
Marine Geophysical Researches 23: 443–469, 2002.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.

443

Geology of the Atlantis Massif (Mid-Atlantic Ridge, 30◦ N): Implications
for the evolution of an ultramafic oceanic core complex

Donna K. Blackman1, Jeffrey A. Karson2, Deborah S. Kelley3, Johnson R. Cann4, Gretchen L.
Früh-Green5, Jeffrey S. Gee1, Stephen D. Hurst7, Barbara E. John6, Jennifer Morgan4, Scott L.
Nooner1, D. Kent Ross8, Timothy J. Schroeder6 & Elizabeth A. Williams2

1Scripps Institution of Oceanography, La Jolla, CA 92093-0225 USA; 2Division of Earth & Ocean Sciences,
Duke University, Durham, NC 27708-0230 USA; 3School of Oceanography, University of Washington, Seattle, WA
98195-7940 USA; 4Department of Earth Sciences, University of Leeds, Leeds LS2 9JT UK; 5Institut fur Miner-
alogie & Petrographie, ETH-Zentrum, CH-8092 Zurich, Switzerland; 6Department of Geology and Geophysics,
University of Wyoming, Laramie, WY 80271 USA; 7Department of Geology, University of Illinois, Urbana, IL
61801 USA; 8Department of Geology & Geophysics, University of Hawaii, Honolulu, HI 96822 USA

Received 18 March 2003, accepted 29 October 2003

Abstract

The oceanic core complex comprising Atlantis Massif was formed within the past 1.5–2 Myr at the intersection of the Mid-Atlantic Ridge,

30◦ N, and the Atlantis Transform Fault. The corrugated, striated central dome prominently displays morphologic and geophysical character-

istics representative of an ultramafic core complex exposed via long-lived detachment faulting. Sparse volcanic features on the massif’s central

dome indicate that minor volcanics have penetrated the inferred footwall, which geophysical data indicates is composed predominantly of

variably serpentinized peridotite. In contrast, the hanging wall to the east of the central dome is comprised of volcanic rock. The southern part

of the massif has experienced the greatest uplift, shoaling to less than 700 m below sea level, and the coarsely striated surface there extends

eastward to the top of the median valley wall. Steep landslide embayments along the south face of the massif expose cross sections through

the core complex. Almost all of the submersible and dredge samples from this area are deformed, altered peridotite and lesser gabbro. Intense

serpentinization within the south wall has likely contributed to the uplift of the southern ridge and promoted the development of the Lost City

Hydrothermal Field near the summit. Differences in the distribution with depth of brittle deformation observed in microstructural analyses of

outcrop samples suggest that low-temperature strain, such as would be associated with a major detachment fault, is concentrated within several

tens of meters of the domal surface. However, submersible and camera imagery show that deformation is widespread along the southern face

of the massif, indicating that a series of faults, rather than a single detachment, accommodated the uplift and evolution of this oceanic core

complex.

Introduction

The fundamental component of oceanic core com-
plexes (OCC) is an uplifted, dome-like exposure of
variably deformed lower crustal and upper mantle
rocks that has been unroofed by extreme tectonic ex-
tension along a spreading center (Cann et al., 1997;
Dick et al., 1991; 2000; Karson, 1990; Tucholke
and Lin, 1994; Tucholke et al., 1998). Footwall or
lower plate rocks of OCC are separated from struc-
turally higher, faulted upper crust by moderately to
gently dipping normal or detachment faults. The upper
crustal blocks may be multi-kilometer in lateral extent

and tilted back along the detachment, or smaller klippe
may be all that remains in contact with the exposed
footwall. In some cases basaltic lavas, clastic sedi-
mentary rocks, pelagic deposits, or some combination
of these, overlie the basement.

A system of detachment faulting appears to oper-
ate at inside corners in some areas for several million
years, resulting in the development of a series of topo-
graphic highs that are spread off axis (Karson, 1998;
Tucholke et al., 1998). We refer to the series of tec-
tonic features thus generated as OCC, the implication
being that this style of rifting is maintained through-
out the development of the whole group of faults,
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footwall blocks, and hanging wall blocks. Some of
the topographic highs expose large corrugated detach-
ment surfaces that contain ‘megamullions’ comprised
of domal highs and associated swales, which extend
in the slip-parallel direction (Tucholke et al., 1998)).
Where the extent of subsurface exposure is not as
great, the massifs may contain mid-upper crustal rocks
uplifted to the seafloor (Karson, 1990, 1998).

Swath bathymetry data were key to initial recog-
nition of most identified OCC, but the distinctive
seafloor morphology alone leaves unanswered many
questions about the structure and possible origin of
these domal massifs. At present, there is no single
tectonic template for the evolution of these distinct-
ive features, which are a persistent feature of slow-
spreading ridges, produced episodically amongst the
more typical abyssal hills. Similar to continental core
complexes, there is substantial diversity in terms of the
rock types involved, the structures, and the settings
of OCC. The core of some complexes appears to be
dominantly serpentinite with lesser amounts of gab-
bro (Blackman et al., 1998; ‘Description of Subareas’
section, below; Escartín and Cannat, 1999). Others
have significant gabbroic sections with related meta-
morphic rocks (Dick et al., 1991, 2000; Gillis et al.,
1993; Karson, 1990, 1999; Kelley et al., 1993; Kar-
son and Lawrence, 1997). In some cases, dramatic
unroofing (>2 km) has been documented (Kelley and
Delaney, 1987; John et al., 2002) whereas in oth-
ers the amount of unroofing is unclear and significant
uplift may not be necessary to account for the geo-
logic features present. Initial hypotheses suggested
that OCC form during intervals of spreading with low
magma supply (Karson, 1990; Mutter and Karson,
1992; Tucholke and Lin, 1994), yet the large volume
of gabbroic rock sampled at Atlantis Bank, from ODP
Site 735B (Dick et al., 2000), seems to be inconsistent
with this view (Karson, 1998).

Bathymetric corrugations, finer scale striations,
and outcrop-scale slickenlines that are observed on
domal surfaces of OCC are interpreted to result from
slip on major normal faults (Cann et al., 1997; Es-
cartín and Cannat, 1999; Karson, 1990; Reston et al.,
2002; Searle et al., 1998; Tucholke et al., 1998). Direct
observations and sampling of the corrugated surfaces
support the interpretation that they are exposed brittle
faults (Karson and Dick, 1983; MacLeod et al., 2002;
Tucholke et al., 2001). The original dip of these
fault surfaces is unknown, but must be related to the
nature of deformation of the footwall of the complex.
The ‘rolling hinge’ model of core complex formation

predicts that large block rotations would characterize
OCC formation (Wernicke and Axen, 1988; Buck,
1988; Lavier et al., 1999).

In this paper we report recent observations of mor-
phology and geology at the Atlantis Massif. The origin
of the massif is addressed using integrated analyses of
multiple data sets, including high-resolution side-scan
sonar imagery, direct seafloor observations, sampling
of outcrop geology, gravity, seismic, and magnetic an-
omaly results. In concert these data provide constraints
on the subsurface structure of the massif that, in turn,
allows us to address the structural evolution of this
OCC.

