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[1] We reconstruct the flanks of the Mid-Atlantic Ridge (MAR) between 28! and 29!N from 1 to 10 Ma at
intervals of 1 Myr for the purpose of investigating evolution of young oceanic lithosphere morphology and
its variation through time using an innovative method that combines seafloor subsidence correction with
interpolated isochrons and rotation poles. Reconstruction results are consistent with formation of abyssal
hills every 1 to 2 Myr in 2–3 Myr old lithosphere at the outer edge of the ridge mountains as a result of
transition from dynamic regime near the axis to isostatic regime of the flanks. The oblique passage of
structures formed at the axial valley walls through this transition zone may play a role in the development
of inside corner high bathymetry. Asymmetric juxtaposition of abyssal hill morphology in reconstruction is
indicative of independent formation and evolution of the morphotectonic fabric on opposing flanks. The
two major factors affecting asymmetric ridge flank morphology are found to be sense of axial offset and
fluctuation of magmatic activity at the segment scale. Sense of axial offset determines the relative
distribution of inside and outside corner bathymetry on the flanks. Enhanced magma supply and associated
segment propagation may contribute to half-spreading rate asymmetry, accretion of thicker crust, and
formation of larger abyssal hills on the faster spreading flank. Consistent alignment in reconstruction of the
base of the steep walls bounding inside corner bathymetry confirms that they mark the boundaries between
segments on the flanks and that the deep sediment-filled basins, typically identified as discordant zones,
are attributable to outside corner bathymetry.
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1. Introduction

[2] Investigations into the mechanism of abyssal
hill formation have long been seen as key to
understanding the processes of accretion and evo-

lution of the seafloor, processes that shape roughly
70% of Earth’s surface. The morphology of abyssal
hills and discordant zones and their spatial distri-
bution are related to such factors as spreading rate,
axial segmentation, tectonic extension, and crustal

G3G3Geochemistry
Geophysics

Geosystems
Published by AGU and the Geochemical Society

AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES

Geochemistry
Geophysics

Geosystems

Article

Volume 5, Number 9

24 September 2004

Q09006, doi:10.1029/2004GC000727

ISSN: 1525-2027

Copyright 2004 by the American Geophysical Union 1 of 24



thickness. These relationships may provide insight
into the interaction of magmatic and tectonic
activity.

[3] Axial segmentation plays an important role in
shaping the abyssal hills of the ridge flanks.
Segmentation is thought to be linked to both
thermal structure and lithospheric thickness varia-
tion, which in turn determines fault orientation,
style, and spacing [Shaw and Lin, 1996; Sloan and
Patriat, 2004]. At slow-spreading ridges abyssal
hill morphology is largely shaped by segment-
parallel faulting and by the occurrence of inside
and outside corner bathymetry, inherent features of
axial segmentation. Inside and outside corners refer
to the sense of segment offset (Figure 1). At
segment ends shallower bathymetry is produced
on the flank facing the axial region of the adjacent
segment, the inside corner, and on the opposing,
the outside corner, flank deeper bathymetry is
produced. Mechanical uplift associated with the
geometry of en echelon segmentation in oblique
tension contributes to this relief, as does the
thermal effect of the adjacent segment. Inside
corner bathymetric highs form as lithosphere is
lifted from the axial valley floor, past the warmer
end of the adjacent segment, and into the ridge
mountains. At outside corners, lithosphere being
lifted from the axial valley floor into the ridge
mountains is next to slightly older, cooler litho-
sphere formed at the adjacent segment and as a
result tends to reside deeper. Inside-outside corner
bathymetry is enhanced as the lithosphere passes
from the ridge mountains to the flanks [Sloan and
Patriat, 2004]. Where the sense of axial offset is
consistent for several segments, the bathymetry of
the flanks will exhibit systematic asymmetry. In the
case of the study area, three axial discontinuities
offset the axial segments to right so that the on the
east flank the northern ends of the segment-defined
abyssal hills are shallower than southern ends.
Similarly, on the west flank the southern ends of
abyssal hills are shallower than the northern ends.

[4] Abyssal hill distribution and gravity data sug-
gest different durations for magmatic episodes.
There is some lack of coherence between the
episodicity of abyssal hills and the episodicity of
residual gravity anomalies and derived crustal
thickness variation from coincident and proximal
studies at the MAR. Estimates of abyssal hill
episodicity range from !2 to 7 Myr [e.g., Tucholke
et al., 1997; Maia and Gente, 1998], while the
range of residual gravity anomalies and calculated
crustal thickness episodicity is estimated to be

!3–4 Myr [e.g., Rommevaux et al., 1994]. While
overlap exists between the estimates based upon
these two different data types, the discrepancy
between them and the broad range of the former
is enough to warrant further investigation. In
addition, both negative [Goff et al., 1995; Tucholke
et al., 1997] and positive [Mendel et al., 2003]
correlations have been made between abyssal hill
size and crustal thickness at slow-spreading ridges.
What is the relationship between abyssal hill for-
mation and crustal thickness, if any? Can this
relationship be used to infer episodicity of mag-
matic activity?

[5] The notion of a broad zone of active tectonic
deformation at slow spreading ridges is supported
by modification of crustal structure interpreted
from gravity [e.g., Rommevaux et al., 1994;
Escartı́n and Lin, 1995; Maia and Gente, 1998]
and seismic data [Mutter and Karson, 1992;
Canales et al., 2000]. In a study of the Central
Indian Ridge, Sauter et al. [1996] concluded that
abyssal hill formation is not complete until
!1.5 Ma at a distance of 20–40 km from the axis.
The temporal/spatial extent of active modification
along the MAR has been linked to the width of the
dynamically supported regime estimated to extend
to !2–3 Ma/25–30 km off-axis [Sloan and
Patriat, 2004]. If seafloor morphology continues
to evolve to the edges of a zone of active defor-
mation 50–80 km wide, then are the processes that
contribute to abyssal hill and discordant zone
morphology operating asynchronously on oppos-
ing flanks? What effect does passage from the
dynamic regime to the isostatic regime of the
flanks have on abyssal hill morphology?

