amphibole-chlorite schist collected from the
southern wall of Atlantis Massif, at an inferred
depth of 37 m structurally below the detachment
fault surface [Schroeder and John, 2004], and has a
previously reported 2°°Pb/**®U zircon age of 1.07 +
0.03 Ma [Grimes et al., 2008]. Sample 3646-1205
was collected along the south wall in a broad region
of normal polarity magnetization [ Gee and Blackman,
2004], however, magnetic anomaly boundaries are
difficult to resolve along the wall and no magnetic
age has been assigned.

3. Analytical Methods and Results

3.1. Sampling and Mineral Separation

[19] Thirteen samples of quartz diorite to tonalite
(i.e., ‘plagiogranite’) from holes 1275D and 1270D
were processed for zircon separation; zircons were
recovered from eleven of these. Sample volumes
available for crushing ranged from 30 to 100 cc. To
separate zircons, rocks were first coarse crushed by

hand and reduced to <300 pm particle size using a
disc mill pulverizer. Magnetic minerals were removed
using a Frantz magnetic separator, and remaining
material was run through a single heavy liquid step
using diiodomethane to concentrate zircon. Zircon
yields were variable, and tens to hundreds of grains
were commonly recovered.

3.2. U-Pb Analyses

3.2.1. Analytical Methods

[20] U-Pb dating was carried out at the USGS-—
Stanford lon Microprobe Facility using the sensitive
high-resolution ion microprobe-reverse geometry
(SHRIMP-RG). Zircon standard R33 served as the
206ph/238 age standard and zircon standard CZ3
was used to calibrate U concentrations. Prior to
analysis, all samples were imaged using reflected
light, and cathodoluminescence to avoid cracks,
inclusions, and pitted areas. Details of sample
preparation, analytical setup, data reduction, and age
corrections are discussed by Grimes et al. [2008]
and followed the procedures described by Williams
[1998]. A correction for initial ***U-?*°Th secular
disequilibrium was applied using the equations of
Parrish and Noble [2003], assuming initial Th/U = 3
for the parent magma (average value for MORB from
the northern MAR). The correction increases mea-
sured ages by 3.3%—-9.4% depending on measured
Th/U in single zircons.

[21] The possibility exists that variation in the spot
ages from a given rock sample is not due solely
to normally distributed analytical error, and may
reflect geologic variation due to crystallization of
zircon during cooling [e.g., Lissenberg et al., 2009],
and/or minor amounts of Pb loss. Tests for whether
the spot ages for each sample are normally distrib-
uted were carried out following the methods of
Baines et al. [2009, supplementary material], and
indicate that the spread in the data from each sample
are consistent with a normal distribution. Sample
ages have thus been calculated as weighted averages
of the spot analyses using *°’Pb and >*°Th corrected
isotopic ratios (typically 6-12 spots per rock
sample). However, it cannot be ruled out that geo-
logic events occurring over timescales shorter than
the quoted uncertainties have taken place. In par-
ticular, zircons within a rock may have crystallized
over an age range corresponding to cooling through
a temperature range of perhaps ~150°C or less
[Grimes et al., 2009]. As long as the cooling rate
corresponding to this age range is not anomalous
and is consistent with the overall cooling rate
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from ~850°C to 200°C, then such age variation
would not alter the conclusions presented here.

[22] The nominal closure temperature of Pb diffusion
in zircon is >900°C [Cherniak and Watson, 2003].
However, formation temperatures of plagiogranite
host rocks estimated from plagioclase-amphibole
thermometry, and Ti-in-zircon thermometry indi-
cate that zircon crystallization to lower temperatures
is not uncommon in this setting [e.g., Robinson et al.,
2002] (see discussion by Grimes et al. [2009]). Thus,
crystallization temperatures are more appropriate
estimate of the temperature to which the Pb/U
age corresponds. Measured Ti concentrations and
Ti-in-zircon temperatures are reported by Grimes
et al. [2009], and have been calculated using the re-
calibrated Ti-in-zircon thermometer [ Watson and
Harrison, 2005] of Ferry and Watson [2007] assum-
ing a Ti activity = 0.7, Si activity = 1, and P = 2 kbars.
Assuming these correction factors, corrected values
are within 5°C-10°C of the uncorrected values.
Zircons in this study yield comparable corrected
Ti-in-zircon temperatures, averaging ~820°C £ 60°C
(20,n="17) for core 1275D, ~830°C £ 40°C (20, n=
12) for core 1270D, and ~850°C + 50°C (20, n =5)
for sample 3646-1205.

3.2.2. Results From Hole 1275D

[23] Ages were determined for six rocks from core
1275D. The uncorrected U-Pb isotopic data are
plotted on Tera and Wasserburg concordia dia-
grams [Tera and Wasserburg, 1972] in Figure 4
and listed in Table 1. The concordia diagrams are
used for visual inspection and assessment of coher-
ent age groups, but have not been used to determine
an age. All quoted ages are *°’Pb and **°Th cor-
rected 2°°Pb/>*8U weighted average ages deter-
mined from multiple single-grain analyses per rock
sample (Figure 5). The weighted average age errors
are given at 95% confidence, and were calculated
using Isoplot v. 3.00 [Ludwig, 2003]. Five of the
6 rock samples dated (excluding 1275D-167) give
zircon ages ranging from 2.12 + 0.17 to 2.31 +
0.10 Ma, which are indistinguishable given the
measurement uncertainties. Taking a weighted aver-
age of these 5 rock ages, the average accretion age of
this crustal section is taken to be 2.22 + 0.10 Ma
(mean square of weighted deviates (MSWD) = 1.6).
However, the entire section was not emplaced
during a single magmatic event. Igneous contacts
within the core indicate that this short crustal section
was constructed by numerous intrusive pulses [e.g.,
Kelemen et al., 2004]. Additionally, sample 1275D-
167 yields an age of 2.40 + 0.11 Ma that is not

within error of the nearby sample at 180 mbsf
(2.19 £ 0.09 Ma; Figure 5). Considering these age
differences (and associated errors) between the
youngest and oldest samples, the zircon ages delimit
the period of accretion to no less than 40 kyr.

