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Abstract we reconstruct the history of the mode of accretion of an area of the Mid-Atlantic Ridge south
of the Kane fracture zone using bathymetric morphology. The area includes 200 km of the spreading axis
and reaches to 10 Ma on either side. We distinguish three tectonic styles: (1) volcanic construction with
eruption and intrusion of magma coupled with minor faulting, (2) extended terrain with abundant large-
offset faults, (3) detachment faulting marked by extension on single long-lived faults. Over 40% of the sea-
"oor is made of extended terrain and detachment faults. The area includes products of seven spreading
segments. The spreading axis has had detachment faulting or extended terrain on one or both sides for
70% of the last 10 Ma. In some parts of the area, regions of detachment faulting and extended terrain lie
close to segment boundaries. Regions of detachment faulting initiated at 10 Ma close to the adjacent frac-
ture zones to the north and south, and then expanded away from them. We discuss the complex evidence
from gravity, seismic surveys, and bathymetry for the role of magma supply in generating tectonic style.
Overall, we conclude that input of magma at the spreading axis has a general control on the development
of detachment faulting, but the relationship is not strong. Other factors may include a positive feedback
that stabilizes detachment faulting at the expense of volcanic extension, perhaps through the lubrication of
active detachment faults by the formation of low friction materials (talc, serpentine) on detachment fault
surfaces.

1. Introduction

At slow spreading ridges such as the Mid-Atlantic Ridge (MAR), the oceanic lithosphere is recognized as form-
ing by two distinct modes of spreading, the volcanic mode and the detachment mode. In the volcanic mode,
most of the extension takes place by magmatic processes such as injection of dykes and eruption of lavas,
with a minor contribution from faulting. In the detachment mode, a large part of the extension takes place on
large-offset normal faults with a less important and variable volcanic contribution [eBucholke et al 2008],
coupled with the exposure of plutonic rocks [e.gKarson 1999;Tucholke et aJ 1998] and with high rates of
hydroacoustic seismicityfscagn et al 2008]. The detachment mode generates a distinctive range of bathy-
metric morphologies very different from the equally distinctive morphologies that characterize the volcanic
mode [Cannat et al, 2006 Okino et al, 2004 Smith et al, 2006, 2008, 201Zucholke et al 1998].

Using the distinctive bathymetric morphologies and the patterns of hydroacoustically recorded seismicity,
Escaidn et al[2008] deduced the distribution of active detachment faulting along the slow spreading axis of
the MAR between 18N and 38N and concluded that about half of the 2500 km of the ridge was spreading
by detachment faulting on one "ank or other and the other half of the ridge was volcanic on both sides.
Escafin et al[2008] did not identify any examples where the detachment mode is present on both sides of
the axis. Other studies have shown instances where both sides of the axis are in the detachment mode such
as at 15N in the MAR $chroeder et g12007] and along a major section of the ultraslow spreading Southwest
Indian Ocean RidgeQannat et al, 2006;Sauter et al 2013], where extension along low-angle faults results in
large, widely spaced smooth ridges that lack corrugations. In these instances the detachment faults appear to
alternate from one side to the other of a broad axial zone, with no well-de“ned median valley.

In this paper, we use the distinctive morphologies of the two modes of spreading to develop a new tectonic
interpretation of a region of the MAR between 28 and 248\, south of the Kane fracture zone. We build on
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Figure 1. Bathymetric map of the study area. The Kane fracture zone borders the area on the north and an unnamed fracture zone lies
close to the southern edge. The spreading axis is marked by a double black line. Large black numbers along the axis identify the spreading
segments recognized in this paper (1...5 from north to south). Long black dashed lines: transform faults. Short black dashed lines: off-axis
boundaries of the regions corresponding to the axial segments. Off-axis the areas for Segments 2 and 3 are united. Areas generated at
extinct spreading segments are numbered 6 and 7. Magnetic anomalies derived frGente et al[1995] are labeled with small black num-
bers. White boxes: areas enlarged in Figures 2...5. White letters KMM identify the Kane Megamullion, the area described in Batéil in

et al [2008]. Red ovals: ocean drilling sites labeled with hole numbers or with NP standing for North Pond.

existing work in the area [e.gCannat et al, 1995bGente et al 1995, and other references below]. Our study
area (Figure 1) extends for 200 km along the axis and for 120 km on either side of the axis, equivalent to
10 Ma of spreading. On the north it is bordered by the Kane fracture zone, with a sinistral offset of about
100 km. To the south the border was another fracture zone with about 40 km of dextral offset until about 3
Ma ago, when a volcanically active segment propagated northward across the fracture zone.

