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[1] We present the analysis of the deformation in the axial valley of two contrasted regions of the very slow
spreading Southwest Indian Ridge based on side-scan sonar images. Our objective is to investigate how the
obliquity is accommodated along the system. We show that the robust magmatic segments have axial
valleys and major faults subperpendicular to spreading. The other sections show fault populations with
various degrees of obliquity, often arranged in left-stepping echelons, accommodating part of the strike-slip
deformation. Side-scan sonar reveals the presence of a corrugated surface near 59�E interpreted to be an
incipient detachment fault. We show that the large width of the SWIR oblique sections, and the difference
in tectonic style between the robust volcanic segments and the magma-starved sections, is accounted for by
large variations in the thickness of the brittle lithosphere. We suggest that the emplacement of mantle rocks
in the surveyed amagmatic ridge sections can occur by alternating conjugate faults. Serpentinization of
outcropping peridotites might also play a significant role in the development of faults in thin crust regions
and the distribution of deformation in space and time.
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1. Introduction

[2] Accretion processes along slow-spreading mid-
ocean ridges like the Mid-Atlantic ridge (MAR) are
segmented by large-offset transform faults and
smaller nontransform discontinuities (NTDs)
[e.g., Macdonald et al., 1988; Grindlay et al.,
1992]. The NTDs, 5 to 20 km wide, coincide with
minima in crustal production along axis, and repre-
sent boundaries between spreading cells [Kuo and
Forsyth, 1988; Lin et al., 1990; Sempéré et al., 1993;
Briais and Rabinowicz, 2002; Rabinowicz and
Briais, 2002]. Along ultra-slow spreading ridges,
sections of the axis up to 100 km long are charac-
terized by the absence of magmatic accretion [e.g.,
Rommevaux-Jestin et al., 1997; Sauter et al., 2001;
Okino et al., 2002; Dick et al., 2003]. These authors
suggest that magmatic segmentation is controlled
both by the distribution of melt production in the
mantle and by melt migration processes. Disconti-
nuities also control axial geometry and accommo-
date the regional ridge obliquity [e.g.,Macdonald et
al., 1988; Sempéré et al., 1993].

[3] We analyze the tectonics and fault orientations
along two sections of the Southwest Indian Ridge
(SWIR). Our aim is to better understand how
obliquity is accommodated along an ultra-slow
spreading ridge away from transform faults, and
the role of NTDs in accretionary processes. We
interpret bathymetry and side-scan sonar data from
sections of the SWIR and compare them with the
slow-spreading MAR and other ultra-slow spread-
ing ridges. Analyses of volcanic constructions and
magma distribution in these SWIR sections are
discussed by Sauter et al. [2002], Mendel et al.
[2003], and Sauter et al. [2004].

2. Tectonic and Geological Setting

[4] The ultra-slow spreading SWIR separates the
African and Antarctic plates at a full opening rate of
16 mm/y, with opening directions ranging from
N45�E near the Bouvet Triple Junction, to N0�E
close to the Rodrigues Triple Junction (RTJ)
[DeMets et al., 1990; Fisher and Goodwillie,
1997]. The rift axis is generally oblique to spread-
ing, with variable degrees of obliquity along-ridge
(Figure 1). Along-axis depth, gravity variations
[Patriat et al., 1997; Cannat et al., 1999] and basalt
chemistry [Meyzen et al., 2003] suggest that the
Melville Transform Fault (TF) is a major boundary
in magma production and distribution. Magma
production appears to be more focused, and the
segmentation less stable in time, east of the Melville

TF than west of it. Although regional melt supply is
poor east of the Melville TF, some segments receive
a very high amount of melt, as evidenced by low
mantle Bouguer anomalies and shallow topography
[Rommevaux-Jestin et al., 1997].

[5] The SWIR segmentation is characterized by
focused, magmatic segments [e.g., Cannat et al.,
2003], and relatively large amagmatic sections,
sometimes very oblique to spreading, called non-
transform discontinuities [e.g., Mendel et al., 1997]
or amagmatic segments [Dick et al., 2003]. Such a
segment (82 km long [Sauter et al., 2004]) is
observed east of the Melville TF, akin to those
found along the Gakkel Ridge [e.g., Kurras et al.,
2001]. This section is characterized by the absence
of volcanic constructions, positive mantle Bouguer
anomalies and moderate magnetization anomalies
[Searle et al., 2003]. Periods of amagmatic spread-
ing east of the Melville TF seem to be dominated
by large offset, long-lived, asymmetric normal
faulting [Cannat et al., 2003].