3.2.3. Results From Hole 1270D

[24] Zircon ages were determined for rock samples
at 19 and 25 mbsf in core 1270D (Figure 6). Ten
zircons from 1270D-19 were dated, although five
of these grains contained appreciable amounts of
common lead (>30% f5p¢; Table 1) and corre-
spondingly have large errors (Figure 6). If all ten
age spots are included, the weighted average age
for sample 1270D-19 is 1.27 £ 0.04 Ma (MSWD =
1.4). Excluding the spot analyses with >30% f,¢s,
the weighted average determined from the re-
maining 5 spots yields a statistically equivalent age
of 1.28 £ 0.03 and a slightly lower MSWD = 1.1.
Twelve zircons from 1270D-25 were dated. Includ-
ing all spot analyses, the weighted mean age for this
rock sample is 1.13 + 0.05 Ma (MSWD = 1.2).
Excluding three grains with >30% f,os once again
has little effect on the calculated age, yielding a
weighted average of 1.14 + 0.04 Ma with the lower
MSWD = 0.72. The ages quoted in the following
discussion were calculated by excluding spot anal-
yses having >30% f506. Inclusion of these less reliable
data however, would not impact any conclusions
drawn from the age data. Considering the un-
certainties, the zircon ages imply episodic dike
intrusion spanning a minimum of ~70 kyr.

3.3. (U-Th)/He Analyses

3.3.1. Analytical Methods

[2s] The (U-Th)/He ages presented here were
measured at Yale University following procedures
described by Reiners [2005]. Helium was extracted
from single crystals of zircon by Nd-YAG laser
heating, and measured on a stable isotope quadro-
pole mass spectrometer. U and Th isotopic compo-
sitions were determined by Parr bomb dissolution
and solution ICP-MS. Zircon in this study had mean
weighted average radii of 46 to 74 pum (Table 2).
The « ejection correction was applied to all raw
(U-Th)/He ages following the approach of Farley
et al. [1996], modified for the tetragonal prism
morphology and density of zircon [Reiners, 2005].
Uncertainties on the individual (U-Th)/He ages dis-
cussed are reported at the 20 level based on the
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Figure 4. Tera and Wasserburg [1972] concordia plots for zircons analyzed from ODP core 1275D (15°44'N,
MAR) by SHRIMP-RG. The bold line near the bottom of each plot represents concordia (open circles indicate
reference ages). Errors on spot analyses are 20. Spot analyses for most sample populations cluster on or near con-
cordia or are pulled off of concordia along a linear array reflecting mixing with a small component of initial common
lead. Gray error ellipses indicate spot analyses with >30% f,o6, which have been rejected when determining weighted
average ages. These diagrams are shown for visualization purposes only and were not used to determine an age (see

Figure 5 for 2°’Pb-**Th corrected ages).

reproducibility of the zircon standard (9%, 20)
[Reiners, 2005].

[26] Estimated closure temperatures for the (U-Th)/He
system in zircons vary slightly depending on
grain size and rate of cooling (see Dodson [1973]
for a general discussion on closure temperature).
Diffusion parameters have been experimentally
determined for zircon by Reiners et al. [2004], and
yield a nominal closure temperature of ~180°C
assuming an effective grain radius of 60 pm and a
cooling rate of 10°C/Myr Calculated and predicted
cooling rates for lower oceanic crust range from
10'°C to 10°°C/Myr depending on the temperature
range investigated [Coogan et al., 2002; John et al.,
2004; Maclennan et al., 2005; VanTongeren et al.,
2008; Schwartz et al., 2009]. Cooling rates esti-

mated at temperatures <400°C are ~10>°C/Myr
[John et al., 2004; Meurer and Gee, 2002]. For a
cooling rate of rate of 100°C/Myr and assuming the
diffusion parameters of Reiners et al. [2004], we
calculate a closure temperature of 207°C for zircons
with the mean radius of 60 microns (average radius
of zircons in this study). An average closure tem-
perature of ~210°C £ 15°C is used in the following
discussion, similar to the closure temperature used
by Schwartz et al. [2009]. The error quoted on the
closure temperature is largely a function of the
uncertainty in cooling rate.