[6] With these issues in mind we reconstructed
seafloor bathymetry at 1 Myr intervals for the last
10 Ma using gridded SeaBeam bathymetry data
(Figure 2), an age grid derived from magnetic
data, and rotation poles and angles resulting from
a kinematic reconstruction (Table 1) [Sloan and
Patriat, 1992]. The relative crustal thickness
was reconstructed using a similar technique with
values calculated from residual gravity anomalies
by Rommevaux et al. [1994]. The resulting recon-
structions allow us to explore the evolution of
abyssal hill and discordant zone morphology
and its relationship to crustal thickness, spreading
rate, and segmentation. We examine the role
that passage from the dynamic regime near the
axis to the isostatic regime of the flanks plays
in shaping the morphology of abyssal hills and
discordant zones. We also examine the effects of
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axial geometry, asymmetric spreading rate, and
crustal thickness on abyssal hill formation and
distribution on the flanks and discuss the relation-
ship between episodicity of magmatic activity and
flank morphology.

2. Methodology

[7] The SARA (Segmentation Ancienne de la Ride
Atlantique) [Patriat et al., 1990] and C2912
[Purdy et al., 1990; Sempéré et al., 1993] surveys
collected the data used in this study. The combined
surveys provide complete coverage of SeaBeam,
magnetic, and gravity data of a 100 km " 350 km
zone centered on the MAR axis (Figure 2). Two
axial segments, AK3 and AK4 [Purdy et al., 1990],
are completely contained within the study area
along with part of two others, AK2 and AK5.
The segments are offset by three right-stepping
axial discontinuities. A kinematic reconstruction
using the SARA magnetic data revealed a change
in relative plate motion at !7 Ma during which
the full spreading rate decreased from !30 to
!26 mm/yr and the spreading direction changed
from N093!E to N110!E [Sloan and Patriat, 1992].
This change in relative plate motion was accompa-
nied by the growth of a new spreading segment,

AK4, which has increased in length over the last
7 Myr at the expense of Segments AK3 and AK5.

[8] Because our objective in reconstructing the
bathymetry within the study area is to compare
morphologic features on opposing flanks, we do
not attempt to reconstruct the morphology of the
axial valley. The current study area measures
!35,000 km2 and contains more than 256 major
fault scarps with throws of up to 1200 m [Sloan
and Patriat, 2004]. Not only would fault restora-
tion in such a zone be an uncertain and monumen-
tal task, it would not suit the current purpose of
comparing coeval morphologies that may have
evolved beyond the confines of the axial valley
such as abyssal hills and discordant zones [Sloan
and Patriat, 2004].

2.1. Bathymetric Reconstructions and
Redressing Seafloor Subsidence

[9] Young oceanic lithosphere subsides as it ages,
cools, and moves away from the ridge crest
[Parsons and Sclater, 1977]. In order to make
meaningful visual comparisons of abyssal hill and
discordant zone morphologies at 1 Myr intervals
over 10 Ma, the effects of differential subsidence
were removed, raising the features of the flanks to

Figure 1. Schematic of inside and outside corner bathymetry. Right-stepping, north-south trending axial segments
generate swaths of abyssal hills separated by discordant zones. Shallower bathymetry is produced near the inside
corners of axial offsets, while deeper bathymetry is produced near outside corners. This segment-related inside-
outside corner asymmetry results in an asymmetric pattern of abyssal hills on the flanks. The shallow ends of abyssal
hills are marked ‘‘I’’ for inside corner, and the deep ends of abyssal hills are marked ‘‘O’’ for outside corner. The stair-
step pattern of the discordant zones adjacent to the inside corner bathymetry is shown as a solid line, and the
crenulated patterns forming the outside corner are shown as dashed lines [Sloan and Patriat, 2004]. Not to scale.
Trends approximated.
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the approximate height of the outer ridge moun-
tains. Subsidence correction has the benefit of
producing reconstructed bathymetry images in
which juxtaposed morphologic features are
presented within the color-depth range of the
present-day ridge mountains, the proposed zone
of abyssal hill formation.

[10] Parsons and Sclater [1977] arrived at the
following theoretical expression for seafloor depth
as a function of age:

D t# $ % D t0# $ & 350 m*t1=2;

where D(t) is depth in meters, D(t0) is depth at the
ridge crest, estimated at an average of 2500 m
[Parsons and Sclater, 1977], and t is seafloor age
(Figure 3a). Several other investigators have
proposed revisions to this model based upon
thermal considerations [e.g., Abbott et al., 1992;
Stein and Stein, 1992; Cochran and Buck, 2001],
depth to mid-ocean ridge basalt basement

[Johnson and Carlson, 1992], and dynamic-
rheological consideration [Phipps Morgan and
Smith, 1992]. These models provide an improved
fit to observed subsidence in lithosphere older than
80 Ma, but do not vary significantly from the
Parsons and Sclater [1977] model for lithosphere
0–10 Ma.

[11] Reconstruction of seafloor requires that a
subsidence correction be applied to the bathymetry.
At age t, the seafloor would have subsided by
(Figure 3b):

Dd % 350 m*t1=2:

Subtracting Dd from the bathymetry elevates
seafloor to the initial depth of the ridge crest at
which it was formed while maintaining the relief of
the abyssal hills (Figure 3c). This correction does
not take into account the differential subsidence of
the lithosphere as a function of age. In order to
restore this subsidence curve to seafloor older than

Figure 2. Bathymetry and location map. The SARA survey area is located at 28!–29!N along the MAR Kane-
Atlantis supersegment. The survey mapped two full axial segments, AK3 and AK4, and part of AK2 and AK5.
Swaths of rugged abyssal hills separated by deeper discordant zones characterize the flanks. Arrows on inset map
indicate present spreading direction of N101!E [Sloan and Patriat, 1992]. Inside corners are labeled I in white;
outside corners are labeled O.
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the reconstruction age, tx, a second correction, Ds,
is applied (Figure 3d):

Ds % 350 m* t' tx# $1=2:

Thus the corrected depth of the seafloor for a
reconstruction at age tx may be expressed as
(Figure 3e):

D % D t# $ ' Dd& Ds % D t# $ & 350 m* t' tx# $1=2' t1=2
h i

:

[12] The gridded bathymetry data provides the
values for D(t) in which depth values are positive
numbers. The corresponding grid of age values
needed to calculate the subsidence corrections can
be derived from magnetic data.

