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Quantifying tectonic strain and magmatic accretion at a 
slow spreading ridge segment, Mid-Atlantic Ridge, 29øN 

J. Escartin,•,2, 3 P. A. Cowie, 2 R. C. Searle, • S. Allerton, 2'4 
N. C. Mitchell, •'5 C. J. MacLeod, 6 and A. P. Slootweg • 

Abstract. High-resolution, deep-towed side-scan sonar data are used to characterize faulting and 
variations in tectonic strain along a segment of the slow spreading Mid-Atlantic Ridge near 29øN. 
Sonar data allow us to identify individual fault scarps, to measure fault widths and spacing, and to 
calculate horizontal fault displacements (heave) and tectonic strain. We find that over long peri- 
ods of time (> 1 Myr on average), tectonic strain is -10% on average and does not vary signifi- 
cantly along axis. There is a marked asymmetry in tectonic strain that appears to be linked to 
asymmetric accretion along the whole segment, indicated by -50% lower tectonic strain on the 
east flank than on the west flank. These variations in tectonic strain do not correlate directly with 
changes in fault spacing and heave. Fault spacing and heave increase from the center of the seg- 
ment toward the end (inside comer) on the west flank and from the outside to the inside comer 
across the axis. These parameters remain relatively constant along the segment on the east flank 
and across the axis at the segment center. Tectonic strain appears to be decoupled from magmatic 
accretion at timescales > 1 Myr, as the decrease in magma supply from the segment center toward 
the end (inferred from variations in crustal thickness along the axis) is not correlated with a com- 
plementary increase in tectonic strain. Instead, tectonic strain remains relatively constant along 
the axis at-7% on the east flank and at- 15% on the west flank. These results indicate that varia- 

tions in fault development and geometry may reflect spatial differences in the rheology of the 
lithosphere and not changes in tectonic strain or magma supply along axis. 

1. Introduction 

The structure of the oceanic crust and seafloor morphology 
are the result of magmatic accretion (i.e., dike injection, gabbroic 
intrusions) and extensional processes (i.e., brittle faulting, ductile 
deformation) taking place at mid-ocean ridges (MORs). The 
relative importance of extensional faulting appears to increase 
with decreasing spreading rate, as indicated by changes in size of 
fault-generated abyssal hills [e.g., Goffet al., 1997], or analyses 
of fault populations at fast and slow spreading ridges [e.g., Ed- 
wards et al., 1991; Carbotte and Macdonald, 1994]. It has also 
been proposed that changes in lithospheric thickness [e.g., For- 
syth, 1992; Shaw, 1992], rheology [e.g., Escartin et al., 1997b] 
or magma supply [e.g., Laughton et al., 1979; Searle and 
Laughton, 1981; Searle et al., 1988b] also control the style of 
faulting at MORs. 

Detailed study of a slow spreading ridge may provide con- 
straints on the effect of each of these parameters on faulting. 
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From marine geophysical and geological studies and modeling 
results it has been proposed that melt supply [e.g., Kuo and For- 
syth, 1988; Lin et al., 1990; Detrick et al., 1995], lithospheric 
thickness [e.g., Parmentier and Forsyth, • 1985; Shaw and Lin, 
1996], and crustal composition [e.g., Cannat et al., 1995] change 
systematically from segment centers towards the ends. It has 
been hypothesized that variation in melt supply may be linked di- 
rectly to tectonic strain [e.g., Alexander and Macdonald, 1996], 
which would result in increased tectonic strain from the segment 
center towards the ends, where melt supply is reduced [e.g., 
Jaroslow, 1996; Allerton et al., 1996]. Either increased lithos- 
pheric thickness or reduced fault strength due to serpentinization 
can result in strain localization favoring the formation of large 
faults widely spaced at the end of segments [Francis, 1981; For- 
syth, 1992; Shaw, 1992; Shaw and Lin, 1996; Escartin et al., 
1997b], independently of variations in tectonic strain along the 
ridge axis. It is thus necessary to determine if observed varia- 
tions in fault patterns are linked to changes in tectonic strain. 

In addition to along-axis variations in fault geometry (i.e., 
fault spacing and throw) and magmatic supply along a ridge 
segment, there is also a marked asymmetry across the ridge axis 
of slow spreading ridges. The inside corners (ICs) of ridge-offset 
discontinuities are characterized by elevated terrain and thin crust 
with respect to the outside corners (OCs) or segment centers 
(SCs) [e.g., Severinghaus and Macdonald, 1988; Tucholke and 
Lin, 1994; Escartin and Lin, 1995] and frequently contain out- 
crops of serpentinized peridotite [Cannat, 1993; Tucholke and 
Lin, 1994; Cannat et al., 1995]. At ICs, faults are also more ir- 
regular, larger, and more widely spaced than at SCs or OCs [Tu- 
cholke and Lin, 1994; Cannat et al., 1995; Escart•n and Lin, 
1995; Jaroslow, 1996]. According to Jaroslow [1996], tectonic 
strain estimated from multibeam bathymetry may be -•50% larger 
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at the IC than at the OC or SC. However, the differences in the 

average tectonic strain between the segment center and end (both 
IC and OC) are small and vary among the three Mid-Atlantic 
Ridge (MAR) segments studied [Jaroslow, 1996]. This variabil- 
ity among segments suggests that the effects of magma supply, 
lithospheric thickness, or rheology on faulting are poorly under- 
stood and require further investigation. In particular, careful 
characterization of fault patterns and quantification of tectonic 
strain along a slow spreading segment can provide additional 
constraints on these controls. 

Tectonic strain along a ridge segment is accommodated near 
the surface by the nucleation, linkage and growth of faults in the 
brittle domain [e.g., Alexander and Macdonald, 1996]. At slow 
spreading ridges, faults initiated within the axial valley floor are 
short and have small throws, and some develop into large faults 
along the rift-valley walls [McAllister and Cann, 1996]. Faults 
may remain active at distances of up to -•15-35 km from the ridge 
axis, as indicated by the width of the seismically active zone 
[e.g., Lin and Bergman, 1990; Wolfe et al., 1995]. Studies that 
quantify the proportion of the total plate separation accommo- 
dated by brittle deformation at MORs are scarce and are based on 
a wide variety of datasets. Estimates of tectonic strain at the slow 

spreading MAR vary between ---18% (high-resolution bathyme- 
try, 37øN [Macdonald and Luyendyk, 1977]), 10-20% (teleseis- 
mic earthquakes [Solomon et al., 1988]), ---25% (high-resolution 
side-scan sonar, 24øN JAilerton et al, 1996]), and >30% (multi- 
beam bathymetry and HMR1 side-scan sonar data, 27-28øN 
[Jaroslow, 1996]). This disparity of estimates may arise from 
differences in the methods used to calculate faulting strain, in ad- 
dition to possible regional or local variations in strain. The spa- 
tial resolution of--100 m of sea surface multibeam bathymetry 
data makes them unsuitable to properly characterize small-scale 
faulting (faults with lengths <2 km and displacements <200 m), 
and estimates based on such data may be inaccurate [e.g., Cowie 
et al., 1994]. 