The size of the area allows us to examine the relationship between the different modes of spreading and to
investigate the possible controls on the transition from one mode to another both along and across the
spreading axis. We use the bathymetric signals to map the distribution of the different modes across the
area as a function of time and space. We examine the nature of the boundaries between lithosphere con-
structed by the different accretion modes. We reconstruct the nature of the spreading axis as a function of
time and are able to set constraints on the development of the accretion modes and their evolution.

2. The Study Region and Existing Data

The South of Kane area (Figure 1) has been the site of several studies many of which provide crucial ground-
truth for this investigation and include sea”oor obsefations. These range from early geological work [e.g.,
Bryan et al 1981;Karson and Dick1983;Melson et al 1968;Miyashiro et al] 1971] that is complemented by
later studies including geophysical and seismological surveys [e@anales et al 2000;Cannat et al, 1995b;
Gente et a] 1995;Maia and Gente1998;Pockalny et al 1995;Purdy and Detrickl986]. More recent detailed
work of Dick et al [2008] describes both the geology and geophysics of the Kane Megamullion region adjacent
to the Kane transform and the conjugate to it on the east side of the axis. Many of these investigations recov-
ered plutonic rocks by dredging or submersible indicating the presence of detachment faulting. Several of the
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ocean drilling legs in the study region reached plutonic rock. DSDP Leg 45 drilled at Site 395 in the North
Pond basin (labeled NP in Figure 1) and penetrated a sedimentary unit of plutonic rocks, including gabbro
and serpentinite, sandwiched between basaltic lava "owslglson et a| 1979]. This deep hole was the subject

of downhole logging experiments on several later DSDP and ODP legs [Bgcker et al 1984]. More recently
IODP Leg 336 drilled at Site 1382 close to Site 395 in North Pond and deployed a subsea”oor observatory
[Edwards et al 2012]. Hole 1382A penetrated a sedimentary unit containing plutonic rocks very similar to that
in Hole 395A. ODP Legs 109 (Site 670) and 153 (Sites 920...924) (Figure 1) penetrated plutonic rock near the
axis and close to the Kane transfornApdreani et al 2007:Cannat et al, 1995aDetrick et al 1990]. A wide-
angle seismic pro“le Canales et al 2000] over Site 920 and extending along a "ow line on either side of the
axis indicates that the crust in this region is very thirx@ km) beneath both "anks of the median valley and
also shows important variations in thickness along the pro“le. A seismic study of a massif at@2[Bannow-

ski et al, 2010] showed the presence of thin (4 km) crust beneath the massif, interpreted as a detachment
fault core complex, compared with normal crustal thickness § km) beneath the valley "oor and the eastern
side of the axis.

Our analysis of the modes of spreading was made with multibeam bathymetry data obtained from the
Global Multiresolution Topography Data Portal (http://www.marine-geo.org/portals/gmrt/), and “rst
reported by Gente et al[1995] andCannat et al [1995b]. To examine these modes closely enough, the
bathymetry data were gridded at 100 m, contoured at a 25 m interval and assessed at a scale of 1:250,000
(Figure 1). Critical to our interpretation was a very close examination of the bathymetric features, kilometer
by kilometer throughout the area, as described iB8mith et al [2008]. To constrain the spreading history of
the area, we used the magnetic anomaly identi“cations @ente et al[1995], which are shown in Figure 1.
Williams[2007] also identi“ed magnetic anomalies in this area using data collected more recently. These
identi“cations are very close to those oente et al[1995] but do not cover the whole of the study area, so

for consistency we retain the earlier interpretations.