3.3.2. Results From Core 1275D

[27] The (U-Th)/He age of four zircons from core
1275D was determined. Three of these grains (from
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Figure5. The?°"Pb corrected >°°Pb/***U zircon ages for rock samples collected in ODP Hole 1275D (15°44'N, MAR).
Ages have been corrected for Z*°Th disequilibrium (see text for details). Spot analyses shown as unfilled bars were
rejected when calculating weighted averages on the basis of high initial common lead (f396 > 30%). The weighted aver-
age age and 95% confidence limit for each rock sample are shown graphically as a dark green line and light green bar,

respectively.

rocks collected 144—200 mbsf) give similar ages
ranging from 1.57+0.14 to 1.77+0.16 Ma (Table 2),
which are not distinguishable given measurement
uncertainties. Assuming any scatter is analytical
and that these closely spaced samples (<60 m apart)
record the same cooling history, we calculate a
weighted average (U-Th)/He age of is 1.66 =+
0.09 Ma (20) for these three grains. In contrast,
sample 1275D-10 yields a corrected (U-Th)/He age
that is older than the Pb/U zircon age. A possible
cause of the “too old” age is U-Th zonation within
the crystal, such as the presence of a highly uranium-
rich core and uranium-depleted rim, which results in
more complete “He retention than expected [e.g.,
Reiners, 2005]. In this case, the alpha ejection
correction applied would not be appropriate (we
note that the uncorrected age would be geologically
reasonable). Grain imaging was not carried out
prior to *He analysis or subsequent dissolution for
ICP-MS analysis. Thus, further evaluation is not

possible, and the (U-Th)/He age of sample 1275D-
10 is discarded from the following discussion.
Uranium-enriched cores are rare in ocean crust
zircons examined previously [e.g., Schwartz et al.,
2005; Grimes et al., 2009], and the (U-Th)/He
cooling age of the three samples from 144 to
200 mbsf in core 1275D is notably reproducible.
Therefore, the simplest explanation is that these
three samples reflect synchronous cooling to below
200°C, such as would occur during uplift of this
crustal block along a fault. Considering the weighted
average Pb/U sample ages and the single-grain
(U-Th)/He ages, the time-averaged cooling rates
for these three rocks range from 886°C to 1453°C/
Myr (Table 3) over the temperature interval ~820°C—
210°C. The average cooling rate (calculated by
combining the Pb/U and (U-Th)/He zircon ages for
the three samples from 144 to 200 mbsf in core
1275D) is 1162(838_343)°C/Myr. The uncertainties
quoted for cooling rates were calculated from the
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Figure 6. Zircon ages from core 1270D. (a—b) Tera and Wasserburg [1972] concordia plots. (c—d) 2°’Pb-**"Th
corrected “°°Pb/***U zircon ages. Errors on spot analyses are 2. Spot analyses shown as unfilled bars (and gray
ellipses in Figures 6a and 6b) were rejected on the basis of high initial common lead (f;06 > 30%). Including all the
spot analyses in the weighted average age calculation for each rock sample increases the MSWD significantly, but
changes the calculated ages and errors by less than 0.01 Ma. The weighted average age and 95% confidence limit for
each rock sample are shown graphically as a dark green line and light green bar, respectively. (e) Histogram and
probability density function for the combined accepted spots used from 1270D-19 and 1270D-25.

Table 2. (U-Th)/He Isotopic Analysis of Ocean Crustal Zircons

‘He Mass MWAR® Uncorrected Corrected
Sample Name U (ppm) Th (ppm) Th/U (ncc)  (ug) (pm) F:® (U-Th)/He Age (Ma) (U-Th)/He Age® (Ma)
70D25zA 37.1 28.0 0.75 0.0529 14.80 53 0.818 0.68 0.83 £ 0.07
75D105zA 25.8 12.7 0.49 0.0558 7.72 46 0.788 2.08 2.64 + 0.24¢
75D144zA 129.1 70.2 0.54 0.1600 6.95 50 0.792 1.31 1.65 £ 0.15
75D180zA 208.0 117.1 0.56 0.3021 7.57 52 0.792 1.40 1.77 £ 0.16
75D200zA 923 42.8 0.46 0.3941 23.63 74 0.858 1.35 1.57 £ 0.14
3646-1205zA 19.5 10.1 0.52 0.0154 1145 63 0.826 0.51 0.62 + 0.06
3646-1205zB 16.7 9.5 0.57 0.0251 19.26 59 0.835 0.57 0.68 = 0.06

"MWAR, mean weighted average radius.

°Fr, fraction of He retained.

“Ages corrected for alpha ejection following methods of Farley et al. [1996] and Reiners [2005]. Errors are presented at 20 level and include
analytical errors and uncertainties from reproducibility of the Fish Canyon Tuff standard [Reiners, 2005]. The 1275D weighted average is 1.66 +
0.09 (20, internal error); 3646-1205 weighted average is 0.65 + 0.04 (20, internal error).

9Discarded; older than Pb/U age.
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Figure 7. Depth versus Pb/U age in ODP cores (a) 1275D
and (b) 1270D. The weighted mean age and 95% con-
fidence limit (in Ma) for each sample is given in paren-
theses. Resolvable age differences occur in both holes
and imply episodic magma intrusion.

extremal limits defined by 95% confidence un-
certainties on the Pb/U and (U-Th)/He ages.

3.3.3. Results From Core 1270D

[28] The single grain analyzed from sample
1270D-25 gave a (U-Th)/He age 0f 0.83 = 0.07 Ma,
indicating the rock cooled to ~200°C in 0.3 Myr
following zircon crystallization. The time-averaged
cooling rate determined from the Pb/U and (U-Th)/
He zircon ages is 1997(*1%97_s,,)°C/Myr (Table 3).

3.3.4. Results From Atlantis Massif

[29] Two zircon grains from sample 3646-1205 were
analyzed. The replicate ages are indistinguishable,
and together yield a weighted average (U-Th)/He
age 0f 0.65+0.04 Ma (20 internal error). Taken with
the Pb/U zircon age of 1.07 = 0.03 reported by
Grimes et al. [2008], this sample records a time-
averaged cooling rate of 1524(3%_,,4)°C/Myr from
850°C to 210°C (Table 3).