The deep-towed side-scan sonar from the Towed-Ocean 
Bottom Instrument (TOBI) provides high-resolution sonar im- 
agery (-•10 m spatial resolution), which allows us to characterize 
both large- and small-scale faulting. The data presented here 
were collected on board RRS Charles Darwin (see Searle et al. 
[1998a] for cruise details). Sonar data covered the southern two 
thirds of a slow spreading ridge segment at the northern MAR 
(29øN), extending to---40 km off axis (---2.8 Ma old crust), with a 
track spacing of---2 km (Figure 1). This survey geometry pro- 

a) 

25'N 

29' 15'N 

28' 45'N 

b) 
Figure 1. (a) Illuminated satellite gravity map [Sandwell and Smith, 1993] of the Mid-Atlantic Ridge between the 
Atlantis and Kane Fracture Zones showing location of the study area. Inset shows location of the map in the north- 
ern Atlantic (traces of transform and non-transform discontinuities from Escart•n [1996]). (b) Multibeam bathy- 
metric map of the study area (100-m grid spacing, 250-m contours). Continuous lines correspond to the TOBI 
tracks, and the dashed lines to the boundaries between different tectonic regions. IC, inside corner; SC-W, segment 
center, West flank; SC-E, segment center, East flank; OC, outside corner. The locations of microseismic epicenters 
from Wolfe et al. [1995] are also shown (circles). 
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vides •-100% sonar coverage of the area and allows us to better 
understand geometry of seafloor structures with the two opposite 
looking directions that are available (north and south looking, 
Figure 1). Previous studies using TOBI or similar deep-towed 
instruments have covered the axial valley floor in detail [e.g., 
Macdonald and Luyendyk, 1977; Kong et al., 1988; McAllister et 
al., 1995; Smith et al., 1995; McAllister and Cann, 1996; Aller- 
ton et al., 1996], but data over ridge flanks and away from the 
ridge axis have been scant [e.g., Macdonald and Luyendyk, 
1977]. This segment has also been the focus of several geologi- 
cal and geophysical studies in the past [e.g., Lin et al., 1990; 
Purdy et al., 1990; Shaw, 1992; Rommeveaux et al., 1994; Sem- 
pird et al., 1993, 1995; Mutton et al., 1995; Pariso et al., 1995; 
Smith et al., 1995], which provide information to constrain 
variations in crustal thickness, melt supply, thermal structure, and 
crustal composition along the segment. 

TOBI side-scan sonar data allow us (1) to obtain strain esti- 
mates based on high-resolution fault interpretations, and (2) to 
determine how tectonic strain is coupled with melt supply along 
the axis. Tectonic strain, fault spacing, and horizontal fault dis- 
placement (heave) estimates, as well as their spatial variations, 
are obtained from the interpreted fault maps. These data are 
compared with existing models of crustal accretion at slow 
spreading ridges to constrain the relationship between melt sup- 
ply and tectonic strain. 

2. Tectonic setting 

The study focuses on the second MAR segment south of the 
Atlantis Fracture Zone, bounded by the 29ø23'N and 28ø51'N 
nontransform discontinuities [Sempdrd et al., 1993] (Figure l a). 
The present full spreading rate is •-26 mm/yr [e.g., Semp•rd et al., 
1995], but plate separation is highly asymmetrical, with >60% of 
the total plate separation occurring on the east flank [Allerton, 
1997; Searle et al., 1998a]. The morphology of the rift valley is 
typical of a slow spreading ridge segment, with a narrow and 
shallow valley at the center that widens and deepens towards the 
discontinuities (Figure lb). This segment has been the site of 
several geophysical studies in the past that have described its 
morphology [Purdy et al., 1990; Sempdrd et al., 1993; 1995; 
Shaw, 1992; Smith et al., 1995], gravity and crustal structure [Lin 
et al., 1990; Rommeveaux et al., 1994], and tectonic evolution 
[Searle et al., 1998a]. The crust is thicker at the SC and OC than 
at the IC [Rommeveaux et al., 1994], possibly reflecting the com- 
bined effect of focused magmatic accretion on-axis [e.g., Kuo 
and Forsyth, 1988; Lin et al., 1990] and tectonic thinning at ICs 
[Escartœn and Lin, 1995]. The IC terrain is characterized by 
larger faults (> 1 km in throw) than at the the OC or SC (<0.5 km) 
[Shaw, 1992; Shaw and Lin, 1993] and by diffuse microseismic 
activity [Wolfe et al., 1995] (Figure lb). 

Traces of the nontransform discontinuities bounding the seg- 
ment to the north and south, as inferred from existing bathymetry 
[Rommeveaux et al., 1994] and satellite altimetry data [Escartœn, 
1996], demonstrate that the offsets have migrated along the axis 
with time. To compare faulting patterns and tectonic strain in 
different parts of the segment, we have divided the segment into 
three zones (north, center, and south). The north-center and 
center-south boundaries correspond to one third and two thirds of 
the distance between the two bounding discontinuities in a direc- 
tion parallel to the ridge axis (•-010ø). Our data cover mainly the 
center and south sections of the segment. To study spatial vari- 
ability in faulting and tectonic strain we have separated these 

sections across the axis into IC and OC (segment end) and SC-E 
and SC-W (segment center, Figure lb). 

3. Data Description 

TOBI deep-towed side-scan sonar operates at 30 kHz and has 
a scan width of•-6 km when operated at 400-600 m from the sea- 
floor. The average spatial resolution at this towing altitude is 
---10 m (for more details on instrument specifications, see 
Flewellen et al. [1993] and le Bas et al. [1995]). The TOBI 
tracklines were oriented E-W and spaced •-2 km apart (Figure lb; 
see Searle et al. [1998a] for cruise details). This survey geome- 
try provided almost 100% overlap of backscatter data between 
adjacent lines in most of the survey area, which allowed us to 
obtain almost complete north- and south-looking side-scan sonar 
mosaics (Plates 1 and 2). The use of mosaics with uniform 
looking direction facilitates the identification of tectonic features 
across TOBI tracks, and the availability of two looking directions 
helps to constrain the geometry of these features. 

The backscatter data were processed for noise reduction, slant 
range, and gain corrections using the methods described by le 
Bas et al. [1995]. The data were then located geographically 
using estimates of the TOBI position and the attitude of the vehi- 
cle (heading, pitch, and roll), projected onto a horizontal plane 
below the vehicle. TOBI navigation was calculated from the 
ship's position, length of wire out, and depth of TOBI using our 
modification [CD99 Scientific Party, 1996] of Hussenoeder et 
al.'s [ 1995] implementation of Trianta•llou and Hover's [ 1990] 
cable-modeling algorithm. The processed and remapped data 
were separated into north and south looking to create two digital 
mosaics in each of the main directions of insonification (north 
and south, Plates 1 and 2, respectively). 