Setting of the Atlantis Massif oceanic core complex

The Atlantis Massif is located at the inside corner
of the eastern ridge-transform intersection (RTI) of
the MAR and Atlantis Transform Fault (ATF) at
about 30◦ N (Figure 1). The ATF is a right-stepping
(sinistral-slipping) transform fault that offsets the
MAR axis by ∼75 km. The Atlantis Massif is typical
of other dome-like seafloor massifs in this part of the
central North Atlantic, including several in the imme-
diate vicinity of the ATF (Blackman et al., 1998; Cann
et al., 1997).

Morphotectonic Framework

On a broad scale, Atlantis Massif is part of a 25-km-
long, morphologically continuous ridge that defines
the western side of the median valley of the MAR.
This ridge is bounded on the west by a series of steep,
west-facing scarps located 15–20 km west of the me-
dian valley. In the south, the massif is truncated by
a steep, deeply-embayed escarpment that marks the
edge of the ATF valley. In the north, the smoothly
arched, corrugated dome of the massif merges with a
lineated series of abyssal hills, which are defined by
relatively closely spaced, asymmetrical, axis-parallel
ridges and valleys. These are interpreted as tilted fault
blocks of basaltic material (Blackman et al., 1998).

The smoothly arched upper surface of the ‘Cent-
ral Dome’ of the massif, at ∼1800 m water depth,
slopes down to the east (∼11◦) toward the median
valley and gently to the west on the western side of
the massif (Figure 2). The bathymetric “corrugations”
on the dome surface have wavelengths of ∼1000 m,
amplitudes of tens of meters, and lengths of several
kilometers (Cann et al., 1997). These are parallel to
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Figure 1. Grayshade bathymetry and magnetic anomaly picks on the Mid-Atlantic Ridge near Atlantis Transform Fault. Dark shade indicates
deep seafloor and light indicates shallow; illumination is from the NE. Crosses show anomaly picks from Pariso et al. (1996) except for anomaly
2 pick which is from Zervas et al. (1995). Location of Atlantis Massif is shown and box corresponds to region in Figure 2a.

finer scale lineations, up to 3 km long in TOBI side-
scan sonar data, which are referred to as “striations”
(Cann et al., 1997). The Central Dome is sharply
bounded in the east by a ∼20 km-long ridge that
defines the top of the western median valley wall of
the MAR (Figure 2). The eastern flank of this ridge is
relatively steep and linear compared to the more gently
sloping and irregular west side. TOBI side-scan sonar
images on the gently sloping side show conical hills
and hummocky terrain interpreted as constructional
basaltic features. This ‘Eastern Block’ is interpreted
as a fault-bounded block (i.e. allochthonous, hanging
wall) that lies structurally above the corrugated de-
tachment fault surface of the Central Dome (Cann
et al., 1997).

The southern third of the massif is dominated by
an asymmetric, transform-parallel ridge, the ‘Southern
Ridge’ (Figure 2) that rises from the Central Dome
to depths of less than 700 m. The Southern Ridge is
bounded in the south by the steep ‘South Wall’, which
defines the edge of the ATF valley. This escarpment
provides a window into the internal structure of the
core of the massif. The southeastern shoulder of the
Southern Ridge slopes gently toward the MAR median
valley, but it is truncated by a steep scarp that faces
the RTI. Westward the Southern Ridge slopes away
from the spreading axis. The summit peak is located
about midway along the length of the Southern Ridge.
The Lost City hydrothermal vent field occurs just be-
low the top of the South Wall near the summit. This
field of active and inactive, hydrothermal structures is

believed to be driven by ongoing subsurface serpent-
inization reactions (Kelley et al., 2001; Früh-Green
et al., 2003).

Geophysical framework

The domal top of the Atlantis Massif is about 15 km
west of the morphologic axis of the MAR (Figure 2).
At this latitude the MAR is spreading at an average
half-rate of 12 mm/yr (Zervas et al., 1995). Based on
this spreading rate and its distance from the spread-
ing axis, the massif consists of lithosphere spanning
0.5 to 2.0 Myr in age. Pariso et al. (1996) and Zer-
vas et al. (1995) determine that the western edge of
Atlantis Massif lies near anomaly 2 (Figure 1). This
pick corresponds to a recent local spreading rate that
is ∼25% slower on the west flank than the regional
average.

Mantle Bouguer gravity anomaly highs are skewed
toward the eastern and southern slopes of the Atlantis
Massif, indicating that lower crustal and upper mantle
rocks are not symmetrically distributed at depth be-
neath the topographic high (Blackman et al., 1998).
Cross-axis gravity profiles are well matched by models
that have a central core with densities 200–400 kg/m3

greater than the surrounding crust and bounded by
moderately east- and west-dipping interfaces (Black-
man et al., 1998; Nooner et al., 2003). The east-
dipping interface in these models of the central portion
of Atlantis Massif may correspond to the base of a
serpentinized detachment zone that extends below the
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Figure 2. Atlantis Massif at the eastern MAR-ATF intersection. (a) Location of DSL-120 and TOBI side-scan sonar tracks, Argo II imaging
surveys, Alvin dives (numbers are positioned at start of each transect), and rock samples. Left and lower axes are annotated in UTM coordinates
(labels in meters). Basic rock types are shown. Bathymetric base map is from 1996 cruise CD100, 100 m grid interval, contours at 500 m
intervals starting at 1000 m. Illumination is from NW. (b) Large-scale morphology of the Atlantis Massif from WSW-looking perspective
shows major morphotectonic features. Vertical exaggeration is ∼1.8, illumination is from SE and color scale is the same as in (a).
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seafloor from the corrugated domal surface toward the
median valley. North of the corrugated dome where
the topographic high extends another ∼10 km, average
crustal density (2850 kg/m3, Blackman et al., 1998) is
more typical of that expected for normal Atlantic crust.

Seismic refraction data at the central dome
of Atlantis Massif indicate that mantle velocities
(∼8.0 kms−1) occur within several hundred meters
of the surface (Detrick and Collins, 1998). The dis-
tribution of the high velocity material is not tightly
constrained by these data but the lateral extent must be
at least of the order of a few kms. The seismic velocity
gradient in the central Atlantis Massif is similar to that
of other MAR sites where serpentinized peridotite has
been drilled or mapped on the seafloor (Collins et al.,
2001). Seismic velocities beneath the southern ridge of
the massif are also high (∼7.5 kms−1), within a range
that could reflect either partly serpentinized peridotite
and/or gabbro (Detrick and Collins, 1998).

MARVEL2000 data acquisition

The goal of our recent investigation of the Atlantis
Massif (MARVEL = Mid-Atlantic Ridge Vents and
Extended Lithosphere) was to better define the mor-
phology and geology of key parts of the massif to test,
and refine hypotheses regarding its origin as an OCC.
The 39-day cruise aboard the R/V Atlantis (AT3-60)
took place November-December, 2000. Our invest-
igations were concentrated in two main areas: (1) a
spreading-parallel corridor from the top of the west-
ern median valley wall across the Eastern Block and
the Central Dome, and (2) the southern face of the
massif where cross-sectional exposures of the foot-
wall of the core complex were expected. Transponder
networks were deployed in each of these areas to
provide navigation for all near-bottom investigations.
In both areas we collected high-resolution side-scan
sonar data, seafloor video and digital still imagery,
submersible observations, and rock samples.