4. Discussion and Implications

[30] The isotopic ages presented here provide new
constraints on the timing and duration of magma
emplacement, and thermal evolution of deep seated
oceanic lithosphere that has been denuded to the
seafloor by detachment faulting. Integrating Pb/U

and (U-Th)/He zircon with constraints from mag-
netic anomaly ages enables us to construct com-
prehensive T-t paths and quantify the time averaged
cooling history over the temperature interval ~850°C—
200°C.

4.1. Magmatic Crustal Accretion

[31] The Pb/U zircon ages provide a minimum age
of emplacement for magmas building lower oce-
anic crust. Cooling rates determined for very high
temperatures (>600°C) using Ca-in-olivine diffu-
sion indicate extremely rapid cooling in samples of
lower oceanic crust from the Oman ophiolite, Hess
Deep (EPR), ODP Hole 735B (SWIR), and ODP
Hole 923A (MAR) (10°°C—10°°C/Myr) [Coogan
et al., 2007; VanTongeren et al., 2008]. The range
of closure temperatures reported for Ca-in-olivine
diffusion is >600°C—1000°C [Coogan et al., 2007],
though cooling rates determined using this method
typically reflect higher temperatures >800°C [e.g.,
VanTongeren et al., 2008]. Considering these rapid
high-temperature cooling rates and the estimated
zircon crystallization temperatures, Pb/U zircon
ages for the felsic differentiates would underesti-
mate the intrusion age of magma emplaced at
~1000°C by 20-200 kyr.

[32] Crystallization ages from samples collected
near the 15°20" Fracture Zone provide an estimate
for the duration over which magma was supplied
during construction of two relatively short crustal
sections. The ages from samples at 167 (2.40 +
0.11 Ma) and 180 mbsf (2.19 £ 0.09 Ma) in core
1275D indicate a duration of at least 40 kyr for
magma emplacement. This duration represents a
minimum estimate for the emplacement of the
entire gabbroic section sampled by core 1275D,
since only late-stage felsic rocks hosting zircon can
be dated. Zircon ages from 5 of the 6 samples
collected in core 1275D between 10 and 200 mbsf
yield ages within error of one another (Figure 7),
implying that the majority of the crustal section
formed within the resolution of the dating method.
In core 1270D, the 2 altered dikes collected less
than 6 m apart also yield different ages (Figure 6).
The difference in the age of these two samples
could reflect magma intrusion spanning >70 kyr,
similar to the duration implied from the ages in
core 1275D. However, poor recovery from Hole
1270D, and the recovery of fault rocks between
15 and 20 mbsf in all 4 holes drilled at Site 1270
[Kelemen et al., 2004; Schroeder et al., 2007] pre-
cludes unambiguous interpretation of this age dif-
ference. Relative displacement of these two samples
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during faulting is also possible. Assuming a slip rate
equivalent to the half-spreading rate of 13 mm/yr
and an initially uniform vertical age profile, sample
1270D-19 would had to have been translated ~2 km
toward the ridge axis relative to 1270D-25 to
account for the difference in the average ages
(140 kyr). Unfortunately, we are unable to resolve
the magnitude of fault slip to further evaluate the
likelihood of this possibility.

[33] The period of accretion implied by zircon ages
from ODP holes 1275D and 1270D is similar to
durations found at other multiply intruded gabbroic
sections sampled from oceanic core complexes. In
IODP Hole U1309D at 30°N, MAR, sample ages
distributed throughout a 1.4 km vertical borehole
document accretion spanning ~200 kyr [Grimes
et al., 2008]. At Atlantis Bank (ODP Hole 735B),
Pb/U zircon ages indicate that this 1.5 km crustal
section could have grown over similar timescales
[Baines et al.,2009]. Using the high precision TIMS
dating technique, Lissenberg et al. [2009] was able
to identify similar age ranges (90-235 kyr) within
single rocks collected from the Vema Fracture Zone,
MAR. Further, the geochronologic results are con-
sistent with a multicomponent magnetic remanence
study of multiply intruded gabbros from the Kane
Fracture Zone, MAR, which concluded that the
emplacement of adjacent intrusions was separated
by >210 kyr [Meurer and Gee, 2002; Gee and
Meurer, 2002]. We therefore infer that typical time-
scales for magmatic crustal growth during formation
of the gabbroic crust over length scales of 100 m—
1.5 km are ~100-300 kyr. Along the MAR, this
duration reflects several kilometers of spreading
away from an initial zone of magma intrusion.

4.2. Cooling of Lower Crust Exposed

in the Footwalls to Large Displacement
Normal Faults

4.2.1. Cooling Along the MAR

[34] The time-integrated cooling rates along the
MAR for the three areas investigated here range
from ~1000°C-2000°C/Myr over the temperature
interval ~850°C-210°C. These are consistent with
cooling rates for “rapidly cooled” samples from
Atlantis Bank (>1200°C/Myr) [Schwartz et al.,
2009] determined using these same techniques.
The rates are similar to the slowest cooling rates
measured using Ca-in-olivine diffusion in slow-
spreading crust (~1250°C-10,000°C/Myr) [Coogan
et al., 2007].

[35] Thermochronometric data are shown in
Figure 8 with reference conductive cooling curves
determined using a plate-cooling model for the
oceanic lithosphere [e.g., Stein and Stein, 1992].
The calculated cooling rates are faster in core
1270D (~2000°C/Myr) than for other locations,
although it must be noted that the difference is near
the limits of the resolution of the data. However,
more rapid cooling might be expected to arise
from the smaller thermal mass associated with the
thin dikes in 1270D, or possibly shallower emplace-
ment within the lithosphere.