3. Data Collection and Processing

[6] We use multibeam bathymetric coverage from
the CAPSING [Patriat et al., 1997] and FUJI
[Mével et al., 1998; Tamaki et al., 1998] cruises.
The FUJI cruise also collected high-resolution
acoustic images along two axial zones of the SWIR
(58�300E–60�150E and 63�400E–65�400E). The
TOBI side-scan sonar [Flewellen et al., 1993]
operates at a frequency of 30 kHz, an average
speed of 2 knots, and is towed 200 to 700 m above
the seafloor. Its navigation is derived from ship
navigation and cable length. Image mosaics with
6-m resolution were created using the PRISM
software [LeBas and Hühnerbach, 1998].

[7] The sonar swath width is 6 km [Flewellen et
al., 1993] and mosaics used in this study were
composed of two swaths in each survey area
(Figures 2 and 3). Due to some overlap, the final
width of the mosaic is about 10 km. This is often
not enough to ensonify both walls of the very wide
SWIR axial valley, which reaches 15 to 20 km, but
it provides an image of the neovolcanic zone and
the most recent deformation.

4. Tectonic Analysis

4.1. Interpretation of Side-Scan Sonar
Imagery

[8] The intensity of sonar backscatter depends on
the nature and roughness of the seafloor and the
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angle of incidence. Rough terrain or slopes facing
the sonar show high backscatter. Bright areas in the
sonar mosaics are interpreted to be recent volcanic
terrains, whereas uniform, low backscatter zones
likely represent sediments. We interpret bright,
thin, continuous and relatively straight lines as
fault scarps facing the sonar, following McAllister
and Cann [1996]. Similar features with very low
backscatter are interpreted as shadows cast by fault
scarps facing away from the instrument. The nar-
rowest of these features are fissures. The largest
scarps are characterized by closely spaced, straight
bathymetric contours. In this extensional context,
scarps are interpreted to be normal faults [e.g.,
Lawson et al., 1996]. Zones with relatively steep
slopes in bathymetric maps, and a smooth and
streaky texture in TOBI images likely represent
talus of large fault scarps.

[9] Identified faults scarps and fissures were digi-
tized. For each fracture, we calculated a mean
orientation (azimuth, in positive degrees clockwise
from north) and a cumulated length [Mitchell et al.,
2000]. Following them and Withjack and Jamison
[1986], we used the cumulated length of fractures

to characterize their populations, with normaliza-
tion to an area of 1000 km2 (Table 1). For quali-
tative and quantitative comparison between zones,
we used rose diagrams of fracture orientations
cumulated by fracture length. This methodology
was used throughout the survey.

4.2. Morphology and Volcanism

[10] The FUJI cruise surveyed two contrasting
axial zones of the SWIR, located on either side
of the Melville TF, but where the spreading rate
and NS opening direction are similar (Figures 1–
3). The western study area (Figure 2 and 4–8),
58�300E–60�150E, is divided into three segments
according to the bathymetric along-axis profile
[Mendel et al., 1997], numbered 15, 16 and 17
by Cannat et al. [1999] (respectively eastern,
central and western segments of Sauter et al.
[2002]) and two NTDs. The eastern study area
(Figures 3 and 9–15), 63�400E–65�400E, has four
segments (8, 9, 10 and 11) and three NTDs.

[ 11] Segments 17 (58�30 0E – 58�55 0E), 15
(59�450E–60�150E, covered until 60�100E by

Figure 1. Shaded free-air gravity anomaly map of the SWIR [after Sandwell and Smith, 1997]; color scale in mGal.
Solid black lines indicate fracture zones and traces of nontransform discontinuities [from Briais and Rabinowicz,
2002]. Black dots locate epicenters of earthquakes from the Harvard Centroid Moment Tensor database (available at
http://www.seismology.harvard.edu/CMTsearch.html). The yellow and red frames mark the limits of the survey areas.
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Figure 2
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TOBI), 11 (63�400E–64�100E) and 8 (65�250E–
65�450E) have axial valleys subperpendicular to the
opening direction (Figures 4, 8–10, 15). They are
robust volcanic segments centered on high bathy-
metric reliefs: 2000 m for segments 8 and 17,
2500 m for segment 11. Nearly their entire surface
is covered with volcanic terrain. Most of it is

relatively recent, but in places, lower backscatter
and faults show older, more sedimented terrain.