The DSL-120 side-scan sonar sled was towed
∼100 m above the seafloor to obtain backscatter and
phase bathymetry data in the 120 kHz band (Fig-
ure 2a). During a 3.5-day survey, we mapped major
regions of the southern half of the massif and its
flanks. Portions of the South Wall, Southern Ridge,
and the Central Dome were imaged almost 100%;
the east and west flanks were only partially covered
(Figure 3). Backscatter artifacts include symmetrical
patterns arising from receiver cross-talk in areas of

especially strong acoustic backscatter and, as expec-
ted, a lack of returns on the downslope side of tracks
traversing across steep terrain.

Alvin submersible dives (15) and Argo II ima-
ging surveys (13) were targeted on likely outcrop
areas identified on the basis of backscatter pattern and
intensity and bathymetric characteristics (Figure 2).
Nine Alvin dives and 8 Argo II surveys were located
along the South Wall and Southern Ridge at depths
from 3100 m to 700 m. Three Argo II surveys, four
full Alvin dives, and a short engineering dive were
completed within the spreading-parallel corridor for
collection of seafloor gravity measurements (Nooner
et al., 2003), rock sampling, and observations.

Video and digital still cameras (DSC) on the Argo
II sled were configured in a vertically down-looking
mode for all of the surveys on the summit of the massif
and in a 30◦ downward-looking orientation for steep
scarps. Two different types of surveys were conduc-
ted. In some areas, long transects were made to collect
reconnaissance ground-truth data over areas with dis-
tinctive backscatter characteristics. In other places,
with extensive basement outcrop , closely spaced (5–
10 m), subparallel transects were conducted in areas
as large as 100 m square. Overlapping DSC images
from these surveys were merged to create mosaics of
outcrop areas several meters to a few tens of meters in
scale.

Alvin dives provided direct observations and
samples of the Central Dome, fault scarps on the
edge of the Eastern Block, and the South Wall. Dives
covered 1–2 km distance and provided continuous
video and 35 mm camera coverage of the seafloor.
Samples were collected at regular intervals and also
from features of particular interest.

Two dredges on the flanks of the southeast
shoulder of the Southern Ridge recovered a vari-
ety of partially serpentinized peridotites and variably
deformed and metamorphosed gabbroic rocks.

Post-cruise analyses of data included merging of
DSL-120 side-scan sonar data with the TOBI data from
a previous cruise (RRS Charles Darwin – CD100)
(Blackman et al., 1998; Cann et al., 1997). The 30 kHz
TOBI side-scan system was towed about 500 m above
the seafloor, therefore, the image resolution is several
meters, in contrast to ∼2 m for DSL-120. Alvin and
Argo II data were integrated to document the nature of
the outcrop in key survey areas. In addition, DSC im-
ages from many Argo II survey areas were mosaicked
to create large-scale views of the seafloor outcrop (few
hundred meters square). Initial petrological data were
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summarized (online supplement Table 1 lists brief
descriptions of all MARVEL samples).

Descriptions of the Subareas of Atlantis Massif

The bathymetric and side-scan sonar data provide a
morphotectonic framework for the geology of key sub-
areas of the Atlantis Massif. The side-scan mosaic in
Figure 3 shows all of the DSL-120 tracks and a portion
of the TOBI tracks. Where tracks cross, one track (or
a portion thereof) is chosen to overlie the other; in
this figure the choices were made to illustrate overall
structure. In subsequent figures that show side-scan
data, the choice of overlying track may differ if the
insonification angle of the other track increases the
visibility of features being discussed. In the following
descriptions, we use x,y coordinates in UTM zone 23
to locate specific features of interest.

Spreading-parallel corridor

This component of the MARVEL study focused on a
swath of seafloor extending from the top of the western
median valley wall of the MAR, about 15 km north of
the ATF, to the WSW, roughly parallel to the relative
plate motion direction. From east to west this cor-
ridor includes the Eastern Block of basaltic material,
the corrugated Central Dome, and a less-well mapped
region in the western part of the massif.

Eastern block. The MARVEL data are consistent the
earlier interpretation (Cann et al., 1997; Blackman
et al., 1997) of the Eastern Block as an allochthonous
block of basaltic material above the detachment fault.
Acoustic and morphologic features on top of the East-
ern Block include several widely spaced, flat-topped
cones and many small mounds that resemble volcanic
constructions of the MAR axial valley observed else-
where (Smith and Cann, 1992) (Figures 3 and 4). The
mounds form clusters several hundred meters across
and are more abundant on the northern part of the
block (≥ 30◦ 12′ N).

The southern part of the Eastern Block is a smooth,
acoustically absorbing terrain (Figures 3 and 4) in-
terpreted as basalt covered by variably consolidated
sediment. The sediment is a few tens of centimeters
to 2 m thick. Ripple marks and winnowing of sed-
iment in the area reflect limited current action. This
smooth sediment masks the contact between the East-
ern Block and the adjacent Central Dome. The east

scarp of the Eastern Block consists of a series of near
vertical cliffs and intervening, more gently inclined
steps (Dive 3644); these components combine to pro-
duce an overall slope of about 45◦. The cliff at the
top edge of the block is ∼100 m high and exposes
variably fractured pillow basalts (Figure 5) capped
by 0.5–2 m of laminated chalk and unconsolidated
pelagic ooze. Talus ranging in size from large angu-
lar boulders to cobbles buries the base of the scarp.
All rocks sampled by Alvin or dredged from the east-
ern scarp and from the top of the Eastern Block are
basaltic in composition.

A narrow, NS-trending, east-dipping scarp extends
along the break in slope between the dome and the
Eastern Block (just west of x = 782000, between y ∼
3340500 and y ∼ 3341500). The south end of this
long scarp trends southeast, towards a field of mounds
interpreted to be volcanic features. The northern end of
the scarp strikes northeast, toward the splayed scarps
of a northeast-trending ridge that is 50 to 100 m high
(x = 782000, y = 3343000, Figure 3). Pillow basalts
were exposed in scarps several meters high that bound
a small graben in the latter region of the Eastern Block
(Dive 3643, Figure 2a).

Central dome. Linear topographic corrugations are
essentially continuous across the full width of the
Central Dome (Figure 2). Striae imaged with side-
scan sonar do not individually extend the length of
the domal surface, however they do occur through-
out the corrugated region (Figure 6a). Where they are
best developed, the striae can be correlated with ex-
posed linear areas of rubble/breccia (bright reflectors)
and intervening sediments (acoustically absorbing so
they are dark in the side-scan image), which were
observed along an Argo II transect. In general, how-
ever, individual features in either Argo II or Alvin
imagery were not recognized that might correspond to
the striae. This is probably because these features have
wavelengths of several tens of meters.