4. Fault Identification and Analysis 

Quantification of tectonic strain accommodated by brittle pro- 
cesses requires spatial identification of faults and their geometry, 
and measurement of both fault displacement (vertical or hori- 
zontal) and spacing. Faults are identified in the side-scan sonar 
data as zones of relatively strong backscatter intensity, with high 
length to width ratios and characteristic tectonic (i.e., linear 
[McAllister and Cann, 1996; Searle et al., 1998a]) rather than 
magmatic texture (i.e., hummocky terrain, shingled areas [Smith 
et al., 1995]). Backscatter intensity depends on insonification di- 
rection, fault geometry, and grazing angle, in addition to the 
acoustic reflectivity of the seafloor. Thus large variability in 
backscatter is expected for different faults across the study area. 
The use of images with two insonification directions provides in 
most cases sufficient information to determine if a high- 
backscatter area does correspond to a steep scarp, and if so, to 
constrain its geometry and orientation. Examples of identified 
faults for four small areas of the digital mosaics are shown in 
Figure 2, corresponding to the IC, OC and SC (east and west). 
Only those scarps positively identified as fault-related have been 
digitized to create the fault map in Figure 3, and used in the fault 
analysis described below. Fault analysis has been performed 
along E-W transects spaced every 0.5 km (Figure 4), which al- 
lows us to calculate tectonic strain without relying on empirical 
length-displacement scaling relationships for faults [see Dawers 
et al., 1993; Cowie et al., 1994]. 

Larger faults identified in the backscatter mosaics are in good 
agreement with steep scarps as identified in the multibeam 
bathymetric maps (Figure 5). The west wall of the rift valley in 
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Figure 3. Fault map interpreted from the digital side-scan sonar mosaics. Inward facing faults are marked in 
black, and outward facing faults by outlined gray areas (see also Figure 4). The ridge axis is indicated by the dou- 
ble line, and the dashed gray lines correspond to the southern nontransform discontinuity and to the boundaries 
between the defined tectonic regions (see Figure 1). Underlying squares mark the location of the four areas shown 
in Figure 2 (a; SC-W, b; SC-E, c; IC, d; OC) and that of Figure 5. 

the south corresponds to the largest identified fault scarp (Plate 1 
and Figure 3) with >1000m of vertical relief (Figure 1). The 
width of the fault as identified on the sonar data is in good 
agreement with that identified from the multibeam bathymetry 
(Figure 5a). In other areas (east flank, e.g., Figure 5, X=697 km), 
bathymetric scarps correspond to several faults interpreted from 
the backscatter, which have small heave (<500 m) and are closely 
spaced (<1 km). These smaller faults are not resolved by the 
multibeam bathymetry. 

To accurately quantify tectonic strain and magmatic accretion, 
we have determine the polarity of faults (inward versus outward 
facing faults, Table 1), measure their spacing and heave (Tables 2 
and 3), and calculate tectonic strain (Table 4). 

4.1. Fault Facing Direction 

We determine for each fault whether the orientation of the 

fault scarp is toward the ridge axis or away from it (inward and 
outward facing faults, respectively, Figure 3 and Table 1). As 
most of the faults are subparallel to the ridge axis, with very few 
subperpendicular to it, this distinction is unambiguous in most 
cases if both the north and south looking backscatter mosaics are 
used in the interpretation (Plates 1 and 2). 

4.2. Fault heave h 

The width of a digitized fault (Figure 3) in the E-W direction 
is assumed to correspond to the horizontal component of dis- 
placement of the fault, or fault heave h. The E-W transects are 
only 10 ø off the spreading direction (---100 ø from NUVEL-1 plate 

model [DeMets et al., 1990]). Assuming that fault displacement 
is mostly downdip extensional with no substantial strike-slip 
component, the error of the observed or apparent (h*) versus the 
real heave (h) parallel to spreading (100 ø) is <3% and therefore 
negligible. 

A potentially more important source of error may arise from 
the interpretation of the bright backscatter units as representative 
of the real heave. In some cases these bright areas may include 
highly reflective talus built up by mass wasting at the base of the 
fault [Allerton et al., 1996], and the measured heave will then 
correspond to an "apparent heave." The difference between the 
apparent and the real heave will depend on the dip of the fault, 
talus slope, proportion of the fault height covered by the talus, 
and erosion of the fault scarp by mass wasting (scarp retreat), 
among other parameters and processes. Talus slopes measured 
from near-bottom bathymetry available in an adjacent area of the 
northern MAR [Tucholke et al., 1997; Goff and Tucholke, 1997] 
yield values as high as 35 ø. Assuming a talus angle of 30 ø cov- 
ering --40% of an uneroded fault scarp, we can estimate that h 
can be 60% or equal to h* for dips of fault equal to 60 ø or 30 ø, 
respectively (Figure 6a). A dip of fault equal to --45 ø, consistent 
with dips estimated from earthquake focal mechanisms [Thatcher 
and Hill, 1995] and high-resolution bathymetry [Macdonald and 
Luyendyk, 1977; Tucholke et al., 1997; Goff and Tucholke, 
1997], would give h=0.8 h*. Any mass wasting resulting in fault 
scarp retreat may also make h* larger than h (Figure 6b). Other 
processes such as partial burial of the fault scarp by lava flows 
[e.g., Macdonald et aL, 1996] may result in a reduction of h* in- 
stead. 

Figure 2. Comparison of (top) illuminated multibeam bathymetry, (middle) side-scan sonar data, and (bottom) 
detailed fault interpretation for selected areas corresponding to the (a-c) SC-W, (d-f) SC-E, (g-i) IC, and (j-l) OC. 
The outline of digitized faults is also shown on the shaded relief maps for comparison (100 m grid, Figure lb). 
Backscatter data for the areas in the west flank (SC-W and IC, b and h) correspond to the south looking mosaic 
(Plate 1), while data for areas on the east flank (SC-E and OC, e and k) correspond to south looking mosaic (Plate 
2). Locations of these areas are indicated on the fault map in Figure 3. We note that the fault map (bottom) is in- 
terpreted from both northward and southward looking mosaics (see Figure 3), but for each area the backscatter im- 
age is shown for only one of the looking directions. 
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Figure 4. Location of fault measurements along E-W transects used in the fault and strain analysis. The location 
of each fault measurement is indicated by solid or open symbols (inward and outward facing faults, respectively). 
Fault analysis has only been done for the southern inside corner (IC, squares) and outside corner (OC, circles) and 
the segment center at the east and west flanks (SC-E and SC-W, triangles and inverted triangles) of the 29øN seg- 
ment (bigger symbols); faults corresponding to the segment immediately to the south and to the segment end to- 
ward the north (smaller symbols) have not been used in the analyses. 