2.2. Age Grid Calculation

[13] The exceptionally closely spaced (!1.5 km
compared to a typical track spacing of 10–20 km)
ship tracks of the SARA survey, required for
complete SeaBeam swath bathymetry data cover-

Table 1. Rotation Poles Calculated From Magnetic
Anomaliesa

Anomaly Age, myr Latitude Longitude Angle

2 1.86 80.10! 53.10! 0.48!
3 3.85 77.70! 67.70! 0.92!
3a 5.69 77.20! 76.30! 1.29!
4 7.01 77.50! 52.00! 1.65!
4a 8.69 78.50! 23.80! 2.29!
5 10.10 80.30! 36.10! 2.67!

a
Sloan and Patriat [1992].

Figure 3. Subsidence correction. (a) Depth age curve resulting from thermal subsidence of the seafloor derived by
Parsons and Sclater [1977] shown as heavy gray line; seafloor shown as black line. (b) Subsidence correction.
(c) Subsidence-corrected seafloor. (d) Reconstruction of subsidence-corrected seafloor and differential subsidence
correction for reconstruction time tx. (e) Reconstructed seafloor restored to time tx depth-age curve. See text for
details.
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age, resulted in closely spaced magnetic anomaly
profiles. This data permitted an accurate high-reso-
lution kinematic reconstruction of the magnetic
anomalies unusual in a zone without transform
faults [Sloan and Patriat, 1992]. The resulting
series of Euler poles was found to be correct for
other regions mapped between the Kane and
Atlantis transform faults and immediately north of
the Atlantis transform fault [Sempéré et al., 1995; R.
Pockalny, personal communication, 1995] as well as
for the Kane transform fault !600 km to the south
[Sloan and Patriat, 1992]. Using isochrons derived
from these well-defined magnetic anomalies and the
series of Euler poles, additional isochrons were

interpolated corresponding to 1 Myr intervals
(Figure 4a) [see Sloan and Patriat, 2004]. We have
a high degree of confidence in the interpolation
method. The interpolation technique takes into ac-
count the changing configuration of the axial geom-
etry, asymmetry of spreading, and variation of
spreading rate. The result is the series of 1 Ma
isochrons shown in Figure 4a and their
corresponding rotation poles in Table 2.

[14] The Generic Mapping Tool [Wessel and Smith,
1993] was used to create a continuous curvature
surface from the interpolated isochrons. The result-
ing grid was masked and resampled to the same

Figure 4. Isochron map and age grid. (a) Interpolated isochrons 1–10 Ma (red) superimposed on the bathymetry,
axis shown in black, discordant zones shown in white. (b) Geographic grid of age values derived from interpolated
isochrons, contour interval 0.2 Myr. Interpolated isochrons superimposed on age grid shown in red. See text for
details.
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node spacing as the gridded bathymetry. The mask
configuration corresponds to the northern and
southern limits of bathymetry data coverage and
the 10Ma isochrons on the east and west flanks. The
contoured age grid is shown in Figure 4b with the
interpolated isochrons superimposed upon it.

2.3. Subsidence Correction

[15] The age grid was used to calculate subsidence
correction grids for ages 0–9 Ma that were applied
to the gridded bathymetry. Examples of the subsi-
dence correction grids Dd and Ds for tx = 5 Ma are
shown in Figures 5a and 5b. The correction to
restore the bathymetry surface to the depth-age
curve, Ds = 350 m*(t ' tx)

1/2, results in null values

Table 2. Rotation Poles Interpolated for 1 Myr
Isochrons

Isochron Age, myr Latitude Longitude Angle

1 1 82.5! 53.1! 0.26!
2 2 80.5! 55.3! 0.51!
3 3 78.5! 64.3! 0.73!
4 4 77.6! 68.7! 0.95!
5 5 77.0! 74.1! 1.15!
6 6 77.6! 69.7! 1.37!
7 7 77.5! 52.4! 1.65!
8 8 78.5! 33.5! 2.02!
9 9 79.0! 26.4! 2.37!
10 10 80.2! 35.1! 2.64!

Figure 5. Subsidence correction grids for reconstruction age tx = 5 Ma derived from gridded age values. (a) Gridded
thermal subsidence depth correction values. (b) Gridded subsidence restoration curve values. Contour interval 200 m.
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being assigned to nodes with age values less than tx
(Figure 5b).

2.4. Bathymetry Reconstruction

[16] The morphologies of the opposing flanks were
juxtaposed by translating the subsidence-corrected
bathymetry grid from spherical Mercator to oblique
Mercator projection using the interpolated rotation
pole corresponding to the reconstruction isochron
(Table 2). The corrected bathymetry grid is then
rotated about the corresponding pole twice: once
clockwise by half the rotation angle and then
counter-clockwise by half the rotation angle. The
rotated grids are superimposed and clipped along
the reconstruction isochron. This technique posi-
tions the reconstruction isochron at the approxi-
mate location of the contemporary spreading axis,
allowing us to present the reconstructed bathyme-
try with geographic coordinates for reference and
scale (Figures 6a–6i). Subsidence-corrected recon-
structions corresponding to the magnetic anomalies
2, 3, 3a, 4, and 4a as identified directly from
magnetic data by Sloan and Patriat [1992] were
carried out as verification of method accuracy
(Figure 7).

[17] A series of profiles was plotted from the
subsidence-corrected bathymetry along conjugate
isochrons for each 1 Myr reconstruction to pro-
vide additional insight into comparison of juxta-
posed flank morphologies (Figure 8). Depth
values were extracted every 200 m. Distance
between the first data point of the profiles of
the west flank (red) and east flank (blue) was
determined by calculating the relative distances to
the rotation pole. Discordant zone locations were
translated from discordant zone traces in map
view (Figure 4a) identified as the base of discor-
dant zone walls defining high inside corners.
They were plotted profile to profile in Figure 8
to delimit segment boundaries on west (red) and
east (blue) flank.