Locally, parallel lineaments trend NE, crossing and
truncating the ESE-trending striations (x = 775500,
y = 3341000, Figure 6a). Other areas show com-
plex acoustic backscatter patterns with various ori-
entations, overprinted by the ESE-trending structures
(x = 777000, y = 3340500, Figure 6a). Collect-
ively, these may correspond to complexly oriented
layering or metamorphic fabrics exposed on a low-
relief surface. Such relationships are not evident in the
TOBI data, but they are clearly present in the higher
resolution DSL-120 data.
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Figure 4. Side-scan sonar data show acoustic features interpreted as volcanic mounds on top of the Eastern Block. Location is shown in
Figure 3. A portion of two DSL-120 swaths are overlain on part of a TOBI swath. Cut-away of DSL-120 track allows comparison of mound
signature between the two systems. Steep eastern scarp dips down to the right, it has high reflectivity as do the sides of the small mounds. Low
reflectivity sediments surround the mounds, which cast dark acoustic shadows. Alvin dive and Argo II mosaicking (Figure 5) run were just to
the north of the area shown here (Figure 2a).

Large areas with low reflectivity, interpreted as
smooth pelagic sediment, are pervasive on the east
slope of the Central Dome at seafloor depths greater
than ∼2000 m. Both large, low reflectivity fields and
smaller ponds also occur on the west slope. Variably
lithified chalks, commonly a few tens of centimeters
thick, drape low-relief topography on the dome. The
chalks commonly have dark-stained surfaces and a
knobby surface texture reminiscent of elephant skin.
Local exposures of rubble, breccia, and (possible)
weathered pillows, separated by extensive areas of
smooth sediment dotted with sparse blocks of base-
ment material were observed on the western part of
the Central Dome (Figure 7a–b).

A 1.5-km2 patch of sedimented conical hills occurs
near the top of the east slope of the Central Dome (x =
779100, y = 3342300). A single, isolated flat-topped
cone occurs 2.5 km south of this field (x = 778700,
y = 3397000; Figure 3).

Rare patches of exposed bedrock were observed
during Alvin dives on the Central Dome (Figure 7c).
Elsewhere the bedrock was mantled with breccia
embedded in lithified carbonate. Overall recovery
from the central dome included three samples of
fresh basalt (containing fresh olivine), seven of unde-
formed greenschist-facies metabasalt, one of serpent-
inite largely replaced by talc, and a sample now com-
posed of talc and chlorite which is probably an altered
gabbro. The three samples obtained from bedrock are
all of metabasalt.

West Side of the Massif. Coverage of the western
side of the Atlantis Massif is very sparse. The break
in slope from the smoothly sloping dome top to the
west face of the massif is marked by a series of small,
few-hundred meter long scarps that are visible on both
the bathymetry and side-scan images. A kilometer
farther downslope, large, west-facing, en echelon
scarps define the main western boundary of the mas-
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Figure 5. Pillow basalts exposed at the top of the steep fault scarp that bounds the eastern edge of the Eastern Block. Sediment layers blanket
the top of the surface, as seen here. Two still camera (DSC) images, combined to show a section ∼12 m high, were obtained by Argo II at
location ∼785200, 3342700 (Figures 2a, 3) at seafloor depth ∼2500 m. Camera view angle is 30◦ downward.

sif. These extensive scarps are each a few kilometers
long and have relief of a few hundred meters (Figure 3
and Blackman et al., 1998, Figure 1 and Plate 4a).
DSL-120 backscatter imagery of some of these large
scarps delineate a series of closely spaced, parallel,
linear reflectors that are interpreted as stepped, west-
facing faults (Figure 3, x = 773500, y = 3343000).
Smaller scarps splay from the large ones (Figure 3,
x = 774000, y = 3345000) and in some places in-
tersect the more extensive faults at high angles (x =
776000, y = 3345000). Other features are interpreted
as sinuous, sediment-filled valleys.

An Argo II transect at ∼2000 m depth on the west
side of the massif (Figure 2a) encountered mostly
sloping, sediment covered talus and some outcrops

that appear to be weathered basalt. The outcrops were
exposed in a deep notch trending SSW from x =
769500, y = 3337500, with ∼100–200 m of relief
(Figure 3).

Southern Atlantis Massif

The southern part of the Atlantis Massif differs sub-
stantially from the spreading-parallel corridor de-
scribed above. Our investigations of the various areas
within this region provide important insights into the
development of the Southern Ridge and the evolution
of the Atlantis Massif.
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Figure 6. Side-scan sonar data on the Central Dome (location shown in Figure 3). Scales are the same for a and b. (a) DSL-120 swaths overlay
TOBI data and show that most striations are parallel to the spreading direction (ESE). A set of smaller linea trending NE have different acoustic
character which likely reflects a different origin for this seafloor signature. (b) TOBI data show the volcanic constructs labeled on the overlying
DSL-120 swath in (a). Insonification is from NW.

The South Wall. The South Wall of the Atlantis Mas-
sif rises from a smooth, gently sloping talus ramp
at its base, to a steep, deeply embayed wall (Fig-
ures 2a and 3) near its summit. The average slope
of the wall is about 40◦, but in detail it consists of
many near-vertical cliffs with spectacular bedrock ex-
posures, separated by more gently sloping terraces
covered by rock debris and pelagic ooze. The steep,
arcuate headwall scarps and troughs that trend down-
slope mark sites of significant mass wasting (Figure 8).
These embayments host numerous SW and SE fa-
cing cliffs that produce a complex, three-dimensional
exposure of variably deformed basement rock. The
uppermost few hundred meters of the South Wall is
an especially steep interval, with multiple extensive,
subvertical (and locally overhanging) cliff exposures.

Side-scan sonar images of the South Wall scarp
(Figure 8) show strong reflectors that are indicative
of steep cliff faces and shadows typical of very rough
terrain. Dense Argo II surveys imaged some of the
extensive cliff faces (Figure 9 shows a photomosaic

from a portion of one survey) and also a few lateral
transects across the wall. Several of the Alvin dives on
the South Wall obtained imagery and samples in Argo
II survey areas.

Basement material exposed on the South Wall
(Figures 9, 10) is dominated by partially to pervasively
serpentinized (70–95%) peridotite (Figure 11a–d, on-
line supplement Table 1). Locally, vertical outcrops
up to 200 m high are cut by relatively few fractures.
Attempts to obtain samples from these sections were
unsuccessful so our samples are biased toward more
fractured rock types. Some serpentinite outcrops are
massive (Figure 10a), however most exposures have
a well-developed, narrowly spaced (0.5 m or less)
anastomosing foliation (Figures 10b and 11b), typ-
ical of many deformed serpentinites (O’Hanley, 1996).
Our sampling was not dense enough to allow unique
correlation of outcrop-scale foliation to specific mi-
crostructures. The outcrop foliation patterns that we
observed could be due to either parallel fracturing or
to development of ribbon texture. (Figure 11c). The
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Figure 7. Surface deposits and bedrock on top of the Central Dome. (a) Indurated rubble (metabasalt and serpentinite?) on top of dome is
shown by Digital Still Camera mosaic from Argo II survey ∼774500, 3340500 (Figure 2a, 3) at 1536 m seafloor depth. Camera view is vertical.
(b) Sedimentary breccia (indurated rubble) with clasts of metabasalt and serpentinite on top of dome. Photograph by Alvin hull-mounted camera
at depth 1700 m, westernmost dive (3653) in the spreading-parallel corridor (Figure 2a). (c) Alvin photograph shows the edge of an outcrop of
basalt that was sampled during Dive 3642. Video taken by Alvin shows that this ∼20 m × 20 m outcrop includes some fractured pillows.

latter has been documented to parallel both high and
low temperature microstructural deformation in sim-
ilar settings elsewhere on the MAR (e.g. Ceuleneer
and Cannat, 1997). The distribution of foliated out-
crops is complex and discontinuous throughout the
South Wall. However, the orientation of the outcrop
foliation appears to be fairly systematic. The apparent
dip of the foliation changes from SW in the west, to
gently SE in the east across the central-eastern portion
of the southern wall. Locally, continuous steeply W-
and N-dipping faults cut the foliated serpentinites.