As is often the case in the Atlantic, the anomalies are not everywhere precisely de“ned. The area contains
anomalies from 1 to 5 on each side corresponding to 10 Ma of spreading at a total rate of 25 mm/yr. In the

north of the area the spreading has been very asymmetric, about 1.4 times faster on the west than on

the east for the whole period. In the south the spreading has been nearly symmetric overall. The transition

from the northern asymmetric spreading to the southern symmetric spreading takes place rather rapidly

about half way along the axis in the area.

Based on evidence from bathymetry and gravityzente et al[1995] mapped a tessellated pattern of the
crust away from the spreading axis. This was interpreted as representing the evolution of segmentation
through time, as magmatic segments have grown and shrunk. Gente et al.s pattern is a very complex one
and has two signi“cant weaknesses:

1. It does not take full account of the morphology of the volcanic ridges on either side of the axis, though
these must be the primary indicators of original offsets of the spreading axis.

2. Itis not approximately symmetrical about the axis, governed by the magnetic anomalies, which is neces-
sary if it represents past offsets of the axis. We have reassessed this interpretation and developed an
alternative, simpler version for use in this paper. This is discussed below in section 4.2.

3. Identifying Modes of Spreading

In this section we develop the relation between the tectonic variety of the MAR and the related morpholog-
ical features and shown schematically in Figure 2, illustrating the discussion with examples from the study
area, developing the discussion further than has been done previousBnijith et al, 2006; 2008]. Here we

use the term eeoutward-facingee to mean facing away from the spreading axis. Similarly esinward-facingee
means facing toward the spreading axis.

3.1. Volcanic Morphology of the Spreading Axis

In most spreading segments of the northern MAR, independent of the spreading mode of the "anks of the
ridge, an axial volcanic ridge (AVR) runs along the middle of the median valley "oor. AVRs are typically sev-
eral tens of kilometers long, and are shallowest toward their center, deepening toward their ends. These
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Figure 2. Schematic cross sections through the four different styles of accretion described in this paper. (a) Accretion dominated by vol-
canics with minor faulting. (b) Extension of the volcanics at a higher degree of faulting. (c) Corrugated core complex with a very large off-
set fault exposing the fault plane and the footwall basement below it. (d) Noncorrugated core complex with the fault plane concealed
below overlapping rafted blocks.

volcanic ridges are typically 200...400 m high and 3...4 km wide, so that the "anks of the AVRs dip away from
the crest of the ridges at< 108 The bathymetry shows a range of volcanic features on the "anks of AVRs.
These include small volcanic cones, some with "at tops or craters, lava "ow ridges and terraces, and more
substantial volcanic edi“‘ces$earle et aJ 2010;Smith and Cann1999]. The "at tops of volcanic cones are
close to horizontal, probably re”ecting ponded lava "ow lobes. In some places, smooth, "at areas represent
more extensive "ows that “Il the topography. This morphology can only be seen in a detailed examination

of the bathymetry. Identi“cation of this range of features as produced by basaltic volcanism has been con-
“rmed repeatedly by dredging and submersible observation since the “rst multibeam maps were made of
mid-ocean ridges Ballard and van Andell977].

3.2. Volcanic Mode of Spreading

In the volcanic mode of spreading, toward the edge of the median valley "oor the volcanic morphology is
cut by steep inward-facing faults. Slices of the AVR, typically 5...10 km wide, are transported upward and out
of the median valley. Off-axis, areas of volcanically constructed sea”oor can be recognized by parallel elon-
gate abyssal hill ridges, each typically several tens of kilometers long, spaced 5...10 km apart and running
parallel to the spreading axis. These have a quite distinct morphology from the much higher relief and
shorter ridges that mark extensive exposures of peridotite forming part of the ssmooth sea’oorse system
[Cannat et al, 2006] that lack any sign of volcanic morphology. The abyssal hill ridges are bordered by gen-
tle (typically < 108 slopes on the outward-facing side. On close examination of the bathymetry these
outward-facing slopes show the same range of volcanic features as are seen on the "anks of the AVRs. The
"at tops of small volcanoes or ponded "ow lobes are close to horizontal, suggesting very limited sea”oor
rotation since the volcanic construction ended. Examples from the study area are shown in Figure 3. Field
observations con“rming our interpretation come from submersible dives within the area of Figure 3c along