[12] The section stretching from NTD 11-10 to
NTD 10-9 (64�100E–64�400E) has a low obliquity
(Figures 10 and 11). It is unusual because it offsets
the ridge to the right, while most other SWIR
discontinuities have left-stepping offsets. Both dis-

Figure 2. (a) Shaded multibeam bathymetry map of the western survey area between 58�E and 60�550E. White
solid lines show limits of side-scan sonar coverage. Black frames with white numbers locate detail Figures 4 to 8.
(b) Side-scan sonar mosaic of western survey. In all sonar images, bright pixels represent high-backscatter areas.
(c) Geological (see legend) and structural interpretation of side-scan sonar data. Main faults are shown in red, small
fractures are shown in blue, talus is shown in gray, and fault scarps are shown in black. The detachment fault is shown
in red. Rose diagram represents distribution of fault and fissure orientations, weighted by fracture length, binned at
1� intervals.

Figure 3. (a) Shaded multibeam bathymetry map of the eastern survey area between 63�200E and 65�500E. White
solid lines show limits of side-scan sonar coverage. Black frames with white numbers locate detail Figures 9 to 15.
(b) Side-scan mosaic of eastern survey. (c) Geological and structural interpretation of side-scan sonar data. Same
legend as in Figure 2c. Rose diagram represents distribution of fault and fissure orientations, weighed by fracture
length, binned at 1� intervals.
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continuities show low backscatter, probably sedi-
mented terrain, and are affected by landslides. In
NTD 10-9, the sonar image covered the base of the
northern axial valley wall. A dredge (DR15, all
dredge numbers from the EDUL cruise [Mével and
the EDUL Scientific Party, 1997]) near the base of
the scarp recovered basalt, serpentine and sedi-
ments, suggesting a large vertical throw or a very
thin crust. Segment 10 shows low-relief, volcanic
terrain of variable relative ages.

[13] A moderately oblique section (around 20�
obliquity) comprises segment 9 (64�40 0E–
65�110E) and NTD 9-8 (Figures 12–14). This
discontinuity forms a 30 km-large, 5600 m-deep
basin (65�110E–65�250E). It displays high-back-
scatter terrain, suggesting relatively recent volcanic
activity, confirmed by the glass and basalt recov-
ered by DR12 and DR13. A circular volcano with a
caldera marks the deepest part of the basin near
65�210E, 27�440S. East of this volcano, all the
ensonified surface of the NTD is covered with
hummocky lavas related with segment 8. The
southwestern part of the image shows an inten-
sively fissured, sedimented zone. Sonar images in

segment 9 reveal a tectonized zone of subdued,
chaotic texture where it is difficult to distinguish
individual fault scarps despite an intensively frac-
tured seafloor. No recent volcanic construction has
been identified in the side-scan sonar images, or
the bathymetric maps. Dredge DR14 at the base of
the valley wall near 64�400E recovered serpentine
and sediments.

[14] A very oblique (53� to 64�) section of the
SWIR axis comprises segment 16 and both adja-
cent NTDs (58�550E–59�450E, Figures 5–7).
There, the distribution of relatively recent volca-
nism does not coincide with the bathymetry from
which the segments were distinguished. High-
backscatter, unfaulted, relatively young volcanic
terrain covers the northern end of NTD 17-16,
the southern part of segment 16 and most of
NTD 16-15. A dredge haul near 59�25 0E,
30�500E in segment 16 (DR37) recovered basalts
and sediments, confirming the interpretation of this
zone as a volcanic ridge. The relatively recent
volcanic terrains are continuous with those of
adjacent segment 15. A ‘‘blocky’’ sonar texture,
with low-backscatter, prism-like structures oriented

Table 1. Fracture Density and Orientationsa

Area
Ensonified
Area, km2

Total
Fault and
Fissure

Length, km

Normalizedb

Fault
Length, km

Axial
Trend,
N�E

Obliquity,
deg

Fault
Populations

N�E

Predicted
Orientations,

N�E

Segment 17 604 467 773 90 0 85–100 90
NTD 17-16 240 206 858 57 33 70–85 (clay)