The protolith of the serpentinite is harzburgite.
These rocks are commonly cut by veins composed
dominantly of talc, tremolite and chlorite (Figure 11e,
g), that are interpreted as pathways for metsomatic flu-
ids. In several cases, alteration, veining, and melt-rock

reactions are so intense that primary textures of the
peridotites are no longer clearly visible (Früh-Green
et al., 2001; Schroeder et al., 2001). The suite of
samples obtained from the Atlantis Massif resembles
ultramafic and gabbroic rocks from other exposures in
submarine environments (Cannat et al., 1997; Dick,
1989; Kelley et al., 1993; Gillis et al., 1993; Kel-
ley, 1997; Karson, 1998; Lagabrielle et al., 1998).
These rocks record a complex history of deforma-
tion and hydrothermal alteration. Multiple generations
of veins are present within the various rock types,
although static alteration and incomplete serpentin-
ization reactions are common within the peridotites
(Früh-Green et al., 2001; Boschi et al., 2002). Metaso-
matic alteration and formation of talc-bearing mineral
assemblages in the peridotites and gabbroic veins is
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Figure 8. Side-scan sonar image of the central part of the Southern Ridge. DSL-120 swaths are overlain on TOBI data (location shown in
Figure 3). Dashed white line shows center of DSL-120 tracks which have some portions cut away so that features in TOBI data are visible.
Difficulties with seafloor detection on the steep slopes below the top scarp results in numerous artifacts near the DSL-120 centerline (nadir). The
top of the ridge has continuous, smooth backscatter characteristic of pelagic sediment. Note strong, arcuate reflectors and downslope-trending
debris chutes along the top of the South Wall. The Lost City hydrothermal vent field is located near the summit of the ridge at the top of the
South Wall.
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Figure 9. Imagery data from the South Wall of Atlantis Massif. a) Photomosaic of DSC images obtained during an Argo II survey (∼778200,
3336300, depth 904 m). This ∼40 m high image illustrates the structure within exposures of variably deformed serpentinites along the topmost
scarp. View angle of the camera is 30˚ downward. b) A single DSC image illustrates the sedimentary units deposited unconformably on foliated
serpentinite on the top of the South Wall. White chalk caps the sequence and cracks within it indicate the degree of induration. Corals are
growing on top.
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Figure 10. Basement outcrops on the South Wall of the massif. Handheld digital photographs from Alvin dives (location in Figure 2a) are
shown in (a–c). (a) massive serpentinite, (Dive 3650, 3000 m); (b) serpentinite with anastomosing foliation (Dive 3645, 1270 m); (c) massive
outcrop typical of metagabbbro (Dive 3645, 983 m); (d) cross-jointed, basaltic dike (?), between dashed lines, cutting serpentinites. Mosaic of
DSC images obtained during Argo II survey (∼777600, 3336100, 840 m). Camera view angle is 30◦.

common, as is low-temperature overprinting, seafloor
weathering, and carbonate vein formation (Figure 11
a, f, i). One dike of rodingitized gabbro was sampled
deep on the South Wall (Figure 2a, x = 773800,
y = 3330500).

In several outcrops along the top of the South Wall,
breccias with carbonate matrix unconformably overlie
foliated serpentinite (Figure 9), and carbonate veins
and open fissures partially filled with delicate, finger-
like growths of carbonate are visible. Some samples
show a complex array of cross-cutting, variably de-
formed serpentine and carbonate veins (Figure 11f)
that are reminiscent of those found in Alpine ophic-
alcites (Weissert and Bernoulli, 1985; Lemoine et al.,
1987; Früh-Green et al., 1990; Treves and Harper,
1994; Treves et al., 1995). Some deformed veins
contain microfossils indicating that the fractures were

open to the surface during deformation of the host
serpentinite (Schroeder et al., 2002).

Microstructural analysis shows that the rocks were
subjected to shear deformation and dilational frac-
turing at metamorphic conditions ranging from gran-
ulite to sub-greenschist facies. High temperature
(>700 ◦C), ductile deformation of both gabbro and
peridotite is dominated by crystal plastic flow and
formation of mylonitic shear zones, where grain size
reduction by dynamic recrystallization is character-
istic (Figure 11j, k; Schroeder et al., 2001). Rocks
from all structural levels sampled on the South Wall
display strong ductile deformation.

Ductile deformation fabrics in peridotite samples
are overprinted by semi-brittle and brittle deforma-
tion (Figure 11h), which indicates that shear strain
was accommodated by cataclasis and diffusive mass
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Figure 11. Rock samples from the South Wall of Atlantis Massif. Scale bar in hand sample photos is 10 cm. Size of each photomicrograph is
labeled. (a) Typical serpentinite, Dive 3639, 1550 m. (b) Foliated serpentinite, Dive 3639, 1475 m. (c) Ribbon textured serpentinite. Foliation is
defined by parallel serpentinite and magnetite veins that parallel earlier-formed crystal plastic fabric. Dive 3648, 947 m. (d) Sheared serpentinite
with fine-grained domains consisting of parallel oriented tremolite (tr), talc (tc) and chlorite (chl). Dive 3639, 1472 m. (e) Highly serpentinized
peridotite cut by gabbroic vein. Primary textures in the vein are obliterated by pervasive alteration to tremolite, talc, and chlorite. Dive 3652,
884 m. (f) Deformed carbonate veins in serpentinite, Dive 3639, 1475 m. (g) Margin of highly altered vein in serpentinite. Vein is dominantly
tremolite with minor talc and chlorite cutting kernel texture serpentinite. Dredge 3, ∼783200, 3335100. (h) Margin of narrow amphibole-grade
shear zone in metagabbro with weak brittle overprint. Finely recrystallized plagioclase and porphyroclasts are cut by minor-offset brittle
fractures. Dive 3652, 874 m. (i) Highly serpentinized peridotite cut by a dense network of calcite-filled veins (cc). Calcite veins have kink
bands and cut earlier serpentine (serp) mesh textures and veinlets. Relict olivine (ol) texture is partially preserved in spite of high degree of
alteration. Dive 3652, 863 m. (j) Deformed metagabbro. Dive 3649, 1423 m. (k) Amphibolite-facies metagabbro mylonite with segregated
bands of recrystallized plagioclase, brown hornblende and Fe-Ti oxide. Plagioclase is deformed by crystal plastic flow with minor cataclasis.
Recrystallized grains of plagioclase range in size from 10–100 mm. From sample shown in (j).
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transfer (Schroeder and John, 2002). Stable mineral
assemblages of tremolite, chlorite and chrysotile in-
dicate that the latter processes occurred at temperature
less than 400 ◦C. Schroeder (2003) determines that it is
less common for gabbroic samples to display deforma-
tion characteristic of the 200–400◦ temperature range,
suggesting that reaction-weakening of peridotite by
serpentinization and greenschist facies alteration pro-
motes partitioning of strain away from the relatively
stronger gabbro (Schroeder et al., 2001). The occur-
rence of cataclastic deformation in samples at from
a range of structural depths indicates that a series of
faults have been active as Atlantis Massif evolved.