In this study we assume that fault and talus geometry 
throughout the study area do not vary, and therefore we use ap- 
parent heave to provide an upper bound of the tectonic strain and 
to estimate its spatial variability. Determination of slope of the 
talus ramp requires high-resolution, near-bottom bathymetry that 
is not available for all our survey area. Processes that may affect 
the estimates of fault heave, such as scarp retreat or burial of fault 
scarps by lava flows, are not well characterized in this area and 

are out of the scope of this paper. Lacking any additional con- 
straints, we assume that these processes are self-similar and do 
not vary spatially. Such assumption is implied in studies that use 
backscatter data to estimate strain [e.g., Cowie et al., 1993]. In 
Table 2 we report the average and corresponding standard devia- 
tion of measured (apparent) fault heaves for all areas, calculated 
for all the faults and for the inward and outward facing popula- 
tions (see Figures 7a and 7b). 
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Figure 5 (a) Comparison of interpreted fault scarps (gray bars) •rom the backscaAcr data with multibeam bathy- 
mctry data. The bathymctric profile is shown both with vc•ical (Sx) •d no vc•ical exaggeration (thick •d thin 
lines, respectively). (b) Location of the bathymctric profile in Figure 5a on a relief map of the area (100 m- 
contours). (c) Faults interpreted from the backscatter data (scc location in Figure 3) for the same area as in Figure 
5b. 
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Table 1. Number and Percentage of Inward 
and Ourward Facing Faults 

All 3119 2934(94.1) 170(5.6) 
SC-W 520 486 (93.5) 28 (5.4) 
SC-E 1082 1004 (92.8) 71 (6.6) 
IC 411 373 (90.8) 36 (8.8) 
OC 958 955 (99.7) 3 (0.3) 

Na:, total number of faults along transects (Fig- 
ure 4). Ni, number of inward facing faults. No, 
number of outward facing faults. Values in paren- 
theses are percentages. 

4.3 Fault spacing s 

Fault spacing s is measured from the separation between cen- 
ters of adjacent faults along E-W transects (Figures 4, 7c and 7d) 
or from the length (L) of the transects extending to the edge of 
the bacscatter data divided by the number of faults along it (N/L, 
Table 3). Estimates of fault spacing based on number of faults 
per unit length are systematically lower than the transect averages 
(Table 3), as the portions at the end of each transect with no 
faults are included in the calculation. In all cases the average 
fault spacing and corresponding standard deviation are given. As 
discussed below, fault populations (heave and spacing) do not 
follow Gaussian distributions, so in both cases we report the 
standard deviation instead of the standard error, as this first pa- 
rameter may be more indicative of the variability in fault pa- 
rameters than the second one. 

a) 

b) 

Figure 6. Illustration of some of the possible errors associated 
with estimates of fault heave from backscatter data. (a) Varia- 
tions in fault geometry (dip of the fault) and talus. The observed 
fault heave (h*) may include talus in addition to the actual fault 
surface, and therefore may overestimate the real fault heave (h). 
Error will depend on the relative height of the scarp covered by 
the talus, on the angle of the talus, and on the angle of the fault. 
(b) Mass wasting can also result in retreat of the fault scarp, giv- 
ing apparent heaves that are larger than the real heave. 

4.4. Tectonic strain, 

Tectonic strain estimates given in Table 4 are calculated from 
the measured fault heave and spacing using three different meth- 
ods: (1) from the mean values of h and s along each of the tran- 
sects (Figures 4 and 7), (2) from the slopes of the cumulative 
fault heave plots (m, Figure 8), and (3) from the cumulative fault 
heave along each transect divided by the length of the transect 
(Y•h/L). These different estimates are given to determine the vari- 
ability in tectonic strain depending on the method used. 

In the following we refer to "apparent heave" as "heave" and 
to "apparent tectonic strain" as "tectonic strain," unless otherwise 
noted. Fault height cannot be measured directly as extensive 
high-resolution, deep-towed bathymetry data are not available, 
and smaller faults identifiable on the backscatter data cannot be 

recognized on the shipboard multibeam data (see Figure 5). If 
dip of fault, talus angle, and relative height of the talus are con- 
stant throughout the area, fault heave may be used as a proxy for 
fault height (see Figure 6). 

Analyses of s, h and • have been carried out for each of the 
tectonic provinces (SC-W, SC-E, IC, and OC, Figure 1), as well 
as for the whole fault population, and for inward and outward 
facing faults (Figures 3 and 4). The subscripts a, i, and o are 
used to refer to all, inward and outward facing fault populations 
(see Tables 2-4). Those faults with unclear facing direction (sin- 
gle, sharp acoustic reflection in both looking directions) were 
used only in the analyses which included all the faults and were 
disregarded in the analyses which treated inward and outward 
facing faults separately. 

5. Results of Fault and Strain Analyses 

5.1. InwantJfersus Outward Facing Faults 

Almost all of the faults identified from side-scan sonar data 

are inward facing (Figures 2 and 5), with <6% of the total num- 
ber of faults being outward facing (Table 1). The largest con- 
centration of outward facing faults is found at the west flank of 
the IC (•9%), while they are almost non-existent at the OC 
(<0.5%). Differences across the axis at the SC are not significant 
(•6.6% at the SC-E, •5.5% at the SC-W). Multibeam bathyme- 
try reveals numerous steep slopes facing away from the axis. 
These areas show backscatter textures typical of sedimented vol- 
canic morphologies (i.e., hummocky terrain and seamounts 
[Smith et al, 1995]), with no evidence for bright and linear re- 
flectors expected for outward facing faults, and are therefore in- 
terpreted as back-tilted volcanic terrain. Earlier studies along the 
MAR indicate that outward facing faults are not very common 
[Macdonald and Luyendyk, 1977; Searle and Laughton, 1981; 

Table 2. Fault Heave Parameters 

ha hi ho 

All 197 (293) 193 (296) 270 (233) 
SC-W 257 (278) 252 (272) 384 (385) 
SC-E 154 (146) 151 (147) 204 (108) 
IC 412 (618) 420 (641) 354 (293) 
OC 107 (103) 107 (103) 259 (41) 

In meters. ha, h•, and ho correspond to the 
average heave and the standard deviation (in 
parentheses) for all, inward, and outward fac- 
ing faults, respectively. 
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Figure 7. Log-linear plots of the distributions of (a-b) fault heave h and (c-d) spacing s for the different tectonic 
environments (same symbol conventions as in Figure 4). Only the populations of inward (solid symbols) and out- 
ward facing faults (open symbols) are shown. The shaded lines correspond to best fit of an exponential function to 
the data; the fit of the function has only been done to the portion of the data that show a linear distribution in the 
plot (see text). Note the marked asymmetry in the slopes of the distributions from west to east (left and right) and 
the absence of outward-facing faults at the outside corner. Mean fault heave and spacing estimates are given in Ta- 
bles 2 and 3. 

Kong et al., 1988], although daroslow [1996] reports that up to 
40% of the faults are outward facing. 