65–85 90 (s/s, s, a)
90–95 65 (s/s, s)

70–80 (s/s, a)
Segment 16 635 718 1131 53 37 60–80 70–85 (clay)

90 (s/s, s, a)
65 (s/s, s)

70–80 (s/s, a)
NTD 16-15 263 141 536 64 26 40–75 70–85 (clay)

90 (s/s, s, a)
65 (s/s, s)

70–80 (s/s, a)
Segment 15 582 380 653 85 5 70–80 90
Segment 11 721 97 134 90 1 85–90 90

100–105
NTD 11-10 342 226 225 97 6 85–95 90–100
Segment 10 222 88 396 95 4 100–110 90–100
NTD 10-9 146 54 370 95 4 105–110 90–100
Segment 9 745 374 502 72 20 80–95 80–90
NTD 9-8 395 175 443 74 18 80–85 80–90

90–100
Segment 8 383 127 331 90 1 70–80 90

a
Fault and fissure orientations and comparison with predictions from analogical models of oblique rifts using clay [Withjack and Jamison, 1986;

Clifton et al., 2000] or sand and silicon [Tron and Brun, 1991]. Abbreviations: s/s, sand on silicon; s, symmetric spreading; a, asymmetric spreading.
The direction of opening is N0�E in the western survey area and N1�E in the eastern one.

b
Per 1000 km2 of axial valley floor.
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N80�E is observed near 58�550E and 59�200E. We
tentatively interpret these structures as tilted blocks
limited by very eroded and sedimented fault scarps.
The sonar image of the northern flank of segment
16 shows a relatively smooth texture, with irregular
grays, interpreted as a fault scarp partly covered
with talus.

4.3. Fault Style and Distribution

[15] The deformation style and the signature of
faults and fissures along the SWIR vary with the
type of terrain. Fault scarps affecting relatively
recent volcanic constructions appear sharper in
the sonar images than fault scarps in less volcanic
areas. In the sonar images of SWIR sections where
no recent volcanic activity is recognized, faults are

difficult to identify (Figures 11 to 14). The extent
of such areas is much larger than observed on
faster spreading ridges like the MAR [Briais et
al., 2000]. One cause for this contrast is the
submarine erosion process of the fault scarps,
controlled by fault activity, gravity and rock weath-
ering [Allerton et al., 1995; Mitchell et al., 2000].

[16] The number of faults and fissures is generally
higher in the western survey area (Table 1). Seg-
ment 11 has an especially low density of faults and
fissures (Table 1). This contrast between the fault
density in the two zones might be partly explained
by the intensive volcanic activity in segments 11
and 8 (Figures 9 and 15) where volcanic constructs
are relatively un-faulted. Another explanation is the
absence of clear fault scarps in segment 9.

Figure 4. (a) Side-scan sonar mosaic from 58�300E to 58�540E, with bathymetry map outside of sonar coverage.
Bright is high backscatter; dark is low backscatter. Pink ticks mark limits of segments and nontransform
discontinuities (NTDs). (b) Interpretation of sonar image. Legend in Figure 5b. Red barbed lines are main fault
scarps; blue lines are other fault scarps and fissures. Colored dots mark locations of dredges from EDUL cruise
[Mével and the EDUL Scientific Party, 1997]. Color code in Figure 5b.
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Figure 5. (a) Side-scan sonar mosaic from 58�530E to 59�150E. (b) Structural interpretation of Figure 5a. Legend in
frame and as in Figure 4b. Note corrugated surface near 59�100E, 31�020E.
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Figure 6

Geochemistry
Geophysics
Geosystems G3G3

gomez et al.: southwest indian ridge tectonics 10.1029/2005GC000955

9 of 24



[17] Most large fault scarps observed in the sonar
images coincide with the inner valley walls, or with
horst-and-graben tectonics affecting axial volcanic
ridges. Their vertical throws range between 400
and 1000 m, and their length reaches tens of
kilometers. In segments 11, 15 and 17, synthetic
normal faults form graben about 5 km wide. A

relatively narrow axial valley, about 10 km wide,
also characterizes these zones. At segment 17, an
E-W trending fault scarp joins a N40�E-trending
one, both facing south to southeast and with large
throws (200 to 300 m). Similar fault patterns are
frequently observed in the MAR, where they limit
intersection highs [e.g., Escartı́n et al., 1999].