Because the top of the corrugated Central Dome
had previously been interpreted as a detachment fault
and at least the eastern part of the Southern Ridge
has similar surface features, we anticipated finding a
discrete, low-angle fault zone at the top of the South
Wall. Photomosaics from five nights of Argo II sur-
veying (Figure 2a) do not show consistent outcrop
structure that might document a single, major fault
zone along the top of the southernmost scarps. Three
Alvin dives (3645, 3651, and 3652, from west to east
as shown in Figure 2a) reached the very top of the
South Wall. The easternmost of these dives (3652)
crossed the summit in two transects, laterally offset
by ∼800 m. In both of these crossings, subhorizontal,
parallel fracturing was observed in outcrops within the
top ∼100 m section just beneath a breccia/carbonate
unit that caps the summit of the massif. In contrast,
the western crossing of the summit (Dive 3645) did
not encounter such outcrop structure near the summit.
Microstructural analysis of samples from both dives
indicates that brittle deformation is concentrated in a
section that occurs within the 50 m section just be-
low the sedimentary cap units. This limited finding
may be bolstered by microstructural analyses of the
full suite of ultramafic south wall dive samples, al-
though an assumption about the prior depth of the
corrugated surface is required in the areas where ex-
tensive landslides have probably removed portions of
it. Schroeder (2003) defines a projection of the domal
surface extending west from the actual corrugated sur-
face on the Southeast Shoulder. He determines that
almost all samples that display a high degree of brittle
deformation occur at a structural depth, defined be-
low the (partly assumed) surface, of less than ∼50 m
(Schroeder and John, 2002; Schroeder, 2003).

Along the South Wall, talus slopes extending hun-
dreds of meters downslope are common, hosting an-
gular gravel- to cobble-size fragments. Rarely, very

large (tens of meters across) intact blocks are included.
The immense blocks are also visible in the side-scan
images (Figure 8).

The Southern Ridge. The Southern Ridge is 3–5 km
wide and its transform-parallel length is about 15 km.
Surface corrugations and striations are less promin-
ent than those that typify the Central Dome, and the
Southwest Shoulder lacks these features altogether.
The ∼7 km2 summit area of the ridge averages about
750 m depth and the DSL-120 bathymetry data in-
dicate that the peak itself is elongate in the NS dir-
ection. A large, arcuate scarp cuts into the NE side
of the summit (break in slope x = 777200, y =
3337500, Figures 3 and 8) and bounds a 1.5-km-wide,
downslope-trending depression extending ∼2 km to
the NE. The scarp defines the NE edge of the top of
the peak, and appears to be the headwall scarp of a
large mass-wasting feature.

Striations on the Southern Ridge are visible up to
3 km west (Figure 8) of the summit area and 5 km to
the east (Figure 12). The lateral extent of the striations
is similar to that of the Central Dome, but the area
where they occur lies 2–3 km farther to the east. The
southeast shoulder of the ridge displays striations and
poorly defined corrugations on an area that extends 2
to 3 km south of the summit. The nature and extent
of these lineaments indicate that at least the eastern
portion of the Southern Ridge was affected by the
same processes that created the corrugated and striated
Central Dome.

A steep scarp truncates the southeast shoulder of
the Southern Ridge, with NNE-trend and ∼40◦ dip
toward the RTI (Figure 12). Just beyond the north-
ern end of the scarp, pillow basalt up to several tens
of meters thick was observed during an Argo II run
(Figure 2a). However, most of the top and eastern por-
tion of the scarp are covered by sediment and rubble
produced by mass wasting. An Alvin dive (3647) on
the eastern slope of the southeast shoulder crossed
some basement, but mostly rock debris that included
blocks up to at least 10 m across. In this area, active
debris chutes and talus ramps cut into and bury older
slides. Samples collected here include a wide range of
metagabbroic rocks that exhibit complex overprinting
of metamorphic mineral assemblages and veins, in ad-
dition to a few basalts (Figure 2a, online supplement
Table I).

The western shoulder of the Southern Ridge has
a distinctly different acoustic signature than the east-
ern shoulder (Figure 13). No striations are visible
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Figure 12. Side-scan sonar image of the eastern part of the Southern Ridge (southeast shoulder). DSL-120 side-scan swaths are overlain on
TOBI data (location in Figure 3). Solid white line indicates TOBI track centerline. dashed white line shows DSL-120 track centerline, to clarify
insonification directions where portions of image are cut away. Distinct, ESE-trending striations occur in this area, suggesting that it may be
related to the Central Dome although these southern striae are coarser. Note the sharp scarp edge to the southeast.

and bright reflectors with diverse acoustic textures are
present in patches. Locally, these areas are cut by dark
‘channels’ (e.g. x = 772000, y = 3338300, Fig-
ure 13) that extend for hundreds of meters and trend in
several different directions. Low-acoustic-backscatter
areas occur in some places but not as extensively nor in
such large fields as elsewhere on the massif. Based on
the sharpness and shape of the dark/bright backscat-
ter boundaries, many low-backscatter areas appear to
be shadows associated with locally rough topography.
Other dark areas are interpreted as sediment ponds.

At the top of the South Wall, variably foliated to
massive serpentinites are unconformably overlain by a
distinctive sequence of flat-lying sedimentary deposits
including breccias, chalk, and variably consolidated
carbonate ooze (Figure 9). The contact between the

serpentinites and the sedimentary rocks is sharp, but
gently undulating locally in some outcrops, with a
few meters of relief. It is clearly a depositional con-
tact. The smooth upper surface of the sedimentary
sequence is the seafloor, which has a gentle slope up
toward the crest of the Southern Ridge. Only minor,
local, erosional features disturb the sedimentary se-
quence. The general absence of bright reflectors in
the side-scan sonar images from the top of the central
and eastern Southern Ridge likely indicates that this
smooth sediment surface blankets much of the area.



462

Figure 13. Side-scan sonar image of the western side of the massif. DSL-120 side-scan overlain on TOBI data (location in Figure 3). Dashed
white line shows DSL-120 centerline. Note patches of linear and irregular reflectors (basement outcrops?) and large areas of low backscatter
(sediment covered areas). Smooth, downslope-trending swaths are probably channels produced by mass wasting.

Summary and Interpretation

Integration of the MARVEL results with data from
previous studies shows that the Atlantis Massif has ex-
perienced a complex tectonic and hydrothermal activ-
ity. Both processes probably contributed to uplift of
the massif as well as influencing its ongoing mor-
phological evolution. The time period over which the
tectonism and hydrothermalism have occurred must be
less than 2 Myr, although it could have been consider-
ably less depending on when initial development of the
massif began. The morphotectonic map in Figure 14
summarizes our current interpretation of the Atlantis
Massif.