[18] The positions the discordant zones (Figures 4
and 6a–6i–12) are derived from the bathymetry
and the 1 Myr isochrons are interpolated from
the magnetic anomalies. Because they are inde-
pendent interpretations, it is not unexpected that
they do not match exactly for every 1 Myr
interval. Overall there is moderate to excellent
coherence between the location of discontinuities
interpreted from the bathymetry and the offsets
in interpolated isochrons. Tectonic deformation
beyond the axial valley may contribute to mis-
alignment of the traces of the discontinuities and

interpolated isochron offsets or, as in the case of
the 9 Ma isochron (Figure 6i), it may be an
artifact of the interpolation process. The config-
uration of magnetic anomaly 5 (10.10 Ma) is
consistent with an axial geometry of two seg-
ments, AK3 and AK5, offset by a transform fault
near the middle of the mapped zone [Sloan and
Patriat, 1992]. The configuration of magnetic
anomaly 4 (7.01 Ma) clearly indicates a different
axial geometry. Between anomaly 5 time and
anomaly 4 time the axial geometry transitions
from two segments offset by a transform fault to
three segments offset by two non-transform dis-
continuities. The initiation and/or rapid growth of
segment AK4 took place over approximately
3 Myr in response to a change in relative plate
motion [Sloan and Patriat, 1992]. Although
anomaly 4a (8.69 Ma) was mapped, it does not
give a clear indication of the geometry of the
axial offset during this transition. In the process
of interpolation of 1 Myr isochrons a segment-
transform-segment configuration of the interpo-
lated 9 Ma isochron was imposed in the absence
of constraining data because it produced a better
fit with the configuration of anomaly 5 than an
oblique non-transform discontinuity.

2.5. Relative Crustal Thickness
Reconstruction

[19] The reconstruction method (without subsi-
dence correction) was applied to a map of relative
crustal thickness derived from the residual mantle
Bouguer anomaly [Rommevaux et al., 1994]
(Figure 9). Their model takes into account seafloor
bathymetry and thermal subsidence and assumes a
reference crustal thickness of 5 km. Crustal thick-
ness profiles were extracted along 1 Myr isochrons
and plotted with corresponding subsidence-
corrected depth profiles (Figure 10).

3. Reconstruction Results

[20] Our interpretation of the reconstruction results
is mindful of the fact that the interpolated isochrons
are independent of structural trends to a certain
degree. Magnetic anomalies from which isochrons
are derived are a residual expression of thermal
conditions at the axis. It is assumed that magnetic
anomalies are fixed within the crust before brittle
deformation ceases such that isochrons and struc-
tural trend may intersect. The 1.5 km spacing of
ship tracks led to an unusually large number of
identifications for each magnetic anomaly and
resulted in well-defined isochrons, often distinctly
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Figure 6. Subsidence-corrected bathymetry reconstructions, 1–9 Ma. The reconstruction technique positions the
reconstructed isochron at the approximate location of the contemporary axis, allowing the reconstruction to be
presented with geographic coordinates for reference and scale. The gridlines that appear within the geographic frame
correspond to the corrected bathymetry grid before rotation. Contour interval 200 m, traces of discordant zones
shown in white, reconstruction isochron shown in gray, 1 Myr isochrons older than the reconstruction are shown in
fine white lines. Inside corners are labeled ‘‘I’’ in white; outside corners are labeled ‘‘O’’.
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sigmoid, that permitted accurate isochron superpo-
sition without the constraint of fracture zones.

3.1. Bathymetric Reconstruction and
Abyssal Hills

[21] Abyssal hills and discordant zones are the
major morphologic features at the segment scale.

For the purpose of identification and distribution
analysis, we use a widely accepted definition of
abyssal hills as bathymetric highs elongate parallel
to the spreading segment, bound by fault scarps
and separated by intervening lows that are also
elongate parallel to the spreading segment. Inter-
vening lows tend to be narrower than abyssal hills
and both are limited in the axis-parallel direction

Figure 6. (continued)
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by discordant zones. The shallowest points of
abyssal hills tend to be associated with inside
corners of axial discontinuities. Along the crest of
most abyssal hills, bathymetry slopes away from
the inside corner high toward deeper bathymetry
associated with outside corners. The interpolated
isochrons lie parallel or moderately oblique to all
of the different components of abyssal hill mor-

phology including hill crests, inward and outward
facing slopes, and intervening lows.

[22] The 1 Ma and 2 Ma reconstructions juxtapose
rugged terrain that shows narrow deeper discordant
zones and little clear evidence of distinct inside or
outside corner bathymetry (Figures 6a and 6b).
Inside and outside corner bathymetry becomes

Figure 6. (continued)

Geochemistry
Geophysics
Geosystems G3G3 sloan and patriat: mar flank reconstruction 10.1029/2004GC000727

11 of 24



more apparent at 3 Ma as do discordant zones
(Figure 6c). From 4 Ma on, the isochrons regularly
run along both inside and outside corner bathym-
etry and roughly 1/3 of the segments’ length is
characterized by the sediment-filled deeps associ-
ated with discordant zones (Figures 6d–6i). Seg-
ment AK4 deviates from this trend for the 6 Ma
and 7 Ma reconstructions probably due to local

reorganization in response to changes in relative
plate motion at about this time [Sloan and Patriat,
1992].

[23] Reconstruction juxtaposes a range of morphol-
ogies from abyssal hill crest with abyssal hill crest
to abyssal hill crest with intervening low. Recon-
struction of Segments AK3 at 4 Ma, 6 Ma, and 7

Figure 6. (continued)
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Ma and Segment AK4 at 3 Ma, 6 Ma, and 8 Ma
juxtapose conjugate abyssal hill crests or conjugate
intervening lows indicating relatively symmetric
abyssal hill distribution for those particular ages
and segments (Figures 6 and 8, Table 3). Other
reconstructions, such as Segment AK3 at 3 Ma,
5Ma, and 8Ma and Segment AK4 at 5Ma and 7Ma,
juxtapose an intervening low with an abyssal hill
crest. Approximately half of reconstructions 3 Ma
and older juxtapose abyssal hills or intervening lows
with corresponding morphology. The other half
juxtapose abyssal hills with intervening lows or
some other combination indicative of asymmetric
distribution of abyssal hills on the flanks.