Figure 6. (a) Side-scan sonar mosaic from 59�080E to 59�350E. (b) Structural interpretation of Figure 6a. Same
legend as in Figures 4b and 5b.

Figure 7. (a) Side-scan sonar mosaic from 59�320E to 59�540E. (b) Structural interpretation of Figure 7a. Same
legend as in Figures 4b and 5b.
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Zones of closely spaced faults and fissures, often a
few tens of meters apart, are observed mostly near
the axial valley walls, in-between volcanic ridges,
and as relays between fault segments.

[18] Shorter fault scarps, often arranged en ech-
elon, are found in discontinuities or in oblique

segments. Examples of these are observed in
segment 16, near 59�200E, 30�450S (Figure 6),
or in segment 15 near 60�E, 30�30s (Figure 8).
They reflect the accommodation of shear in these
areas [Briais et al., 2000]. Other fault patterns
also suggest strike-slip displacement. Near

Figure 8. (a) Side-scan sonar mosaic from 59�510E to 60�150E. (b) Structural interpretation of Figure 8a. Same
legend as in Figures 4b and 5b.
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59�540E in the NTD16-15, a N05�E-trending
scarp appears to be connecting to E-W-trending,
smaller fault scarps forming a fault splay. Such
an arrangement is interpreted to result from a
strike-slip component on the main fault scarp
[e.g., Manighetti, 1993]. It suggests that the

main, highly oblique fault accommodates right-
lateral strike-slip motion [Sylvester, 1988].

[19] In NTD 17-16 we observe a large, north-
ward facing fault scarp with north-south corru-
gations (59�100E, 31�010S) bounding a 500-m
high, gently sloping promontory. By analogy

Figure 9. (a) Side-scan sonar mosaic from 63�400E to 64�000E. (b) Structural interpretation of Figure 9a. Same
legend as in Figures 4b and 5b.
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with corrugated fault scarps described in the
Atlantic as megamullions, or subhorizontal faults
[e.g., Cann et al., 1997; Tucholke et al., 1997,
1998; Canales et al., 2004], we interpret this
scarp to be an incipient detachment fault. At
59�070E, 31�030S, DR42 recovered basalt and
serpentine, suggesting the local outcropping of
mantle rocks. A much larger detachment fault
(FUJI Dome) was identified off-axis near 64�E,
south of segment 11, from side-scan sonar

images and submersible dives (Shinkai 6500
dives 444, 445 and 450 [Fujimoto et al.,
1999]), revealing a 1 My-long accumulation of
motion along a normal fault [Searle et al., 2003].
Several other detachment faults have since been
discovered on the flanks of the eastern SWIR
[Cannat et al., 2004]. Within the axial survey
area, we have not observed other faults that
could imply large asymmetry in the axial valley
deformation.

Figure 10. (a) Side-scan sonar mosaic from 63�580E to 64�200E. (b) Structural interpretation of Figure 10a. Same
legend as in Figures 4b and 5b.
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4.4. Fracture Orientation and Oblique
Spreading

[20] The main volcanic segments (segments 8, 11,
15 and 17) show large fault scarps oriented E-W to
N80�E, subperpendicular to the N-S opening di-
rection. Large scarps forming the inner valley walls
rarely have oblique orientations, as observed in
segments 15 and 8 (Figures 8, 14–16). Some faults
near discontinuities have azimuths close to N75�E
(segments 17 and 15) and to N60�E (segment 8).

These oblique faults could reflect a rotation of the
extensional stresses approaching the discontinuity,
as happens in the MAR and other sections of the
SWIR [Grindlay et al., 1992; Grindlay and Fox,
1993; Parson et al., 1997].

[21] All other surveyed sections have obliquities
from a few to almost 40�. Fault orientations mea-
sured in the two SWIR sections generally agree
with predictions of clay models [Withjack and
Jamison, 1986; Clifton et al., 2000] and sand/
silicon models [Tron and Brun, 1991] for oblique

Figure 11. (a) Side-scan sonar mosaic from 64�180E to 64�400E. (b) Structural interpretation of Figure 11a. Same
legend as in Figures 4b and 5b.
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Figure 12. (a) Side-scan sonar mosaic from 64�380E to 64�540E. (b) Structural interpretation of Figure 12a. Same
legend as in Figures 4b and 5b.
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Figure 13
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rifts. Experiments show that normal faults are
oriented obliquely both to the direction of spread-
ing and to the direction of the rift (Table 1). Fault
orientations depend mostly on the obliquity angle
a, defined as the angle between the rift direction
and the opening direction. Within our study area, a
varies between 53� and 90�.