5.2. Fault Population Statistics 

Cumulative size-frequency distributions of fault parameters 
have often been used to characterize fault populations [e.g., Car- 

botte and Macdonald, 1994; Cowie et al., 1994]. The cumulative 
distributions of h and s at the IC, SC (east and west), and OC ter- 
rain (Figure 8) show that at s < 9 km and h < 500 m, the popula- 
tions can be fitted with an exponential distribution (shaded lines 
in Figure 7) of the type 

N(h,s)=NT e- 3. h,s 

Table 3. Fault Spacing Parameters 

s,, si So L/Na L/Ni L/No 

All 1.77 (1.77) 1.70 (1.87) 4.64 (6.62) 1.87 (1.28) 2.10 (1.51) 
SC-W 1.53 (1.41) 1.54 (1.73) 1.20 (1.77) 1.60 (0.64) 1.77 (0.71) 
SC-E 1.40 (1.16) 1.50 (1.28) 7.20 (6.34) 1.51 (0.64) 1.74 (0.94) 
IC 2.59 (2.06) 2.69 (2.22) 0.96 (0.36) 2.44 (1.35) 2.62 (1.35) 
OC 1.55 (2.09) 1.55 (2.09) - 1.70 (1.67) 1.71 (1.67) 

0.48(1.51) 
5.95 (3.74) 
6.16(6.23) 
5.78(2.76) 

In kilometers. sa, si , and So correspond to the average fault spacing and the standard 
deviation (in parentheses) for each area. L/N corresponds to the transect length (L) divided 
by the total number of faults (N) along a transect. Values are gi':en for all faults, inward, 
and outward facing faults, respectively. 
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Table 4. Tectonic Strain (%) 

h / s m Eh/L 

All 

SC-W 

SC-E 

IC 

OC 

11.5(5.7) 10.7 (5.1) 0.8(1.4) 10.6(5.9) 9.9(5.0) O.7 (1.5) 10.53 9.19 2.58 
16.6 (7.2) 15.1 (6.8) 1.4 (2.9) 17.0 (7.7) 15.8 (7.4) 1.2 (2.7) 16.06 14.23 6.45 
8.0 (3.1) 7.2 (2.8) 0.8 (0.8) 8.9 (3.2) 8.3 (3.0) 0.6 (0.8) 10.19 8.67 1.26 

14.8 (6.0) 14.0 (5.4) 0.8 (2.2) 10.2 (5.9) 9.7 (4.8) 0.5 (1.8) 16.88 16.00 6.12 
6.8 (3.1) 6.8 (3.1) (0) 7.3 (3.5) 7.3 (3.5) (0) 6.29 6.26 (0) 

Estimates of tectonic strain (c) from average heave and spacing, h / s , from slopes of cumulative 
fault heave m (Figure 8), and from the cumulative fault heave and transect length Eh/L. Numbers in pa- 
rentheses correspond to the standard deviations. In all cases, strain is calculated for all faults (Ca), inward- 
facing faults (c,), and outward facing faults (Co). 

where N(h,s) is the number of faults with heave (h) or spacing (s) 
larger than a given value of h or s, and N T is the total number of 
faults. The reciprocal of •, is the characteristic value of h or s, 
which should correspond to the mean of h or s if the population 
is properly characterized by an exponential distribution. At 
higher values of s and h (s > 9 km and h > 500 m) the cumulative 
distribution cannot be described satisfactorily by this simple 
population model. Consequently, fault spacing and heave have 

been quantified using the mean values of h and s instead of the 
characteristic values (1/•,) of the corresponding exponential dis- 
tributions. 

5.2.1. Variations in fault heave. Fault heave estimates show 

significant variations among the different tectonic environments 
(Table 2). Fault heave at the IC is largest (ha-MOO m), while that 
at the OC is smallest (ha---100 m). The SC-W and SC-E fault 
populations show intermediate fault heaves compared to those of 

a) SC-W SC-E 
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Figure 8. Plot of cumulative fault heave Zh 0 versus distance from the axis for all the transects (see Figure 4) for 
the segment (a) center and (b) end. Both inward and outward facing Y•h 0 lines are shown (solid and open symbols, 
respectively). Shaded lines corresponding to 5% and 10% strain are plotted for reference. Note the marked east- 
west asymmetry in the overall slope of the curves, even at the segment center. The smallest amount of strain occurs 
at the OC, while the largest is found at the IC. Same symbol convention has been used as in Figures 4 and 7. The 
dashed shaded lines labeled B/M mark the edges of the central magnetic anomaly (Brhunes-Matuyama boundary). 
There is a clear asymmetry about the axis, with <40% total accretion taking place on the west flank than on the east 
flank JAilerton, 1997]. 
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the IC and OC, but there is a marked asymmetry; faults tend to be 
lar_.y. ger on the west flank (ha-250 m) than on the east flank 
(ha--•150 m), similar to the asymmetry observed at the end of the 
segment (compare IC and OC, Table 2). 

5.2.2. Variations in fault spacing. Fault spacing is esti- 
mated from the average of measured spacings s, and from the 
length of the transect divided by the total number of faults along 
each transect (L/N, Table 3). Owing to the small number of out- 
ward facing faults and to their clustering, particularly on the west 
flank (Figure 4), the average of measured spacing is lower than 
that estimated from the number of faults per unit length (e.g., at 
the IC, So=0.96 km, L/No-5.8 km). Discrepancies are smaller in 
the estimates of spacing for inward-facing and for all faults (Ta- 
ble 3), as they are more abundant and evenly distributed across 
the area (Figure 4). 

Faults are more widely spaced at the IC (T'a'a=2.59 km) than in 
the other tectonic provinces (Table 3). There is some asymmetry 
at the segment end, with the spacing at the OC (T'a'a=l.55 km) 
similar to that of the SC-E (T'a'a=l.40 km) and SC-W (T•'a=l.53 
kin). No significant asymmetry is observed at the SC (Table 3). 
In all cases, average fault spacings are smaller than the 1-1.4 km 
estimated from similar fault studies in the fast spreading East Pa- 
cific Rise [Edwards et al., 1991]. 

5.3. Tectonic Strain Estimates 

Tectonic strain and its spatial variation are estimated from the 
measured fault parameters h and s (Tables 2 and 3), and from the 
cumulative fault heave along transects (Figure 8). These esti- 
mates of tectonic strain are apparent and not absolute (being 
based on apparent and not absolute heave), but they provide an 
upper bound to actual tectonic strain. In Table 4 the estimates of 
the average tectonic strain for each of the tectonic provinces are 
given. Fault heave is measured along transects spaced 0.5 km 
apart (Figure 4), thus adequately characterizing the displacement 
of faults <1.5 km in length. Using typical displacement-length 
scaling relationships [e.g., Cowie and Scholz, 1992; Dawers et 
al., 1993], faults with a length of-1.5 km would have displace- 
ments of the order of--15 m, well below the resolution of any 
shipboard multibeam system. This suggests that scaling laws in- 
ferred from continental areas need to be calibrated before being 
applied to the oceanic environment. 