[36] The cooling histories of all three locations are
shown together on Figure 9, along with thermo-
chronometric results at Atlantis Bank [John et al.,
2004; Schwartz et al., 2009] and the range of
rates determined for slow- and ultraslow-spreading
crust by Ca-in-olivine diffusion studies [Coogan
et al., 2007]. To facilitate direct comparison of
cooling histories recorded by samples with different
crystallization ages, all sample ages are plotted
relative to the Pb/U age of that sample (with Pb/U
age of each sample plotted at 0). The present-day
bottomhole temperature in IODP Hole U1309D
(1415 mbsf), estimated ~140°C based on logging
results shortly after the hole was drilled [Blackman
et al., 2006], is also shown in Figure 9. A Pb/U
zircon age of 1.20 + 0.03 Ma was measured on a
sample from the bottom of core U1309D [Grimes
et al., 2008]. A conductive cooling curve for 1500
mbsf is shown for reference, together with cooling
curves derived from the crustal extension models of
Tucholke et al. [2008] as discussed below.

4.2.2. Cooling During Faulting

[37] While conductive cooling curves (Figure 8)
provide a framework for comparing cooling pro-
files defined by the thermochronometric data, they
do not account for hydrothermal circulation or the
fact that these samples were denuded from some
depth beneath the rift valley along faults, and
exposed on the seafloor. To examine the effect of
faulting and denudation on cooling, we have ex-
tracted cooling profiles from the existing numerical
models of Tucholke et al. [2008] initially developed
to investigate the role of magmatism during for-
mation of long-lived, large-offset normal faults.
The models were generated assuming symmetric
spreading at a full rate of 50 mm/yr, and an initially
uniform temperature structure that evolves in time
with accompanying magma injection, mantle flow,
and faulting. The models account for hydrothermal
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Figure 8. Temperature-time plots showing thermo-
chronometric data along with reference conductive cool-
ing curves calculated for a plate-cooling model [Stein
and Stein, 1992]. Model curves assume an initial tem-
perature of 1300°C. A 40 km long ridge-parallel section
of the upper 20 km of oceanic lithosphere was modeled,
assuming a constant temperature (0°C) upper boundary
condition. A 6 km thick crust was included, assuming a
density of 2900 kg/m’, specific heat capacity 1000 J/kg/K,
and thermal conductivity 2.2 W/m/K, above the mantle
with a density of 3300 kg/m?, specific heat capacity 1260 J/
kg/K, and thermal conductivity of 3.15 W/m/K. The
conductive cooling curves are positioned beginning at an
age 50 kyr older than the mean Pb/U zircon age in each
location. Shaded gray fields indicate normal polarity
magnetic intervals based on the magnetic timescale of
Ogg and Smith [2004].

circulation by increasing the thermal conductivity
by a factor (Nusselt number, Nu) for the upper
7 km [Tucholke et al., 2008]. The models use Nu =
8 to achieve a brittle layer thickness of 5 km,
consistent with the average maximum depth of
seismicity along the MAR [Kong et al, 1992;
Wolfe et al., 1995; Barclay et al., 2001].

[33] We interpolated the 900°C, 600°C, and 200°C
isotherms from their model accommodating 50%
extension by magma emplacement (M = 0.5)
(Figure 10), since this model was shown to support
the generation of long-lived faults [Tucholke et al.,
2008]. The isotherms were extracted near the end
of the model run (at ~1.3 Myr) when a steady state
thermal structure had been achieved. Cooling pro-
files were determined both for a rock denuded
adjacent to the detachment fault, and at 1.4 km
below the fault by measuring the distance between
the isotherms (Figure 10). This distance is inverted
to time assuming the spreading rate used in the
modeling (half rate = 25 mm/yr), as well as a
slower half spreading rate of 15 mm/yr, comparable
to symmetric half rate of the current study areas.
These curves are shown on Figure 9 with the
thermochronometric data presented here and for
Atlantis Bank [John et al., 2004; Schwartz et al.,
2009].

[39] The cooling profiles extracted from the models
by Tucholke et al. [2008] reflect possible cooling
paths for a rock body emplaced at ~5—6 km depth
and denuded to the seafloor along a curved detach-
ment fault. The cooling curve determined assuming
a half-spreading rate of 15 mm/yr closely approx-
imates data from the most rapidly cooled sample
from core 1270D; samples from other locations
record slower cooling (Figure 9). Differences between
the extracted cooling profiles and the thermo-
chronometric data may arise because of necessary
simplifications associated with the models, and the
fact that these models were generated for a full
spreading rate twice that of any of the study loca-
tions. In particular the models simplify the com-
plexities of magma intrusion at the axis and
hydrothermal circulation through the footwall and
along the fault zones. Protracted or episodic
hydrothermal circulation along the fault zone could
buffer the temperature along the fault, and modify
cooling rates depending on the temperature of
the circulating fluids [e.g., McCaig et al., 2010]. At
slower spreading rates, the magma (heat) flux at the
ridge axis might be less and cooling could depress
isotherms to deeper crustal levels, resulting in a
thicker thermal boundary layer, a more shallow
geothermal gradient, and therefore slower cooling
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Figure 9. Summary of existing thermochronometric constraints on the cooling of lower oceanic crust (from the MAR
and SWIR) that has been denuded to the seafloor during large-offset normal faulting. The ages determined for each
sample have been normalized to the respective Pb/U (zircon) age (Pb/U age for all samples plots at 0) to facilitate direct
comparison of cooling histories for different locations. Conductive cooling at 1.5 km depth shown as a black dashed line.
Solid curves and the dashed gray curve were extracted from Figure 10, after the models of Tucholke et al. [2008] for M =
5. The solid black curve assumes a spreading rate that is the same as the model (25 mm/yr halfrate); the gray curves (solid
and dashed) assume a slower half rate = 15 mm/yr. The solid lines are cooling profiles just below the detachment fault in
Figure 10; dashed gray curve depicts cooling at 1.5 km depth below the detachment fault, and is shown for comparison
with the bottomhole temperature measured in IODP Hole U1309D (shown as star) following drilling [Blackman et al.,
2006]. The column at far right depicts the dating method and inferred range of corresponding closure temperature.