[22] Segment 9 and NTD 9-8 have an obliquity a
close to 72� (Table 1). We observe N90�E-trending
faults in segment 9, and three fault populations in
the NTD 9-8, oriented N80�E, N95�E and N120�E
(Figure 16b). The clay models predict the devel-
opment of normal faults, with azimuths of N80�E
to N90�E [Withjack and Jamison, 1986; Clifton et
al., 2000], which explains most observations but
not all.

[23] The section from NTD 11-10 to NTD 10-9 has
an axial valley oriented N100�E, with a of about
80� but an inverse obliquity (right-stepping offset).
Faults orientations are close to N95�E (Figure 16).
Main scarps associated with axial valley walls and
most of the fractures are oriented N95�E to
N110�E. These orientations are well explained by
the three models [Withjack and Jamison, 1986;
Tron and Brun, 1991; Clifton et al., 2000].

[24] NTDs 16-15 and 17-16, and segment 16 have
an axial valley oriented 55–65�. They show two
fault populations, one subperpendicular to the
opening, the other close to N70�E–N85�E. Ana-
logical models predict the formation of faults with
a large variety of orientations. Clay models predict
the development of faults trending N70-85�E
[Withjack and Jamison, 1986; Clifton et al.,
2000]. The model by Tron and Brun [1991], which
includes brittle and ductile material, predicts the
development of two populations, one close to
N90�E and the other trending N65�E to N80�E
(Table 1). These results explain the various fault
populations we observe.

[25] Other natural ridge systems are oblique to
spreading, with a varying between 40 and 60�:
the Gulf of Aden ridge [Audin, 1999; Dauteuil et
al., 2001], the Reykjanes ridge [Murton and
Parson, 1993; Parson et al., 1993] and Mohn’s
ridge [Dauteuil et al., 1990; Dauteuil and Brun,
1996]. These latter two systems show two main
fault populations, one subperpendicular to the
opening direction, comparable to the results
obtained for the SWIR, and another parallel to

the axis, rarely observed in the SWIR. In the Gulf
of Aden, Dauteuil et al. [2001] describe two
populations of faults for a moderate obliquity:
one accommodating the extensional deformation
only and the other made of en echelon faults with
strike-slip components 10 to 20� oblique to the
perpendicular to the opening direction. We observe
similar patterns along the SWIR.

[26] Comparison of our results with laboratory
experiments and with other natural systems show
that most fault trends observed along the SWIR are
explained by ridge obliquity. Yet the orientations
that remain unexplained with the models, and the
discrepancies between natural systems suggest that
other factors may influence the direction of stress
and strain in the oblique rifts. These could include
mantle temperature variations, distinct upwelling
geometries or variations in lithospheric strength, as
is the case for the Reykjanes Ridge [Tuckwell et al.,
1998].

[27] The unusual N100�E orientation of the axial
valley in the zone 64�100E–64�400E might result
from an effect of the thermal structure around
segment 11. This segment is particularly well fed,
and might be associated with mantle upwelling.
This could have thermal and mechanical effects on
the overlying lithosphere and cause a rotation of
local stresses. The peculiar geometry of this section
might also result from the kinematic evolution of
the RTJ, since the traces of the triple junction also
change orientation in this section. The reverse
offset may be a heritage of the primitive geometry
of the ridge, when it was created at the RTJ 20 to
10 my ago [Patriat et al., 1997]. A similar orien-
tation of the RTJ trace is also observed near
68�300E, and the present-day axial segment is less
oblique than its neighbors [Mendel et al., 2000].