All available evidence indicates that the Eastern
Block is a continuous block of variably fractured up-
per crustal material that lies between the top of the
median valley wall and the corrugated Central Dome.
However, because contacts with surrounding terranes
are not exposed, there is no unique interpretation for

how and when the Eastern Block formed with re-
spect to other parts of the massif. It is likely that this
block represents allochthonous upper crustal material,
underneath from which the footwall has been transpor-
ted WNW by several kilometers. The angular rubble
fragments sampled from the Central Dome are mostly
metabasalt whose metamorphic grade indicates alter-
ation temperatures of 300 ◦C. The fragments could
have broken off the underside of the now-displaced
hanging wall to the east. However, it is also possible
that the Eastern Block basalt was erupted in contact
with the corrugated surface on the median valley floor
and that the Eastern Block has been elevated while
in contact with the detachment fault surface. In this
case the metabasalts would have to be relicts of the
underside of a hangingwall block now buried beneath
the Eastern Block. Rare features interpreted as intact
volcanic cones on the eastern slope of the Central
Dome indicate that at least some volcanism occurred
on the corrugated surface. The backscatter character-
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Figure 14. Morphotectonic map of Atlantis Massif based on sidescan sonar, basic rock type distribution, Alvin dive mapping, Argo II video
imagery and bathymetric data. The MAR median valley is just off the right side of the map and the Atlantis transform fault is off the bottom
of the map. Blue contours are at intervals of 50 m with heavy contours every 250 m, the shallowest of which is 1000 m. This oceanic core
complex exposes rubble-covered detachment surfaces that cap foliated, serpentinized peridotite and lesser metagabbroic rock within the core.
The eastern basaltic block is interpreted to be an upper crustal hanging wall block.

istics of these features indicate that they are covered
with sediment so are probably not recently erupted.

Despite the distinctive and compelling nature of
the corrugations and striations on the Central Dome,
determining their geologic cause using seafloor map-
ping is challenging because basement outcrops are
very scarce on the surface of the massif. Outcrop map-
ping along of the top of the eastern South Wall and
deformation in samples from several areas along the
uppermost scarp indicates that a major fault caps at
least portions of the Southern Ridge.

The patterns of striations observed in the DSL-
120 side-scan sonar are not as regular as previously
inferred from TOBI data. Locally, areas of more com-
plex curvilinear striations are reminiscent of outcrop
patterns on erosional surfaces in complexly deformed
continental basement terranes. These patterns tend to
occur on surfaces that are exposed at greater water
depths and may represent tectonic or erosional ex-
posure of structurally deeper material, perhaps the

basement beneath a pre-existing, regularly striated
detachment exposure. For example, if the Southern
Ridge at one time was completely capped with a
corrugated surface, the current Southwest Shoulder
might represent such an exposure of basement from
underneath the now-removed surface.

Minor gabbroic outcrops do not display an obvious
preferred orientation or spatial distribution, although
all samples from these exposures are deformed. High-
temperature (granulite to amphibolite facies) mineral
assemblages in gneissic to mylonitic metagabbros
(Kelley et al., 2001; Schroeder et al., 2001) indicate
that at least locally intense deformation must have oc-
curred at significant subseafloor depths. Overprinting
lower-temperature, brittle features may have been ac-
quired during partial serpentinization and shearing of
the surrounding peridotites (Boschi et al., 2002; Früh-
Green et al., 2001; Schroeder et al., 2001, 2002).
Stable isotope data and the mineral assemblages in
the serpentinized peridotites indicate that much of the
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serpentinization and metasomatism occurred at tem-
perature of approximately 200–400 ◦C (Früh-Green
et al., 2002).

Field observations and sampling on the South Wall
indicate that this area is dominated by variably de-
formed and highly altered serpentinite, with lesser
metagabbro. However, seismic data indicate that an-
hydrous peridotite (seismic velocity >8 km/s) occurs
at depths of less than a kilometer below the sur-
face of the Central Dome (Detrick and Collins, 1998;
Collins et al., 2001). Thus, the exposures on the
South Wall may represent a thin veneer of altered
rock. Alternatively, because most of our coverage
of the South Wall is located where it cuts deeply
into the interior of the Southern Ridge and the slope
failure could have occurred relatively recently, the
findings may indicate that serpentinization penetrated
to greater depth there than at the Central Dome. Grav-
ity data (Blackman et al., 1998) show that much of
the Southeast Shoulder is underlain by high-density
material (3100–3200 kg/m3, if surrounding crust av-
erages 2850–2900 kg/m3), similar to that beneath the
eastern slope of the Central Dome (Figure 15). In ad-
dition, the lower slopes of the central part of the South
Wall must be underlain by high-density, presumably
less extensively altered rock, based on the gravity high
in that area. In contrast, most of the summit area of
the Southern Ridge, and a central area, ∼2 km wide,
on the Southeast Shoulder are characterized by gravity
anomalies up to 5 mGals lower than the highs associ-
ated with the rest of the core of the complex. These
relative gravity lows may reflect density reduced by
serpentinization at depth. If this is the case, the uplift
of the Southern Ridge may have been enhanced, re-
lative to the Central Dome, by significant volumetric
expansion associated with serpentinization (O’Hanley,
1996). Venting of high pH fluids at the Lost City Hy-
drothermal Field demonstrates that serpentinization is
still ongoing, with outflow focused near the summit of
the Southern Ridge (Kelley et al., 2001).

Striations and corrugations, similar to those of
the Central Dome, occur on the eastern part of the
Southern Ridge. One possibility is that the top of
the Southern Ridge is an uplifted surface that was
once continuous with that of the Central Dome. Uplift
may have been responsible for arresting the spreading-
parallel displacement along the southern portion of
the detachment. Continued displacement to the north
would have resulted in the several-kilometer westward
step in the position of the Central Dome relative to
the corrugated, striated portion of the Southern Ridge.

In this scenario, there never would have been a cor-
rugated surface over the current Southwest Shoulder.
There does not appear to be a distinct break in the
corrugated surface between the Central Dome and that
on the Southern Ridge. If the evolution of the two parts
of the detachment did differ, a means of enabling their
separate behavior must exist somewhere to the north of
the Southeast Shoulder. Strands of any transfer zone
(Karson, 1992) that might accommodate the offset
along the steep northern side of the Southeast Shoulder
are not visible in our sidescan data, although high-
resolution coverage is not continuous in this area. The
landslide marked by a headwall scarp on the north-
east side of the summit peak, and debris that extends
several km to the east (Figures 3, 8, and 14), may doc-
ument tectonic activity along such a zone. The sections
of pillow basalt observed at the very top of the north-
ern slope on the Southeast Shoulder could be bits of
the hanging wall block, uplifted during the rise of the
Southern Ridge.