rate [e.g., Sleep, 1975; Shen and Forsyth, 1995;  4.3. Using Thermal Histories to Evaluate
Kelemen et al., 2007]. The cooling profile presented ~ Fault Geometry

here for a 15 mm/yr half-spreading rate should
therefore be considered an upper bound for the .
cooling rates of crust spreading at a half rate of the shallow footwall of large-slip normal fault

15 km/Myr under conditions similar to those used in systems record the tir?e interval between zircon
the models [Tucholke et al., 2008]. crystallization at ~850°C and cooling through the

[40] The chronometers used here to date rocks from

20 10 0 10 20

Figure 10. Model thermal structure during detachment faulting after Tucholke et al. [2008]. Detachment fault
follows the model geometry for M = 5; the fault is shown as a thick gray line, with increments marked at 1 km
intervals. The approximate locations of the 900°C, 600°C, and 200°C isotherms are indicated. Cooling profiles in
Figure 9 were developed by measuring the distance between isotherms and inverting distance to time based on
spreading rates of 25 mm/yr and 15 mm/yr.
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closure temperature of the (U/Th)-He system at
~200°C, which would have been coincident with
denudation to the seafloor. Assuming the footwall
rocks were unroofed along a single fault system,
and that the position of isotherms is approximately
at steady state, the time interval defined by the
difference in Pb/U and (U-Th)/He ages for rocks
collected in the footwall can be used to estimate the
length scale of the detachment fault, if the fault slip
rate is known.

4.3.1. Are the Studied Areas Single Faults?

[41] The continuous and smooth seafloor bathym-
etry where fault rocks have been recovered suggest
that these core complexes represent material
denuded along a single fault system [e.g., MacLeod
et al., 2009]. Additionally, the roughly planar dis-
tribution of earthquakes defining an inferred active
detachment fault located beneath the TAG hydro-
thermal field at 26°N, MAR, implies a single,
continuous fault system to depths of 3—7 km below
seafloor [deMartin et al., 2007]. Moreover, two-
pyroxene thermometry of mylonites within ODP
Hole 735B (Atlantis Bank core complex) and
Atlantis Massif suggest that strain was initially
localized at temperatures >800°C [Schroeder and
John, 2004; Mehl and Hirth, 2008; Miranda and
John, 2010]. Thus, there is evidence to support the
interpretation that footwall rocks were denuded
along single fault systems, initiated at high tem-
peratures similar to those recorded by Ti-in-zircon
crystallization temperatures.

4.3.2. When Did Hydrothermal Circulation

Occur?

[42] Kelemen et al. [2004] conclude that the core
from ODP Hole 1275D underwent fluid interaction
and alteration during progressive cooling and uplift,
with alteration linked to the deformation associ-
ated with detachment faulting. The consistency of
the three (U-Th)/He ages measured for rocks from
the lower part of core 1275D, from 144 mbsf to
200 mbsf, is best explained by these samples
cooling below 200°C during unroofing associated
with detachment faulting, and not related to local-
ized hydrothermal flow in the denuded footwall.
Consequently we suggest that the assumption that
the (U-Th)/He ages record passage through a rela-
tively steady state 200°C isotherm during exhuma-
tion is robust. Samples from core 1270D shows the
most rapid cooling of all the samples, and hence is
unlikely to have been subjected to reheating during

a late, localized hydrothermal event. The serpenti-
nization reportedly occurring at temperatures of
~350°C to <250°C [e.g., Bach et al., 2004] would
have occurred during progressive cooling, and
apparently did not result from a later or prolonged
(at the resolution of the age data) hydrothermal
event. There are fewer constraints for the sample
from Atlantis Massif. However, given that it
generates a similar cooling rate to the samples
from 1275D, we argue that it also likely records
passage through a steady state 200°C isotherm
rather than recording a later, localized hydrother-
mal event.