5. Discussion

5.1. Width of SWIR Discontinuities and
Rheology of the Axial Lithosphere

[28] A major observation in both studied areas is
the extensive length of regions that are oblique to
the opening direction (usual direction of transform
faults) and to its perpendicular (usual direction of
segments), relative to the moderate length of
spreading-perpendicular segments. The western
area accommodates more ridge offset than the

Figure 13. (a) Side-scan sonar mosaic from 64�510E to 65�090E. (b) Structural interpretation of Figure 13a. Same
legend as in Figures 4b and 5b.
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Figure 14
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eastern area, with variable local obliquity. The
axial valley is perpendicular to spreading in seg-
ments 17, 15, 11 and 8 only (Table 1), that is where
magmatic activity is significant and the crust is
thicker [Rommevaux-Jestin et al., 1997]. The
obliquity of the SWIR and the cumulative offset
are therefore accommodated in the other sections,
which received less magma recently. Such amag-
matic, oblique sections in both FUJI boxes are
about 80 km long, compared to about 20 km on
the MAR [Briais et al., 2000; Parson et al., 2000].
In other parts of the SWIR or the Gakkel ridge,
they reach 180 km in length [Dick et al., 2003].

[29] These variations in ridge obliquity are not only
correlated to magma supply, but also to variations
of the width of the axial valley. Bathymetry data
show variations of the axial valley width from
10 km in magmatically robust segments to more
that 20 km for oblique, amagmatic sections.

[30] We suggest that these observations imply large
variations in the SWIR brittle lithosphere thickness
(Figure 17), as inferred from the results of analog-
ical models [Allemand and Brun, 1991; Mauduit
and Dauteuil, 1996]. Considering that the width
(W) of a rift is proportional to the thickness of the
elastic lithosphere (T) and the dip of the bounding
faults (D) according to the equation: tan D = 2*T/W
[Allemand and Brun, 1991], and assuming a fault
dip of 60 ± 10� for faults in the oceanic crust
[Mauduit and Dauteuil, 1996], the thickness of the
brittle lithosphere under a 10 km-wide axial valley
is estimated to be between 6 and 14 km (9 km for
60�-dipping faults), and between 14 and 27 km
(17 km for 60� dip) under a 20 km-wide valley.
Variations in the SWIR axial valley width therefore
imply variations in brittle layer thickness by a
factor of two between magmatically robust seg-
ments and amagmatic sections. Mauduit and
Dauteuil [1996] model of axis discontinuity has a
brittle, elastic layer of variable thickness, and a
ductile layer, with an imposed offset in the rift
system. Their results show that the width of the
discontinuity increases with the thickness of the
elastic layer. In their study, the difference in elastic
layer thickness represents the contrast between a
slow-spreading ridge (thick) and a fast spreading
ridge (thin [Mauduit and Dauteuil, 1996]). We
suggest that these results may be extrapolated to
very slow or ultra-slow spreading ridges, where the
thickness of the brittle layer thus also changes

along-axis with the thermal state of the ridge,
related to magma supply. In magmatically starved
zones like segments 16 or 9, and adjacent disconti-
nuities, the brittle-ductile boundary is likely to be
deep, explaining the great length of oblique sec-
tions (Figure 17).

5.2. Roles of Brittle Layer Thickness and
Serpentinization in the SWIR Tectonic
Style

[31] One puzzling observation in our survey areas
is the very small number of large normal faults that
could represent evidence for asymmetric accretion.
Our observations show large fault scarps, often
forming symmetrical graben in ridge-perpendicular
sections, and multiple, en échelon, short faults in
the oblique, less magmatic sections (Figures 2 and
3). We only observe one large corrugated fault
scarp near 59�100E in the side-scan sonar data,
which is a good candidate for a low-angle normal
fault. Part, but not all of this absence may be due to
the lack of coverage of the axial valley edges by
sonar data.

[32] Two factors could control the SWIR fault
distribution and deformation style. First, the large
thickness of the brittle lithosphere under some
amagmatic SWIR sections could prevent the de-
velopment of large detachment faults. Using nu-
merical modeling, Lavier and Buck [2002] show
that when the brittle thickness of the lithosphere is
very high, a rift develops by multiple conjugate
faults evolving in a set of grabens rather than by
asymmetric faulting creating a half-graben. We
suggest that the extensional processes and the
emplacement of mantle rocks in the axial valley
may thus occur by alternating conjugate faults,
as described for the 15�200N MAR section
[Lagabrielle et al., 1998].