[24] Depth profiles extracted along east (blue) and
west (red) 1 Myr isochrons (Figure 8) further
illustrate the range of morphologies juxtaposed
by reconstruction. Abyssal hills exhibiting high
inside corner relief are juxtaposed with intervening
lows as in the 7 Ma reconstruction of Segment
AK5. The alignment of inside and outside corner
bathymetry on opposing flanks can be seen in the
juxtaposition conjugate abyssal hill crests in the
7 Ma reconstruction of Segment AK3.

[25] The high percentage of asymmetry in inter-
polated isochrons is not an artifact of interpolation,
as evidenced by the comparable level of asymme-
try obtained for reconstruction of isochrons
derived directly from observed magnetic anoma-

lies (Figure 7). Approximately 64% of anomaly-
isochrons reconstructions juxtapose abyssal hills
or intervening lows symmetrically and 36% result
in asymmetric juxtapositions. This comparison
does not rule out error in interpolating the 1 Myr
isochrons, but it does confirm that asymmetric
juxtaposition of abyssal hills and intervening lows
occurs frequently within the study area and pro-
vides a certain confidence in the interpretation of
asymmetric abyssal hill formation.

[26] As a means of identifying individual abyssal
hills we have traced the 2100 m contour on a map
of the subsidence-corrected bathymetry (Figure 11).
The mean depth of the subsidence-corrected
bathymetry is !2400 m and the 2100 m contour
was chosen to distinguish tectonic-derived bathym-
etry from volcanic-derived bathymetry (300 m is
the maximum height of volcanic features on the
valley floor in the study area [Briais et al., 2000]).
Thus the choice of the 2100 m contour, although
somewhat arbitrary since it does not delimit the
abyssal hills along their fault scarp boundary,
provides an approximation of the abyssal hill
distribution in time and space. Abyssal hills of
Segment AK3 occur at a spacing of !1 Myr except
at !6–7 Ma on the west flank and at !5–6 Ma
on the east flank. Although their distribution is
spatially asymmetric, the number of Segment AK3
abyssal hills formed during the last 10 Ma is the

Figure 6. (continued)
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same on both flanks. Segment AK4 abyssal hills
occur every !2 Myr and are asymmetrically
distributed with respect to the isochrons. From
0 Ma to 3 Ma too little of Segment AK5 is
contained within the study area to identify abyssal
hills with confidence. From 3 Ma to 10 Ma,
Segment AK5 abyssal hills occur every !1–
2 Myr, distributed asymmetrically on the flanks.

3.2. Discordant Zone Alignment

[27] At slow-spreading ridges, discordant zones
are generally regarded as aligned series of deep,
irregular, elliptical basins forming troughs that
marks the traces of axial discontinuities and sepa-

rate high inside corner bathymetry of one segment
from low outside corner bathymetry of the next.
The long axis of the elliptical basins tends to be
parallel to the spreading axis. Discordant zone
walls that form the edge of high inside corner
bathymetry tend to display a blocky stair-step
configuration while the walls along outside corner
bathymetry tend to have a crenulated configuration
(Figure 1) [Sloan, 1993; Sloan and Patriat, 2004].
The floor of the discordant zones appears relatively
smooth suggesting the role of catchment basin for
mass-wasted sediments. The base of the steep wall
forming the edge of the high inside corner bathym-
etry has been delineated as the location of the
discordant zones. Juxtaposition of the flanks shows

Figure 7. Subsidence-corrected bathymetry reconstructions, anomaly 2 through anomaly 4a. The reconstruction
technique positions the reconstructed isochron at the approximate location of the contemporary axis, allowing the
reconstruction to be presented with geographic coordinates for reference and scale. The gridlines that appear within
the geographic frame correspond to the corrected bathymetry grid before rotation. Traces of discordant zones shown
in white, reconstruction isochron in gray.
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that the steep walls defining the high inside
corner rather than the middle of the sediment-
filled basins or the crenulated walls of the
discordant zones tend to be aligned by recon-
struction (Figures 6a–6i and 7).

3.3. Crustal Thickness Reconstruction and
Abyssal Hills

[28] Reconstruction of crustal thickness variation
calculated from gravity data by Rommevaux et al.

[1994] often shows juxtaposition of relatively thick
crust from one flank with relatively thin crust of the
opposing flank (Figure 9). Examining crustal thick-
ness along strike of reconstructed isochrons we
note that at 9 Ma, when Segment AK4 is presumed
to have zero length, the crust is thinnest at what
appears to be an axial discontinuity between Seg-
ments AK3 and AK5 and thickens along the axis of
these segments. From 8 Ma to 5 Ma, Segment AK4
lengthens while generating a zone of relatively
thick crust near its center. During this same period

 
 

 
 

 

Figure 8. Subsidence-corrected, along-isochron depth profiles. Depth profiles of subsidence-corrected bathymetry
juxtaposed by reconstruction extracted along isochrons on the west (red) and east (blue) flank. Traces of discordant
zones on the west (red) and east (blue) flank are shown as dashed lines. Reference depth line at 2500 m; V.E. = 1:100.
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Figure 9. Crustal thickness reconstruction 1–9 Ma. Contour interval 0.5 km, discordant zones shown in black. The
reconstruction technique positions the reconstructed isochron at the approximate location of the contemporary axis,
allowing the reconstruction to be presented with geographic coordinates for reference and scale. The gridlines that
appear within the geographic frame correspond to the original crustal thickness grid before rotation. Crustal thickness
map calculated from gravity data by Rommevaux et al. [1994], with interpolated isochrons in gray, lower right.
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Segments AK3 and AK5 display thicker crust at
outside corners and thinner crust at inside corners.
From 5 Ma until 1 Ma Segment AK4 also displays
thicker crust at outside corners and thinner crust at
inside corners.

[29] In addition to crustal thickness variation
along isochrons, variation of crustal thickness
through time is apparent along flow lines. Crustal

thickness of Segment AK3 varies by about 1 km
roughly every !2–4 Myr and Segment AK4
every !2–3 Myr. Given the extent of data cover-
age, it is difficult to resolve the periodicity of
crustal thickness fluctuations; however, it is clear
that the fluctuations of one segment are not in
phase with those of adjacent segments. Crustal
thickness variation appears to be associated with
changing segment length. During periods of gen-

 
 

 
 

 
 

 
 

 

  

 
 

 
 

 
 

 
 

 

Figure 10. Subsidence-corrected depth profiles plotted along isochrons with corresponding crustal thickness
profiles, 0–9 Ma. Depth and crustal thickness vertical scales are arbitrarily aligned. Dashed vertical lines mark
discordant zone locations.
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eration of thicker crust, Segments AK3 and AK4
lengthened or advanced at one or both ends.
During periods of generation of thinner crust both
segments retreated.