4.3.3. Estimates of Fault Length

[43] Large-offset detachment faults at mid-ocean
ridges commonly serve as the plate boundary
[Allerton et al., 2000; Schroeder and John, 2004;
Buck et al., 2005; Baines et al., 2008], with the
fault slip rate corresponding to the plate spreading
rate at the time faulting was occurring. Using
spreading rates determined from Pb/U zircon ages
at Atlantis Bank (14 km/Myr) [Baines et al., 2008]
and Atlantis Massif (~20 km/Myr) [Grimes et al.,
2008], we calculate that the ~850°C and ~200°C
isotherms were separated by 7.7—8.4 km along the
fault plane (Table 3), assuming that the isotherms
are approximately steady state. Although we do not
know the actual spreading rate during formation of
the corrugated structures at 15°44' and 14°43'N,
MAR, we speculate that spreading rates were asym-
metric based on observations from other core
complexes. For example, during the formation of
Atlantis Bank it is estimated from both magnetic
anomaly data and Pb/U zircon ages that spreading
was highly asymmetric, with up to 80% of the full-
spreading rate accommodated by the Antarctic plate
[Baines et al., 2008]. Similar asymmetry is reported
during formation of Atlantis Massif, (70%—100%)
[Grimes et al., 2008], the Kane Fracture Zone core
complexes (>60%) [Williams, 2007; Cheadle et al.,
2008], and Fuji Dome (77%) [Searle et al., 2003].
Assuming a rate of 16 km/Myr (~65% spreading
asymmetry), samples from core 1275D indicate
a fault system length of 8.4 km. Similarly, 65%
asymmetry for the sample from core 1270D yields
a shorter fault length of ~5 km, reflecting the
shorter time interval of recorded cooling. Although
this data set does not provide independent infor-
mation on the geometry of the fault system, the
cooling data does place important constraints on
possible length scales over the recorded tempera-
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Figure 11.

Generalized model of detachment faulting at Atlantis Massif (MAR), Atlantis Bank (SWIR) and the

15°44'N core complex (MAR). Length scale of actual fault systems is based on the local spreading rate and the time
interval recorded by cooling from ~850°C (zircon crystallization) to ~200°C ((U-Th)/He zircon age). Intersection of
the fault system with these isotherms is indicated as yellow dots. A rolling hinge style fault is shown, initiating with a
steep dip and then rolling over to more gentle dips through near constant curvature. See Table 3 for fault system length
scales specific to each location studied. In this model, the fault system roots at the base of the lithosphere [e.g.,
Tucholke et al., 1998] and near the zone of gabbro crystallization in the footwall (red, purple, and blue ellipses).

ture interval, and model detachment fault geome-
tries should be consistent with these results.

4.3.4. Converting Fault Lengths to Fault Depth

[44] If the initial fault geometry were known, the
length scales calculated above can be used to
estimate the depth of the ~850°C isotherm (i.e.,
recorded by zircon crystallization). The initiation
angle of presently low-angle, large-displacement
detachment faults in ocean crust is debated [e.g.,
Escartin et al., 2003], but several lines of evidence
support a ‘rolling-hinge’ style fault that initiates
with a moderate to steep dip, and flattens through
flexural rotation [e.g., Buck, 1988; Tucholke et al.,
1998; Lavier et al., 1999; Buck et al., 2005].
Multibeam bathymetric mapping of several active
detachment fault systems on the MAR near 13°N
[Smith et al., 2006; MacLeod et al. 2009], taken
with microseismicity studies from 26°N MAR
[deMartin et al., 2007] suggest that oceanic detach-
ment faults initiate at steep dips (~60°-70°), and
shallow with slip (and attendant rotation) to very
gentle dips (<5°). Hansen [2007] estimates rotation
of >45° for core complexes at the Kane Fracture
Zone based on the slope of the ridge inferred to be
the breakaway of the detachment fault. In IODP
Hole U1309D at Atlantis Massif, magnetic rema-
nence vectors, from fully oriented samples, are
shallow relative to the predicted geocentric axial
dipole, and have been used to suggest rotations of
46° + 6° since cooling below 580°C [Morris et al.,

2009], implying an initial dip >50°. Substantial
footwall rotations of ~60°-80° are interpreted for
faults in the 14°N-16°N, MAR region based on
similar paleomagnetic evidence [Garces and Gee,
2007]. Based in part on these studies, taken with
additional observations from bathymetry and drill-
core, Schroeder et al. [2007] proposed that the
large-displacement faults between 14°N and 16°N
on the MAR have a downward curving geometry
that evolves from initially steep to gentle dips
with increasing offset. A conservative initial dip
angle of 50° is chosen for following calculations
of fault lengths and vertical distance (i.e., depth)
between the ~850°C and ~200°C isotherms (Table 3
and Figure 11).

[4s] Converting the calculated fault lengths to
absolute depth requires not only an assumption
about the initial dip, but also an estimated depth
below the seafloor to the 200°C isotherm. Estimated
depths for the 200°C isotherm beneath the ridge
axis are 1-2 km [e.g., Morgan and Chen, 1993;
Maclennan et al.,2005]. We assume an intermediate
depth of ~1.5 km, consistent with the estimated
thermal structure beneath the TAG hydrothermal
field (26°10'N, MAR) where active detachment
faulting and relatively deep magma emplacement
are inferred [deMartin et al., 2007; Canales et al.,
2007]. Using this depth estimate to 200°C and an
initial fault dip of 50°, the depth of the ~800°C—
850°C isotherm during active faulting is calculated
to be ~7 km at Atlantis Massif, Atlantis Bank, and
from core 1275D, and ~4.8 km from core 1270D
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(Table 3). Calculated depths would be 1-2 km
greater for an initial dip angle of 70°. If a more
gentle dip of ~30° is assumed for the fault exposed
at Atlantis Bank (based on evidence from magnetic
remanance that the rocks have only undergone
~20° of rotation below the Curie temperature), then
a shallower depth of ~5 km is estimated.