Average tectonic strain for the study area is found to be 
l•a-11% (Table 4), depending on the method used, although lo- 
cally it can be larger than 20% (see slopes in Figure 8), qualita- 
tively in agreement with results from earlier studies [e.g., 
Macdonald and Luyendyk, 1977; Solomon et al., 1988; ,4liefton 
et al, 1996; daroslow, 1996]. Strain accommodated by outward 
facing faults is typically <3%, while that accommodated by in- 
ward facing faults is >9% (Table 4). There is a marked asymme- 
try east-west across the axis both at the segment center and end 
(Figure 8), indicated by tectonic strains on the west flank which 
are a factor of 2 greater than on the east flank. While the OC 
shows the smallest tectonic strain (-6-7%), the strain at the IC is 
similar to that at the SC-W (-11-17% and 16-17%, respectively, 
Table 4). The average tectonic strain decreases slightly from 
-12-13% at the segment center to -9-12% at the segment end, 
depending on the strain estimate used. We consider that these 
along-axis variations in tectonic strain are not significant tectoni- 
cally given that there is some variability depending on the 
method used in the estimation; in all cases we report the maxi- 
mum and minimum estimates of the tectonic strain (see Table 4). 

The spatial variations of fault spacing, fault heave and tectonic 
strain at 29øN are summarized in in Figure 9. In this sketch we 

use values for one of the estimates of fault spacing, fault heave 
and tectonic strain, but similar patterns would arise if other esti- 
mates given in Tables 2-4 were used instead. 

6. Discussion 

6.1. Fault Formation and Zone of Active Deformation 

Variations in fault spacing and heave with distance from the 
ridge axis allow us to constrain the zone of active tectonic de- 
formation where faults form, develop, and remain active. McAl- 
lister and Cann [ 1996], based on TOBI data from the axial valley 
floor of this segment, suggested that faults are formed and linked 
within a "fault growth window." According to this model this 
"window" extends along the whole length of the segment and 
has a width of a few kilometers beginning at -2 km from the 
neovolcanic zone. However, our analysis of the fault data dem- 
onstrates that this model may be valid only in some sections of 
the segment studied. Plates 1 and 2 and Figure 3 show a marked 
near-axis asymmetry in fault spacing, heave, and overall fault 
patterns that suggests significant variability in the scale and na- 
ture of strain localization. 

Constraints on the lateral extent of active faulting may be ob- 
tained from microsesimic activity and the backscatter character of 
the sonar data. Microseismic activity over a period of 41 days 
reported by Wolfe et al. [1995] extends to -10 km off axis at the 
segment end and is restricted to the median valley at the segment 
center (Figure lb). These data are likely to give a minimum es- 
timate of the width of the active zone due to the limited recording 
time. Fault patterns and backscatter character may provide in- 
stead constraints fault formation and evolution at geological 
timescales (-1 Myr). Examination of the fault patterns in Plates 
I and 2 and Figure 3 reveals: (1) a lack of faults near the ridge 
axis (within -2 km), (2) a well-developed zone-10 km wide of 
small-scale faulting (fault lengths <5 km and s<0.5 km) on the 
east flank along the whole segment, and (3) a less developed -5- 
km-wide zone of small-scale faulting at the segment center on the 
west flank that disappears toward the segment end (IC). The 
zone of recent, unsedimented volcanics (high reflectivity area in 
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Figure 9. Sketch showing the spatial variation in fault heave, 
fault spacing, and tectonic strain along the studied segment. The 
nontransform offsets and the limit among zones (dashed lines) 
are shown horizontal for simplicity (see Figure 1). Values re- 
ported correspond to the average heave including all the faults 
(Table 2), average of measured spacing (Table 3), and the strain 
estimated from average spacing and heave along transects (Table 
4). The same overall spatial variations are observed if other es- 
timates of fault spacing (Table 3) or tectonic strain (Table 4) are 
used instead. 
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Plates 1 and 2) shows a marked asymmetry (-5 km and -3 km on 
the east and west flanks, respectively), consistent with the asym- 
metric spreading inferred from the deep-tow magnetic profiles 
(>60% and <40% of the total accretion on the east and west 
flanks, respectively [,411erton, 1997]). 

On the east flank small-scale faults can be observed at dis- 

tances of up to -15 km off-axis, and the talus of larger faults at 
distances >20 km appears to be sedimented. These observations 
indicate that faults are nucleated at-1-2 km from the axial vol- 

canic ridge and continue to grow to 10-15 km off-axis. Strain 
only localizes to form larger faults (h>200 m) at > 10 km from the 
axis. These faults may remain active to distances of <20 km off- 
axis, as indicated by the lack of sediment cover of the talus and 
scarps. Smaller faults may become inactive between 10 and 20 
km off-axis and are not visible off-axis as they are covered by 
sediments. Faulting at distances <2 km from the axis may occur, 
but volcanic activity may partially or totally cover faults formed 
in immediate vicinity of the axial volcanic ridge [see Macdonald 
et al. , 1996]. 

On the west flank the process of fault formation and strain lo- 
calization appears to differ substantially from that on the east 
flank. At the segment end (IC), there is no evidence for a zone of 
small-scale faulting between the ridge axis and the bounding 
fault (Figure 3), which has a vertical throw of-1.5 km (Figure 
5). In this case strain localization must occur very close to the 
ridge axis (<5 km). Most of the tectonic deformation appears to 
be taken up by this fault, and may inhibiting the formation of 
small-scale faults. Seismogenic faulting extends to -10 km off- 
axis [WolJk et al., 1995] on the IC, and the backscatter images 
show at distances <15 km unsedimented fault scarps (i.e., highly 
reflective scarps with no evidence of a cover of poorly reflective 
sediments). This observation suggests that faults may be active 
at <10 km from the ridge axis and become inactive at distances of 
10-15 km. Toward the segment center the fault pattern is similar 
to that of the east flank but with a narrower zone (<10 km) of 
small-scale faults (i.e., Y=3220-3230 km, X=675 kin, Figure 3). 

These results indicate that in some cases, such as the IC of this 

segment, strain may localize very close to the locus of magmatic 
accretion, resulting in a large rift-bounding wall that accommo- 
dates most of the tectonic strain early in the history of the oce- 
anic crust. More generally (east flank and segment center on the 
west flank), faulting is nucleated over a relatively wide zone (10- 
15 km), and strain localizes in one or more faults at distances >5 
km from the axis. Faults appear to become inactive at 15-20 km 
off-axis on both flanks, as indicated by the backscatter images, 
fault distributions, and microseismic activity. The with of this 
zone is consistent with the-20-km zone of teleseismic activity 
reported by Lin and Bergman [1990]. These results suggest that 
the width of active zone is similar on both sides (i.e.,-15-20 km 
from the ridge axis). At the fast spreading East Pacific Rise 
(EPR), estimates of the width of the zone of active deformation 
vary from <10 km [e.g., Edwards et al., 1991] to -30 km about 
the ridge axis [e.g., Alexander and Macdonald, 1996], with fault 
spacings of 1-1.4 km [Edwards et al., 1991 ], and scarp heights of 
<100 m [Alexander and Macdonald, 1996]. The thicker brittle 
layer at the ridge axis of slow spreading ridges may explain these 
systematic differences in fault spacing and height between the 
MAR and the EPR. Although the width of the active zone of de- 
formation is not well constrained at the EPR, at both fast and 
slow spreading ridges it may be strongly controlled by the thick- 
ening of the lithosphere off-axis due to cooling [e.g., Alexander 
and Russell, 1991; Searle et at., 1998b]. 