Discussion

One of the defining characteristics of dome-like sea-
floor massifs of OCC is their smoothly arched, cor-
rugated and striated upper surface. These surfaces are
interpreted to expose major detachment faults with
spreading parallel displacements comparable to the
width of the massifs. At up to 20 km, this corresponds
to as much as 2 Myr of focused slip on Atlantic de-
tachment faults (Tucholke et al., 1998). The thickness
of the Atlantic detachment zones appears to be of the
same order as continental detachments- many tens to a
hundred meters. Seafloor determinations are generally
more difficult than subaerial mapping due to logist-
ical limitations but several dives at Atlantis Massif
(subsection on The South Wall), drilling during Ocean
Drilling Program Leg 153 in the MARK area, 23◦ N
MAR (Karson and Dick, 1983; Gillis et al., 1993;
Karson and Lawrence, 1997), and rock drill work and
targeted dredging on the 15◦ 45′ N (MacLeod et al.,
2002; Escartin et al., 2003) all indicate detachment
zone thickness of several tens of meters. Submersible
mapping and sampling on the flanks of Atlantis Bank,
SWIR (Miranda et al., 2002) suggest that parts of that
detachment system contains slip zones up to 500 m
thick.

At the Atlantis Massif, the composition and de-
formation are heterogeneous with depth along the
South Wall. Sheared serpentinites with intervening
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Figure 15. Residual gravity anomalies (grayshade) at Atlantis Massif; contours show topography at 100 m interval. Contribution of seafloor
topography has been removed from the Free Air Anomaly, as has a model of constant thickness, constant density crust. A model of density
increase associated with simple lithospheric cooling has also been removed to obtain this residual gravity anomaly map (from Blackman et al.,
1998). Location of profiles in Figure 16 are shown and labeled.



466

bodies of more massive serpentinite occur throughout
a 2500 m thick interval from the top. No consistent
relationship has been discerned between these rocks
and the intercalated, less common gabbros. Simil-
arly, a variable distribution of deformation fabric is
documented for seafloor samples from ultramafic ex-
posures at the MAR axis near the 15◦ 20′ N fracture
zone (Cannat et al., 1997). Such variable distribution
of deformation with depth in the core of oceanic com-
plexes likely indicates that extension was distributed
between a series of faults (a detachment system), sim-
ilar to that documented in continental core complexes
(John, 1987).

Relative lows in the gravity anomaly map indic-
ate that the depth to which serpentinization penetrates
varies within and between the Southern Ridge and the
Central Dome (Figure 15). This variation is probably
controlled by the distribution of faults and fractur-
ing that are secondary, relative to the detachment.
Steep faults that strike parallel to the southern edge
of the massif and to the ATF significantly enhance
permeability in this area. Intense fracturing along this
part of the massif also includes a network of ∼NS
features and likely promotes hydrothermal circulation
and hence serpentinization.

Cross sections (Figure 16) illustrate the type of
variability that occurs within the core of the At-
lantis Massif and the possible relationships of adjacent
blocks. The schematic sections are constrained by a
series of 2-D gravity models in which the density con-
trast and shape of subsurface bodies was varied to
determine the limits of structure that match the ob-
served gravity profiles to within the 2 mGal accuracy
(Blackman et al., 1998) of the seasurface data. The
2-D models provide a useful guide for geologic infer-
ence. Future, more detailed assessment will require a
3-D gravity modeling approach due to the complexity
of the structure and the topograhic relief of the area
(Parker, 1995; Nooner et al., 2003).

There appear to be differences in the depth to
which serpentinization significantly lowers the density
of the rock and these occur over lateral distances of
3–5 km. The alteration within portions of the South-
ern Ridge may extend 500–1000 m deeper than that
beneath the Central Dome, particularly in the summit
area. Buoyancy forces associated with volumetric ex-
pansion that accompanies serpentinization may also
contribute to uplift of the domal core. The greater
extent of serpentinization within the Southern Ridge
may explain why the summit there achieved such shal-
low depths. Another factor in the greater uplift of the

Southern Ridge may be its proximity to the transform
fault that may act to decouple the corner of the plate
from typical lithospheric stresses.

Based on the morphology and geological relations
of the Atlantis Massif we infer a dramatic history of
vertical uplift. The peridotite that makes up the core
of the massif originated in the mantle within less than
∼15 km of the spreading axis, possibly below the axial
valley itself. The depth at which this material was
incorporated into the lithosphere is not known, nor
is it clear how much overlying material might have
been removed tectonically. The depth of the MAR
median valley in this area is ∼4000 m, typical of
many areas near slow-spreading RTIs (Purdy et al.,
1991). The Central Dome of the massif is presently
at an average depth of about 1800 m. Therefore, this
region must have been uplifted at least 2200 m dur-
ing incorporation into the western flank of the MAR.
This uplift occurred in about 1.5 Myr yielding an up-
lift rate of ∼1.5 mm-yr−1. The Southern Ridge has
had additional uplift, totaling up to 4000 m, over a
similar time span. The uplift history of the Atlantis
Massif is extraordinary, but it may be typical of OCC.
For example, topographic highs along the St. Paul,
Romanche, and Vema fracture zones in the Atlantic
probably formed at similar, inside corner settings and
their uplift was even greater, they reached sea level
before subsequently subsiding (Bonatti, 1978). The
Atlantis Bank on the SWIR, a gabbroic core complex
associated with partially serpentinized peridotite, has
a beveled upper surface that was probably eroded at or
near sea level (Dick et al., 2000).

Finally, the very sparse evidence of magmatic
activity within the core of Atlantis Massif would, at
first glance, suggest the validity of early hypotheses
(Karson, 1990; Tucholke and Lin, 1994) that correlate
a period of amagmatic spreading with the formation
of the OCC in this area. The question arises, how-
ever, as to whether the current distribution of basaltic
and gabbroic rocks within 20 km of the MAR-ATF
RTI really supports this conclusion. Imbricate hanging
wall blocks in the central part of the OCC may com-
bine to ∼2 km thick magmatic section, at least a
portion of which is envisioned to have once resided
above the footwall. Regional gravity analysis (Pariso
et al., 1996) shows that the Mantle Bouguer anomaly
over the outside corner is 20–25 mGals lower than
that over inside corner. This corresponds to a crustal
section on the order of 2 km greater in thickness. The
7 km thickness determined for the outside corner (Par-
iso et al., 1996) is on the high end for Atlantic crust,
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Figure 16. Schematic cross sections of the Atlantis Massif oceanic core complex. Profiles of bathymetry and residual gravity (Figure 15)
illustrate the Central Dome, Eastern Block, and Southern Ridge areas in across-axis (panels on left) and along-strike (panels on right) views.
Heaviest line shows detachment fault. Dashed heavy lines indicates possible normal fault. Gray shade indicates higher density material with
light gray indicating density 100–150 kg/m3 less than dark gray. White indicates lower density material. Structure and lithology in the west is
conjectural but attempts to generally match the residual gravity anomaly.

particularly at the end of a segment. It is likely that
asymmetric faulting of the crust (Karson, 1999) res-
ulted in most of the magmatic section being spread
to the eastern MAR flank while the lowermost crust
and upper mantle section preferentially spread to the
west. Canales et al. (2002, submitted) report that re-
flection seismic data indicate Layer 2A thickness and
structure on the outside corner as typical to somewhat
thick for Atlantic crust. More detailed geophysical
and petrological data will be required to constrain the
(east flank) lower crustal structure and the relationship
between (west flank) footwall peridotites and outside
corner basalts before a more confident conclusion can
be drawn.
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