[4] These estimated depths to ~850°C also repre-
sent minimum emplacement depths for the exposed
gabbro, and are generally greater than depths to melt
lenses inferred along the slow-spreading MAR [e.g.,
Magde et al.,2000; Singh et al., 2006], despite being
similar to the average thickness of oceanic crust
(6 km) [e.g., Chen, 1992]. These calculated depths
are approximately equivalent to the maximum
depths of earthquakes recorded along the inferred
active detachment fault at 26°N, MAR [deMartin
et al., 2007]. Thus, our calculations suggest that
these large displacement normal faults cut through
the entire seismic crust, and possibly deeper into
the lithosphere. This also implies that gabbroic
rocks exposed in the footwalls to these faults were
originally emplaced deep, possibly near the base of
the crust or within the shallow mantle lithosphere
[e.g., Cannat, 1996]. In the 14°N-16°N region of
the MAR, deep magma emplacement and deeply
rooting fault systems are consistent with the sug-
gestion that this interval of the MAR is character-
ized by a thick thermal boundary layer [Kelemen
et al., 2007; Schroeder et al., 2007].

[47] The length scale of these fault systems, as well
as initial depths prior to footwall denudation
inferred from the thermochronometry reported here
(Figure 11), are consistent with deep rooting
detachment faults that cut through a thick thermal
boundary layer, and root near a brittle-ductile tran-
sition [Tucholke et al., 1998; Tucholke and Lin,
1994]. Continuation of the fault system to the
brittle-ductile transition is supported by ductile and
semibrittle fabrics recorded in footwall fault
rocks drilled at 14°N-16°N [Kelemen et al., 2004;
Schroeder et al., 2007], Atlantis Massif [Schroeder
and John, 2004; Boschi et al., 2006; Karson et al.,
2006], and Atlantis Bank [e.g., Dick et al., 2000;
Mehl and Hirth, 2008; Miranda and John, 2010].
In settings with restricted magmatism, the fault may
transition into a high-temperature ductile shear
zone that extends deeper into the mantle, ulti-
mately widening into a zone of distributed defor-
mation in the asthenosphere [John and Cheadle,
2010]. In contrast, in settings with robust magma
supply, the fault may simply root into a transient
magma chamber with deformation diffusing into

the melt lens and/or mush zone [John and Cheadle,
2010].

5. Conclusions

[4s] It is recognized that oceanic core complexes
result from a fundamentally distinct mode of sea-
floor spreading [e.g., Cheadle and Grimes, 2010],
but little is known about the cooling histories,
depths and timescales of magmatic accretion, and
the geometries and depths of their associated
detachment faults. Here we investigate the mag-
matic accretion and thermal evolution of the foot-
walls of several oceanic core complexes along the
MAR near the Fifteen Twenty and Atlantis Frac-
ture zones by combining Pb/U and (U-Th)/He
zircon ages of late-stage felsic rocks with magnetic
anomaly ages. We present a new approach for
defining length scales of detachment faults and
estimating depths to which faulting and gabbro
emplacement occurs. This approach, combined with
additional thermal constraints from the Atlantis
Massif (MAR) and Atlantis Bank (SWIR) core
complexes, generates a coherent picture of the
depths of magmatism and faulting in the footwalls to
large displacement normal fault systems that define
oceanic core complexes.

[49] The footwalls to these large-offset normal
faults cooled to ~200°C roughly 0.3—0.5 Myr after
zircon crystallization at ~800°C—-850°C, indicat-
ing time-averaged cooling rates of ~1000°C—
2000°C/Myr. Specifically, we calculate cooling
rates of 1162(*338_5,5)°C/Myr in ODP core 1275D,
1997(*1%7_4,,)°C/Myr in ODP core 1270D, and
1524(+3057218)°C/Myr at Atlantis Massif. In gen-
eral, cooling histories developed using thermo-
chronometers and magnetic anomaly ages for
samples collected in the footwall of large displace-
ment normal faults record rapid cooling histories
consistent with cooling during denudation along
deep rooting (>5 km) fault systems. We find no
evidence for off-axis thermal anomalies for the two
core complexes at the Fifteen Twenty Fracture
Zone and Atlantis Massif like those observed at
Atlantis Bank [e.g., John et al., 2004; Schwartz
et al., 2009].

[s0] Pb/U zircon dating of rocks collected from
4 wvertical boreholes in two oceans (this study)
[Baines et al., 2009; Grimes et al., 2008], shows
that the time interval over which the majority of
magmatic accretion occurs on a 100—1500 m length
scale is ~100-300 kyr. The observed age variations
within the cores are consistent with a multiple sill
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mode of crustal accretion [Grimes et al., 2008],
with the age duration reflecting several kilometers
of spreading away from, or through the zone of
intrusion during construction of gabbroic crust.

[51] The time interval for cooling in the footwall to
these large-offset normal faults, taken with the
denudation rates of each footwall yields estimates
of 5-8.4 km for the distance between the 850°C
and 210°C isotherms along the fault plane. Assum-
ing a concave upward fault initiated with a dip of
50° beneath the ridge axis, these length scales
imply that the footwalls were denuded from depths
ofup to ~7 km. Depth estimates decrease or increase
by 1-2 km for subsurface dips of 30° or 70°,
respectively. These results suggest the detachment
faults cut through a thick thermal boundary layer
and root up to ~7 + 2 km depth, near or within the
brittle-ductile transition, consistent with the high-
temperature mylonitic rocks recovered from some
detachment faults [Hansen, 2007; Mehl and Hirth,
2008; Miranda and John, 2010]. Given that our
Pb/U ages are determined for the most evolved,
lowest-temperature rocks in each crustal section, we
predict that the majority of gabbro emplacement
and crystallization begins at depths >7 km beneath
oceanic core complexes.
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