6.2. Asymmetric Tectonic Strain 

The differences in fault patterns described above indicate a 
marked E-W asymmetry both in fault characteristics (h and s), 
and in tectonic strain (g) that cannot be explained by variations in 
melt supply along the ridge axis inferred from crustal thickness 
estimates [e.g., Lin et at., 1990; Wolfe et al., 1995]. The average 
fault heave increases from -100 m at the OC to -400 m at the IC, 
the spacing from-1.6 to -2.6 km (Tables 2 and 3), and the strain 
from -7% to -15% (Table 4 and Figures 9 and 10). A similar 
pattern but with less asymmetry is observed when the SC-W and 
SC-E areas are compared (Tables 2-4 and Figure 8). The larger 
asymmetry observed at the segment end is consistent with that 
reported in bathymetry and gravity at the segment ends of most 
slow spreading ridge segments [e.g., Severinghaus and Mac- 
donald, 1988; Tucholke and Lin, 1994; Escartœn and Lin, 1995]. 
However, it is clear that at this segment the asymmetry extends to 
the segment center. 

Part of the asymmetry in tectonic strain may be related to the 
asymmetry in magmatic accretion inferred from deep-towed 
magnetic anomalies [,411erton., 1997] (see Figures 8 and 10), 
which is independent from variations in melt supply along the 
axis of the segment as inferred from crustal thickness estimates 
[e.g., Lin et al., 1990; Wolfe et al., 1995]. Magmatic accretion 
over the last 1 Myr has been highly asymmetric, with 50-150% 
more accretion on the east than on the west (see location of the 
central anomaly boundaries at each side of the axis in Figure 8). 
Cumulative tectonic strain (g) is proportional to the strain rate (•) 
and the time length of active tectonic deformation (t) as •= •/t. 
In the case of a mid-ocean ridge, the time length of active defor- 
mation of the crust will depend on the width of the zone of de- 
formation (w) and the spreading rate (sr) as t=-sr/w. From our 
observations we assume that the zone of active deformation is of 

•tpproximately the same width on both sides of the ridge (•-15-20 
km). Lacking any additional constraints, we also assume that the 
rate of tectonic deformation is the same on both flanks. In the 

Asymmetric 
magmatic accretion 

Srw sr e 

0 

Distance from ridge axis 

Zone of active 
deformation 

Srw = 0.5 x Sre 
œw =2Xœe 

Figure 10. Cartoon showing asymmetric tectonic strain due to 
asymmetric spreading. The zone of deformation, where faults nu- 
cleate and accumulate strain, is relatively symmetric across the 
axis. We assume that magmatic accretion is asymmetric (for 
simplicity, -50% on the west with respect to the east flank) and 
that the rate of deformation is constant. As the crust on the west 

flank remains on the zone of deformation during a longer period 
of time, the final cumulative tectonic strain recorded by the crust 
will be larger on the west than on the east flank; sr w and sr e cor- 
respond to the relative spreading rate towards the west and east, 
respectively; gw and gr correspond to the cumulative tectonic 
strain on the west and east flank, respectively. 
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case of the 29øN segment, if the accretion on the west is -50% of 
that on the east, the observed tectonic strain on the west will 
then be approximately double of that on the east (Figure 10), 
which is qualitatively consistent with our observations. 

Macdonald and Luyendyk [ 1977] showed that at 37øN there is 
an inverse relationship between the sense of asymmetry and the 
amount of tectonic extension. Spreading rate to the west is -50% 
of that to the east (7 versus 13 km/Myr), but tectonic strain on the 
west is -60% smaller than on the east (11% versus 18%) [Mac- 
donald and Luyendyk, 1977]. These discrepancies between the 
results from both study areas could be due to variations in some 
of the unconstrained parameters. In particular, at 37øN differ- 
ences in the width of the active zone of deformation and/or the 

rate of deformation between the east and the west flanks could 

result relationships between accretion and tectonic strain that dif- 
fer from those at 29øN. Additional constraints on these parame- 
ters may be obtained with studies on areas to determine the local 
variations in tectonic strain and fault patterns and their relation- 
ship with the asymmetry in plate accretion. 

6.3. Partitioning Tectonic Strain and Magmatic Accretion 
at the Segment Scale 

segment center (SC-W and SC-E, -12% versus -11%, respec- 
tively). Tectonic strain observed at the seafloor in the study area 
is found to be constant at -10%, about twice larger than that re- 
ported for the East-Pacific Rise [e.g., Cowie et al., 1993; Alexan- 
der and Macdonald, 1996]. This implies that -90% of the total 
plate separation must be accommodated by magmatic processes. 
Residual gravity anomalies indicate that the crustal thickness 
along the ridge axis decreases from-7.5 km at the segment cen- 
ter (-30 mGal mantle Bouguer anomaly) to -4 km (--10 mGal) at 
the segment end [Lin et al., 1990], suggesting that magmatic ac- 
cretion is highly focused [Lin et al., 1990], and that melt supply 
at the end of segment is -50% of that at the segment center. If 
peridotites are present at the ends of the segment [Cannat et al., 
1995; Cannat, 1996], the geophysically defined crustal thickness 
may overestimate the actual magmatic crustal thickness, and 
variations in melt supply along the segment may be even larger. 
Small along-axis variations in magmatic accretion (e.g., from 
90% to 70% of the total plate separation) associated with varia- 
tions in melt supply would result in a three-fold (10% to 30%) 
increase in tectonic strain (Figure 11). Such large variation in 
tectonic strain should be recognizable based on the estimates of 
tectonic strain deduced from the data analysis presented here, as 
it would result in very large variations in fault spacing, heave 

Tectonic strain along the 29øN segment does not vary sub-. and/or geometry that are not observed in this area. 
stantially in an axis-parallel direction. Although the IC shows These results suggest that, in shallow levels of the oceanic 
the largest cumulative tectonic strain, the average strain at the lithosphere, tectonic strain is decoupled from magmatic proc- 
segment end (IC and OC) is only marginally smaller than at the esses. This decoupling occurs at time-scales of -1 Myr over 

Segment center 

Segment end 
Coupled magmatism / tectonism 

======================================================= 
Uncoupled magmatfsm / tectonism 