[30] Crustal thickness values plotted along iso-
chrons with corresponding subsidence-corrected
bathymetry (Figure 10) present a consistent pattern
with respect to segmentation. The calculated crustal

Figure 11. Abyssal hill identification. Bathymetry corrected for thermal subsidence only. Trace of 2100 m contour
is used as an approximation for abyssal hill identification. Interpolated isochrons shown in red, traces of discordant
zones shown in white.

 

Figure 12. Abyssal hills and crustal thickness. Abyssal hill identifications superimposed on calculated crustal
thickness map. Contour interval 0.5 km.
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thickness varies approximately ±1.5 km from the
reference thickness of 5 km. The profile plotted
along the axis (0 Ma) reveals variable but relatively
thick crust beneath the central part of Segment
AK4. The crust thins toward both segment ends
from !5.5 km to !4.5 km. The axial profile passes
over the saddle at the discontinuity between AK4
and AK5. This relative bathymetric high corre-
sponds to slightly thicker crust. The pattern of
crustal thickness beneath the segment centers at
the axis has changed by 2 Ma. From 2 to 10 Ma the
thickest crust tends to occur beneath the outside
corner bathymetry and the thinnest crust beneath
the inside corner bathymetry. Discordant zones
tend to be associated with areas of steepest gradient
of crustal thickness.

[31] When abyssal hill distribution based on
bathymetry is superposed onto a map of crustal
thickness (Figure 12) we observe that along flow
lines broader, more robust abyssal hills correspond
to areas of thicker crust while narrower abyssal
hills tend to correspond to areas of thinner crust.
Also apparent in Figure 12 is that the wavelength
of abyssal hill relief along flow lines is shorter than
that of crustal thickness variation. The greatest
relief and shallowest bathymetry along isochrons,
which occurs at the inside corner highs, correspond
to thinner and occasionally thinnest crust while the
inverse is true for outside corners.

3.4. Abyssal Hill Morphology, Relative
Plate Motion, and Segmentation

[32] Due to reorganization of relative plate motion
at !7–8 Ma, the spreading rate dropped from
30 mm/yr to 23 mm/yr and then gradually
increased to the present-day rate of 26 mm/yr
[Sloan and Patriat, 1992]. Spreading direction
changed from N093!E to N110!E at !7 Ma and
then changed gradually to the present-day direction
of N101!E. Coincident with the change in relative
plate motion at !7–8 Ma, Segment AK4 began to
grow while Segments AK5 to the south and AK 3
to the north retreated. The southern end of Segment

AK4 made a steady advance toward the south
while the northern end alternately advanced and
retreated (Figures 6a–6i). The present-day length
of Segment AK4 is greater than it has been at any
time during the last 10 Ma. The rapid growth of
Segment AK4 at !7–5 Ma corresponds with
thickening crust and slightly precedes formation
of the broadest and most robust AK4 abyssal hills.
Retreat of Segment AK3 is associated with gener-
ation of thinner crust and formation of somewhat
less robust abyssal hills.

4. Discussion

4.1. Stages of Evolution

[33] Distinct stages of evolution are apparent in
the 1 Myr reconstruction of the bathymetry
(Figures 6a–6i). Contrasts between reconstructions
of the 1 Ma and 2 Ma isochrons and reconstruc-
tions of isochrons 3 Ma and older highlight differ-
ences between the morphology of the ridge
mountains and that of the flanks. The inside and
outside corner asymmetry and discordant zones
associated with axial segmentation at slow-
spreading ridges are present at 1 Ma and 2 Ma
but not to the degree that is characteristic of ridge
flank morphotectonic fabric (4 Ma. This is con-
sistent with the suggestion that flank morphology
continues to evolve to an age of !2–3 Ma or
!30–40 km off-axis [Sloan and Patriat, 2004]. It
is evident that this evolution of morphology occurs
along the entire segment length; i.e., shallowing of
inside corner bathymetry and deepening of outside
corner bathymetry as abyssal hills form at the outer
edge of the ridge mountains.

[34] Continued evolution of the crust to an age of
!2 Ma is also evident in patterns of calculated
crustal thickness. Crustal thickness for the present
(0 Ma) and the 1 Ma and 2 Ma reconstructions
shows a circular pattern of thicker crust at the
center of Segment AK4 that thins symmetrically
along the axis toward the segment ends (Figure 9).
Reconstructions of crustal thickness for isochrons

Table 3. Morphologies Juxtaposed by Reconstruction of 3 Ma to 9 Ma Isochronsa

3 Ma 4 Ma 5 Ma 6 Ma 7 Ma 8 Ma 9 Ma

East West East West East West East West East West East West East West

AK3 L-H L-L H-L L-L H-H L-H H-H
AK4 H-H L-L L-H L-L H-L L-L -
AK5 - H-L L-H L-H H-L H-L L-L

a
H represents abyssal hills, and L represents intervening lows.
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3 Ma and older display an asymmetric pattern with
respect to segmentation in which thicker crust
occurs toward the outside corner and thinner crust
toward the inside corner. Crustal thickness profiles
along the axis and 1 Ma isochron show character-
istics distinct from those along the 3 Ma isochron.
Indeed along the 3 Ma isochron the pattern of
thicker crust beneath deep outside corner bathym-
etry and thin crust beneath shallow high inside
corner bathymetry typical of the flanks is estab-
lished. This shift has been noted by several inves-
tigators both in the study area and at other locations
on the flanks of slow-spreading ridges [e.g.,
Rommevaux et al., 1994; Escartı́n and Lin, 1995;
Maia and Gente, 1998]. Escartı́n and Lin [1995] in
a study of axial segments along the MAR found
a sudden drop in coherence between gravity and
bathymetry data at !2.5 Ma and interpreted this as
modification of the crust by normal faulting. Their
interpretation of normal faulting is consistent with
the results of the reconstruction and with an anal-
ysis of fault scarps conducted in the study area
where the faulting in crust !2.5 Ma occurs at the
outer edge of the ridge mountains [Sloan and
Patriat, 2004].