[33] Alternatively, the deformation on long amag-
matic sections of the eastern box could also be
controlled by peridotite serpentinization. It is clear
from sampling and submersible dives that mantle
rock outcrops form a significant part of the sea-
floor. It is also inferred from gravity analysis that
the crustal thickness becomes very low at the
SWIR amagmatic sections [Rommevaux-Jestin et
al., 1997]. Escartı́n et al. [1997] show that at
segment scale, sections with peridotite tend to have
a better localization of the deformation than more

Figure 14. (a) Side-scan sonar mosaic from 65�080E to 65�300E. (b) Structural interpretation of Figure 14a. Same
legend as in Figures 4b and 5b.
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Figure 15. (a) Side-scan sonar mosaic from 65�280E to 65�500E. (b) Structural interpretation of Figure 15a. Same
legend as in Figures 4b and 5b.
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magmatic sections with thicker crust. The large
amagmatic zone encountered in FUJI eastern box
consists of terrain with smooth topography and
streaky sonar textures. A similar texture observed
in the MAR corresponds to talus in a discontinuity
zone [Briais et al., 2000], where dredges recovered
sediments with some serpentine blocks [Cann et
al., 1997]. Most peridotites sampled in the sur-
veyed SWIR area are 60 to 90% serpentinized
[Seyler et al., 2003]. The development of talus
along such scarps is probably favored by the easy
weathering of mantle peridotites, resulting in large,
streaky sonar textures. A more complete bathym-

etry coverage, including the axial valley walls,
would be necessary to fully address this question.

[34] Another point arguing for the potential role of
serpentinization in the distribution of the deforma-
tion is a first-order analysis of the distribution of
earthquake epicenters along the eastern SWIR. It
shows that less earthquakes occurred in the last
30 years east of the Melville transform fault than
west of it, except for a cluster near segment 8 at
65�300E (Figure 1). The record only spans the last
30 years, so that gaps in the seismicity may be
explained by the accumulation of stress along

Figure 16. (a) Distribution of fault and fissure orientations in the western survey area, binned at 5� intervals.
Distributions have been computed with each value weighted by the fault length following Mitchell et al. [2000]. Also
indicated for each diagram are fracture number, mean orientation in degrees from north, and total fracture length in
kilometers. (b) Distribution of fault and fissure orientations in eastern survey area. Same legend as in Figure 16a.
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faults which have not ruptured in the considered
time window. These gaps, however, could also be
explained by the absence of large earthquakes in
areas of thin crust, where extension affects mostly
serpentinized peridotites. Because serpentine has a
lower resistance to deformation than basaltic rocks,
and partially serpentinized peridotite behaves like
pure serpentine [Escartı́n et al., 1997], extensional
strain in these areas could occur by unrecorded
small earthquakes and by plastic flow.

6. Conclusions

[35] We have analyzed the tectonics of two sec-
tions of the SWIR from side-scan sonar images.
The robust magmatic segments have axial valleys
and major faults subperpendicular to spreading.
The other sections show oblique spreading with
various degrees of obliquity, and numerous,
oblique, shorter faults. The images reveal the
development of a corrugated surface near 59�E
interpreted to be an incipient detachment fault.
The faults display two main orientations, typical
of oblique rifting tectonic settings. One fault pop-
ulation is subperpendicular to spreading, and the
other trends N65–75�E. The oblique faults are
probably associated to strike-slip component. The
faults are often arranged in left-stepping echelons,
also accommodating part of the strike-slip defor-
mation in oblique ridge sections.

[36] The large width of magmatically poor, oblique
sections of the SWIR, and the difference in tectonic
style between the robust and the magma-starved
sections, might be accounted for by large variations
in the brittle lithosphere thickness.

[37] Two factors likely control the distribution and
style of the deformation in our survey area. First,
the large thickness of the brittle lithosphere in some
sections might favor the development of multiple
faults rather than a single large-offset fault. The
emplacement of mantle rocks in the axial valley of
our surveyed zones may occur by alternating
conjugate faults. Second, serpentinization of out-
cropping peridotites might be significant in the
development of faults in thin crust regions and
the distribution of deformation in space and time.
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anonymous reviewers led to considerable improvement of this

paper.

References

Allemand, P., and J. P. Brun (1991), Width of continental rifts
and rheological layering of the lithosphere, Tectonophysics,
188, 63–69.

Allerton, S., B. J. Murton, R. C. Searle, and M. Jones (1995),
Extensional faulting and segmentation of the Mid-Atlantic
Ridge north of the Kane Fracture Zone, Mar. Geophys. Res.,
17, 37–61.
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