Figure 11. Cartoon showing the difference between tectonic strain coupled and uncoupled with melt supply to the 
axis. •t corresponds to tectonic strain, and A m corresponds to magmatic accretion. Total plate separation is •t+Am 
(left), tectonic strain is assumed to be taken up by brittle faulting (right; geometry of faults shown is unconstrained 
and for illustration purposes only). The thickness of the crust at the ridge axis decreases from -7 km at the segment 
center to -4 km at the end [Lin et al., 1990]. Tectonic strain averages -10%, both at the center and end of segment 
(top and bottom). If melt supply (i.e., crustal thickness) were directly linked to tectonic processes (center) we 
would expect the tectonic strain •t at the segment end to be substantially larger than at the center. This is not sup- 
ported by the data. See text for discussion. 
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which we have estimated tectonic strain, and over the length of 
an individual ridge segment. Thus variations in crustal thickness 
along the axis of slow spreading segments [e.g., Lin et al., 1990; 
Tolstoy et al., 1993; Detrick et al. , 1995; Cannat, 1996] may re- 
flect variations in melt supply but do not imply variations in tec- 
tonic strain. As tectonic thinning of the crust can be important 
off-axis [e.g., Escartin and Lin, 1995; 1998], crustal thickness 
estimates at these locations cannot be used to infer temporal 
variations in magma supply or tectonic strain. In depth the ac- 
commodation of the plate separation among tectonic extension 
and magmatic accretion may vary substantially. Possible proc- 
esses operating at the base of the lithosphere may include passive 
accretion of asthenospheric material into the lithosphere as the 
plates separate [Cannat, 1996] and distributed brittle processes, 
in addition to localized brittle deformation. Identification and 

quantification of both passive accretion of asthenospheric mate- 
rial and/or distributed deformation require further geological 
constraints, and cannot be done from the sea surface bathymetric 
of backscatter data presented here. 

Fault spacing and heave change substantially along axis even 
though tectonic strain is relatively constant. For example, fault 
heave at the west flank decreases from -400 m (segment end, IC) 
to-250 m (segment center, west, Table 2 and Figure 10), and 
fault spacing decreases from ---2.6 to -1.5 km (also from end to 
center, Table 3 and Figure 10). As these changes in fault char- 
acteristics do not correlate with the estimated long-term tectonic 
strain, we infer that they are due instead to changes in rheology 
induced by the thickening of the lithosphere toward the segment 
ends [Forsyth, 1992; Shaw, 1992], by the weakening of fault 
planes [Escartin et al., 1997b] due to the presence of serpen- 
tinized materials along shear zones [e.g., Francis, 1981], or by 
the combination of both effects. Lithospheric thickening toward 
segment ends has been invoked to explain tectonic patterns ob- 
served near discontinuities [e.g., Fox and Gallo, 1984], but ther- 
mal models of nontransform discontinuities [e.g., Parmentier and 
Forsyth, 1985; Shaw and Lin, 1996] only predict small changes 
in the depths to isotherms. In addition, changes in fault spacing 
and heave may be more sensitive to the rheology of the oceanic 
lithosphere and faults than to its thickness [Escartin et al., 
1997b]. Serpentinites and gabbros have been dredged at the base 
of the large fault scarp bounding the west flank of the rift valley 
at the segment end [Cann et al., 1997; CD99 Scientific Party, 
1996] (Figure 3), suggesting that the crust at the IC may be het- 
erogeneous. Owing to the weak nature of serpentinites [e.g., 
Reinen et al., 1994; Escartin et al., 1997a] their presence may 
greatly enhance strain localization along fault planes, resulting 
both in larger displacements and increased fault spacings [Es- 
cartin et al., 1997b]. 

6.4. Formation of Outward Facing Faults 

Outward facing faults in our study area represent < 10% of the 
total number of faults and account for a small proportion of the 
total tectonic strain. While at 23øN and 37øN this proportion is 
estimated to be -20% [Kong et al., 1988; Macdonald and Luyen- 
dyk, 1977], in an adjacent area at 25.5ø-27.2øN, Jaroslow [1996] 
reports that -40% of the total fault population correspond to 
outward-facing faults. This proportion of outward-facing faults 
reported by Jaroslow [1996] is similar to that given for fast 
spreading ridges [see Carbotte and Macdonald, 1990, and refer- 
ences therein]. Jaroslow's [1996] study, based on the interpreta- 
tion of shipboard multibeam bathymetry and HMRI backscatter 
data, shows that the proportion of outward facing faults increases 

from-10% at the ridge axis to ---40% at •-3 Ma old crust and re- 
mains relatively constant out to 20 Ma off-axis. This result is not 
consistent with the fault patterns in our study area, as we observe 
no evidence for an increase of the number of outward facing 
faults towards the east and west limits of the survey area (•-3 Ma, 
Figures 1 and 3). If a similar process of formation of outward- 
facing faults operates at the 29øN segment, it must occur at sea- 
floor ages older than 3 Ma, outside of our survey area. Alterna- 
tively, some of the outward facing faults interpreted by daroslow 
[1996] may not be properly constrained due to the coarser reso- 
lution of the multibeam bathymetry and HMR1 backscatter data. 
They may correspond instead to volcanic terrain backtilted by 
flexural rotation caused inward facing faults, as seen in some ar- 
eas at the 29øN segment. Analyses of coincidental high- 
resolution TOBI data, multibeam bathymetry, and HMR1 back- 
scatter data would be required to unequivocally determine the 
nature of these features and to establish if the formation and tec- 

tonic evolution of outward facing faults are operating farther off- 
axis at the 29øN segment. 

7. Conclusions 

We have presented the results of a comprehensive analysis of 
fault data interpreted from high-resolution side-scan sonar im- 
agery covering two-thirds of the length of a slow spreading seg- 
ment, extending out to -•3 Ma old crust. These results reveal that 
changes in fault patterns and tectonic strain are not correlated. 
The zone of active deformation is estimated to extend to -10-20 

km off-axis, and may be controlled by the thermal structure be- 
low the ridge. We infer that variations in fault spacing and heave 
are controlled primarily by changes in the rheology of faults, and 
secondarily by changes in lithospheric thickness. These results 
indicate that the amount of tectonic strain is not the primary con- 
trol on the development of faults. The major conclusions of this 
study are as follows: 

1. Approximately 10% of the total strain observed at the sea- 
floor is accommodated by brittle faulting. The rest of the plate 
separation (90%) must be taken up by either magmatic accretion 
or diffuse tectonic deformation within the crust without an ex- 

pression on the seafloor surface. Estimates of apparent tectonic 
strain are an upper bound of the actual tectonic strain. 

2. Outward facing faults are scarce and account for <10% of 
the total number of faults and tectonic strain. 

3. Variations in tectonic strain cannot be resolved along the 
axis and show no correlation with changes in melt supply as in- 
ferred from changes in crustal thickness along the axis. 

4. We observe a marked asymmetry in tectonic strain of up to 
50% between the east and west flanks, both at the segment center 
and end. Asymmetric strain maybe partially explained by the 
asymmetric magmatic accretion at the axis documented by near- 
bottom magnetic profiles. 

5. Differences in fault geometry (heave and spacing) among 
different regions of the segment are not directly correlated with 
total tectonic strain but instead may reflect changes in lithos- 
pheric rheology (thickness, composition). Our study corrobo- 
rates that faults are largest and have the widest spacing at the IC, 
while faults at the OC are smaller. An increase in fault size and 

spacing is observed from the segment center toward the ends, 
while tectonic strain remains constant. These variations in fault 

geometry may be better explained by rheological changes along 
fault planes associated with the presence of weak serpentinites, as 
changes in lithospheric thickness along a segment predicted by 
thermal models are not very important. 
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