4.2. Obliquity of Abyssal Hills to the Ridge
Trend

[35] In previous work we have suggested that
abyssal hills form as young lithosphere passes
out of the near-axis dynamic regime into the
isostatic regime of the flanks [Sloan and Patriat,
2004]. We assume that the thermally supported
dynamic regime is aligned with the general trend
of the ridge crest, !N035!E (Figure 13a) and the
trend of the segmented axial valley and walls is
!N011!E. Abyssal hill trends are largely defined
by faults trending parallel to the axial valley walls.
Thus, as the N011!E structural trend of the ridge
mountain lithosphere passes through the N035!E
trending transition from dynamic to isostatic
regime, they do so obliquely (Figure 13b). The
outside corner passes into the transition zone
before the inside corner which is left within the
thermally supported, dynamic regime longer. This
may enhance elevation of inside corners and ac-
tively depress outside corners. Within the crust and
upper mantle, the response to oblique passage
through the transition zone may be accommodated
by development or reactivation of normal faults. At
depth, the lithosphere may respond to this transi-
tion by flow or aseismic slip. In order to accom-
modate oblique passage through the transition from
dynamic to isostatic regime individual blocks of

lithosphere must respond independently. Maia and
Gente [1998] suggested that throughgoing faults
exist at axial discontinuities and Sempéré et al.
[1995] proposed that lithosphere generated at
adjacent segments may be decoupled to the extent
that it can respond individually to local and per-
haps distal stress fields over several million years.
Thus segment-defined abyssal hill blocks could be
sufficiently decoupled to respond independently in
directions both across and along the ridge.

4.3. Asymmetric Flank Morphology,
Crustal Thickness, Spreading Rate, and
Magmatic Activity

[36] If abyssal hill distribution were symmetric
about the spreading axis, reconstruction along
isochrons would reassemble abyssal hills on the
east flank with corresponding abyssal hills on
the west flank. The same would be true for
corresponding lows between abyssal hills. Instead,
the reconstructions present a more complex range
of juxtapositions. The combination of abyssal hill
crest to abyssal hill crest as well as abyssal hill
crest to intervening low and everything in between
suggests an essentially asymmetric nature for
young oceanic lithosphere evolution. Even though
anomalies and isochrons are generally oblique to
abyssal hill trends, the angle between these trends
is not large enough to cause the observed asym-
metry in reconstructions. This asymmetry may
have a variety of sources, including variations in
crustal thickness, spreading rate asymmetry, and
geometry of the plate boundary leading to inde-
pendent history of tectonic evolution of each flank.

[37] A variety of relationships between crustal
thickness and abyssal hill size and periodicity has
been proposed [e.g., Goff et al., 1995; Tucholke et
al., 1997; Mendel et al., 2003]. Temporal crustal
thickness variation along flow lines is thought to be
the result of fluctuation in magmatic activity and
volume of crustal accretion [e.g., Rommevaux et
al., 1994; Tucholke and Lin, 1994; Mendel et al.,
2003]. Various frequencies have been proposed for
oscillations in magmatic activity at slow-spreading
ridges on the basis of abyssal hill periodicity: e.g.,
!2 Myr [Lin et al., 1990; Tucholke and Lin, 1994],
3–4 Myr [Bonatti et al., 2003], !0.4 Myr [Mendel
et al., 2003]. The periodicity of fluctuations in
relative crustal thickness within the study area
can be estimated at !2–4 Myr for Segment AK3
and !2–3 Myr for Segment AK4. The periodicity
of abyssal hill formation at Segment AK3 is
!1 Myr and at Segment AK4 is !2 Myr. These
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two segments appear to have independent histo-
ries with regard to abyssal hill formation and
crustal thickness variation. Although the nature of
the relationship between crustal thickness and
abyssal hill formation is unclear, we do observe
that the largest, most robust abyssal hills occur
where the crust is relatively thick (Figure 12).
This may be in part due to the tendency of faults
that bound abyssal hills to form at greater
intervals in thicker crust [Shaw and Lin, 1993]

resulting in abyssal hills with greater relief and a
larger ‘‘footprint.’’

[38] Spreading rate has been found to vary on
opposing flanks of the MAR by as much as 21%
as well as from segment to segment over the last
10 Ma [Sloan and Patriat, 1992; Sempéré et al.,
1995]. From anomaly 5 (10.10 Ma) to anomaly 3
(3.85 Ma) spreading rate was faster to the west and
from anomaly 2 (1.86 Ma) to the present spreading

Figure 13. Schematic of oblique passage of abyssal hills. (a) Relative trends of the major features of the MAR
within the study area: Axial valley trend N011!E, spreading direction N101!E, and trend of the ridge crest and
thermally supported dynamic regime N035!E. (b) The thermally supported dynamic regime near the spreading axis is
shown parallel to the trend of the ridge crest. Red to gray gradational shading indicates dynamic-transition-isostatic
regimes of the plate boundary in map. Abyssal hill trends (dashed black lines) tend to be parallel to the axial valley
walls (blue lines). As the abyssal hills pass through the transition from dynamic to isostatic regime, they do so
obliquely, their outside corner passing into the transition zone before the inside corner. The inside corner remains
within the thermally supported dynamic regime longer, which may enhance elevation of inside corners and
depression of outside corners. Not to scale. Trends approximated in the block diagram. Inside corner bathymetry is
marked with ‘‘I,’’ and outside corner bathymetry marked with ‘‘O’’ as for Figure 1.
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has been faster to the east. This reversal of spread-
ing rate asymmetry occurred at approximately
anomaly 3 (3.85 Ma). The asymmetric pattern of
crustal thickness on opposing flanks corresponds to
this spreading rate asymmetry. Crust accreted on
the west flank from anomaly 5 (10.10 Ma) to
anomaly 3 (3.85 Ma) time is thicker than that
accreted on the east flank during this period. The
reversal of spreading rate asymmetry at anomaly 2
(1.86 Ma) to the present is matched by accretion of
thicker crust on the east flank.