a line from 48100 to 44835W at latitude 2320N [Durand et al, 1996]. We interpret the abyssal hill ridges,

as many others have done before [e.glong et al, 1988;Pockalny et a] 1988;Semgtre et al, 1993;Shaw

and Lin 1993], as strips of the volcanic sea”oor of the median valley "oor cutoff by steep normal faults
throwing down toward the spreading axis. These faults have similar morphology to the faults that border
the median valley. Groups of abyssal hill ridges commonly terminate at discontinuities corresponding to
original offsets in the spreading axis within the median valley. As abyssal hill ridges approach a
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Figure 3. Examples of volcanic bathymetric morphology, contoured at 50 m intervals. Locations are shown in Figure 1. The spreading axis
lies to the west in each image. The map of the whole study area was examined at the same resolution and with the same contour interval
as in this image. White dashed lines are abyssal volcanic ridges. Note the steep sides to the ridges on the inward-facing sides toward the
spreading axis, interpreted as marking small-offset faults throwing down toward the axis. Note the small volcanic features on the gently
dipping outward-facing sides of the ridges, including small "at-topped "ow features and small volcanic hummocks. V marks areas of unro-
tated volcanics. Figure 3c is at the north end of the area on the east side of the spreading axis. Note the hooking of the abyssal volcanic
ridges as they approach the Kane fracture zone, curving in the same direction as the offset of the transform fault.

discontinuity, over the last few kilometers they typically hook toward the discontinuity, especially if the
abyssal hill ridge formed on the outside corner of the offset. A schematic section through such terrain is
shown in Figure 2a.

3.3. Detachment Mode of Spreading

In the detachment mode, the steep normal faults that border the median valley continue to extend until
the slip on the fault reaches or exceeds several kilometers. During such a large slip, the footwalls of the
faults rotate outward, "attening the fault planes and tilting the originally near-horizontal volcanic sea’oor
on the outward side of the fault breakaway by up to several tens of degre€ddrces and Ge2007;MacLeod

et al, 2011 Morris et al, 2009;Smith et al, 2008;Tucholke et a] 1998]. The resulting topography has typically
greater relief and a shorter length scale parallel to the spreading axis than that of the volcanic mode, indi-
cating that originally long fault systems become partitioned into shorter sections as extension increases. As
the extension develops there are two different outcomes, formation of a core complex and formation of
consecutive large-offset faults.
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Figure 4. Examples of corrugated core complexes. Bathymetry data are contoured at 50 m intervals, and locations are shown in Figure 1.

In each map the spreading axis lies to the east. Examples of corrugations are marked by continuous white lines. T and associated dashed
white line: the termination of the detachment (where termination refers to the line of emergence of the fault from the ocean "oor). F and
associated dashed white line: a later fault that has cut across the detachment fault. B marks small basins (see text for details). (a) The Kane
Megamullion area described byick et al [2008]. (b) Area described hpannowski et al[2010]. South of the core complex is a group of

small faults emerging from the median valley "oor. (c, d) Sites some way off-axis. (d) A good termination fault.

3.3.1. Core Complexes

In this area we distinguish two end-member types of core complex, corrugated core complexes, and non-
corrugated core complexes (see examples of both end-members in our study area in Figures 4 and 5). Cor-
rugated core complexes arise where the fault plane bordering the median valley continues to extend,
rotating by "exure, until it forms the cap to a domal corrugated massif, the top of which may be close to
horizontal (Figure 4). These massifs are typically 15...30 km in size parallel to the spreading axis, and a similar
dimension perpendicular to the spreading axis, though a series of domes may be linked together continu-
ously away from the axis for up to 100 kmQhara et al, 2001]. The corrugations run in the direction of
spreading and have a wavelength of about 1 km when seen on the multibeam bathymetry data. They run
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