[39] This pattern of spreading rate asymmetry and
crustal thickness corresponds with episodes of
segment propagation and retreat. From anomaly
4a through anomaly 3, Segment AK4 appears of
have propagated steadily at its southern end and
fluctuated between propagation and retreat at its
northern end (Figure 7). This southward propaga-
tion of Segment AK4 corresponds to faster spread-
ing and accretion of thicker crust to the west.
Propagation of Segment AK4 northward from
anomaly 2 to present while its southern end
remained relatively stationary corresponds to faster
spreading to the east for this time. Since propagat-
ing segments are likely to be magmatically robust
and transfer crust from one flank to another, prop-
agation may thus contribute to accretion of thicker
crust and spreading asymmetry. In addition, this
transfer of crust may account to some degree for the
sinuosity of magnetic anomalies and the occasional
incoherence of magnetic data near discordant zone
remarked upon by Sloan and Patriat [1992].

[40] Segment propagation is generally thought to
be associated with enhanced magmatic activity.
Enhanced magma supply to the axis near 28!300N
may be the cause of initiation and/or propagation of
Segment AK4 along with the elimination of the
!23 km long transform fault that appears to have
existed there 10 Ma. Propagation of Segment AK4
may have contributed to spreading asymmetry and
accretion of thicker crust and thereby formation
of larger abyssal hills. While Segment AK4 prop-
agated steadily southward, the west flank spread
faster, accreted thicker crust, and formed larger
abyssal hills than the east flank. When Segment
K4 began to propagate northward, spreading
asymmetry reversed and the east flanks began
larger abyssal hills than the west flank. On the basis
of these observations we propose that enhanced
magmatic activity and associated segment propaga-
tion contributes to formation of larger abyssal hills
on one flank than on the other, contributing to
asymmetric ridge flank morphology.

[41] The large percentage of asymmetric juxtapo-
sitions of abyssal hills in reconstruction may also
be attributed in part to variation of coeval abyssal
hill size on opposing flanks. Juxtaposition of an
abyssal hill crest to the side of an abyssal hill or
even an intervening low on the opposing flank is
more probable if the reconstruction juxtaposed a
larger, more robust abyssal hill with one that is
narrower and less robust. However, the spreading
rate of each of the segments within the study area is
almost constantly asymmetric while 53% of recon-
structions of abyssal hills juxtapose asymmetric
morphologies and 47% juxtapose symmetric mor-
phologies. The roughly fifty-fifty distribution in
symmetric/asymmetric juxtaposition is a random
distribution. This constitutes a strong argument in
support of development of abyssal hills outside the
axial zone and independently on opposing flanks.

4.4. Discordant Zone Alignment

[42] The sediment-filled basins, typically associated
with discordant zones, tend to be juxtaposed with
shallow inside corner bathymetry in reconstruction
(Figures 6a–6i). Their long axes align with inter-
vening lows between abyssal hills. Searle et al.
[1998] suggested that these deep sediment-filled
basin formed diffuse boundaries as the result of
axial discontinuity position instability on the order
of !1 Myr. However, the proposed back and forth
wandering of discontinuities is not reflected in the
steep walls of the discordant zones that correspond
to the edge of inside corner highs. Instead, the
inside corner high present a blocky stair-step
configuration that appears to follow the direction
of propagation of the axial discontinuity on a
timescale of 2–3 Myr (Figure 1). Consistent
alignment in reconstruction of these steep stair-
step walls of the discordant zones supports the
hypothesis that the fault bound edge of high inside
corner bathymetry is the location of the boundary
between segments on the flanks and that the
sediment-filled basins typically associated with
discordant zones reflect outside corner bathymetry
[Sloan and Patriat, 2004]. That these basins are
not well developed in reconstructions of the 1 Ma
and 2 Ma isochrons supports the notion that the
outside corner of the segment as well as the inside
corner undergoes tectonic enhancement beyond the
confines of the axial valley.

5. Conclusions

[43] Reconstruction of subsidence-corrected MAR
bathymetry at 1 Myr intervals between 28! and
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29!N juxtaposes a variety of coeval morphologies
and crustal thickness from opposing ridge flanks
and crustal thickness, providing insights into the
evolution of young oceanic lithosphere, abyssal hill
formation, discordant zones and their relationship
to fluctuation of magmatic activity. We draw the
following conclusions and propose that they may be
generalized and applied to slow-spreading ridges.

[44] 1. Continued tectonic deformation and evolu-
tion of the morphotectonic fabric to at least an age
of !2–3 Ma is evident in bathymetric and calcu-
lated crustal thickness reconstructions.

[45] 2. Inside and outside corner relief may be
enhanced by oblique passage of the lithosphere
through the transition from dynamic to isostatic
regime of the ridge flanks within the ridge moun-
tains. Outside corners pass into the isostatic
domain first leaving the inside corners within the
thermally supported dynamic regime near the axis.

[46] 3. Abyssal hill formation may occur asynchro-
nously on opposing flanks and independently at
adjacent segments contribution to asymmetric pat-
terns of abyssal hill distribution that vary from
segment to segment and from flank to flank.

[47] 4. Abyssal hill size and crustal thickness have
fluctuated over the last 10 Ma in the study area.
There is a positive correlation between abyssal hill
size and crustal thickness though the frequency of
abyssal hill formation and crustal thickness varia-
tion do not appear to correspond.

[48] 5. The two major factors affecting asymmetric
ridge flank morphology are found to be sense of
axial offset and segment propagation or retreat
attendant upon fluctuations in magmatic activity.
Sense of axial offset determines the relative distri-
bution of inside and outside corner bathymetry on
the flanks. Enhanced magma supply and associated
segment propagation may contribute to half-
spreading rate asymmetry, accretion of thicker
crust, and formation of larger abyssal hills on the
faster spreading flank.

[49] 6. The deep, aligned sediment-filled basins
typically identified as discordant zones are an
expression of outside corner bathymetry. Discor-
dant zones are located at the base of the steep stair-
step walls that bind the inside corner ends of
abyssal hills.
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Sempéré, J.-C., J. Lin, H. S. Brown, H. Schouten, and
G. M. Purdy (1993), Segmentation and morphotectonic
variation along a slow-spreading center: The Mid-Atlantic
Ridge (24!000N–30400N), Mar. Geophys. Res., 15, 153–
200.
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