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Abstract. We present new results on the crustal and upper mantle structure beneath the rift
mountains along two segments of the Mid-Atlantic Ridge and across a nontransform offset
(NTO). Our results were obtained from a combination of forward modeling and two-dimensional
tomographic inversion of wide-angle seismic refraction data and gravity modeling. The study
area includes two segments: OH-1 between the Oceanographer fracture zone and the NTO-1 at
34°35'N and OH-2 between NTO-1 and the NTO at 34°10'N. The center of OH-1 is
characterized by anomalously thick crust (~8 km) with a thick Moho transition zone with
V,=7.2-7.6 km/s. This transition zone, coincident with a gravity low, is probably composed of
gabbro sills alternating with dunites, as observed in some ophiolites. OH-1 has larger along-axis
crustal thickness variations than OH-2, but average crustal thicknesses are similar (6.0+1.2 km at
OH-1, 6.1+0.7 at OH-2). Thus we do not find significant differences in magma supply between
these segments, in contrast to what has been inferred from morphological and gravity studies. At
both segments the shoaling of the Moho is more rapid at the inside than at the outside corners,
consistent with models in which the inside-corner crust is tectonically modified. The structural
differences between inside- and outside-corner crust are more apparent at OH-2, suggesting that
the extrusive layer is thinner at the inside corner of OH-2 than at the inside corner of OH-1,
probably due to differences in axial morphology and along-axis magma transport. NTO-1 is
characterized by a nearly constant velocity gradient within the upper 5 km and low upper mantle
velocities (7.4-7.8 km/s). The anomalous structure beneath NTO-1 is interpreted as fractured
mafic crust. The P wave velocities and densities required to match the gravity data suggest that
serpentinites are common beneath the NTO-1 and possibly beneath the inside corners.
Serpentinization could be as much as 40% at ~3.8 km below seafloor and probably does not
occur at subseafloor depths greater than ~6.2 km at the NTO-1. Our results indicate that in a
slow spreading environment where magmatism and tectonism are equally important, the seismic
Moho cannot be correlated with an unique geological structure. At the center of a segment the
seismic Moho may represent the lower boundary of an interlayered grabbro-dunite transition
zone, while beneath the inside corner and NTO where the crust is thinner, it may correspond to

an alteration front.

1. Introduction

Slow spreading ridges, like the Mid-Atlantic Ridge (MAR),
are formed by a series of spreading segments, 20-100 km in
length [Schouten et al., 1985], separated by both transform and
nontransform offsets (NTO). Typically, each segment is
characterized by an axial valley where volcanism occurs and
new crust is generated, flanked by elevated rift mountains. The
depth and width of the rift valley vary considerably among
segments, ranging between 1.0-2.8 km and 15-30 km,
respectively [Macdonald, 1986]. Within a segment bounded by
offsets of similar sense, three distinct tectonic and volcanic
corridors are distinguished (Figure 1) [e.g., Tucholke and Lin,
1994]: inside corner, which is the section of the segment that
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abuts the active portion of a discontinuity; outside corner, on the
opposite side of the segment and bounded by the inactive trace
of a discontinuity; and segment center, the section between the
inside and outside corners.

These areas have distinct characteristics probably due to
focused magmatic accretion at the center of the segments [Kuo
and Forsyth, 1988; Lin et al., 1990] and tectonic alteration of
the inside-corner crust along low-angle faults [Dick et al., 1981;
Karson and Dick, 1983; Tucholke and Lin, 1994]: For
topography, the seafloor progressively deepens along a segment,
from the inside to the outside corner [Severinghaus and
Macdonald, 1988]. For gravity, inside corners are associated
with positive gravity anomalies [Blackman and Forsyth, 1991;
Escartin and Lin, 1995], segment centers with prominent
"bull's-eye" gravity lows [Kuo and Forsyth, 1988; Lin et al.,
1990], and outside corners have a gravity signature intermediate
between inside corner and segment center. For lithology,
exposures of lower crust and upper mantle rocks are
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Figure 1. Schematic cartoon of two spreading segments
bounded by offsets of similar sense. White areas are the center
of the segments (SC), light shaded areas are outside corners
(OC), and dark shaded areas are inside corners (IC). Arrows
indicate spreading direction.

common at the inside corners [Karson and Dick, 1983; Mével et
al., 1991] but rare at the outside corners [Tucholke and Lin,
1994]. In contrast, basalts and diabases are more frequent at the
outside corners and segment centers than at the inside corners
[Cannat et al., 1995]. For morphology, the outside corner and
segment center have hummocky volcanic morphology and
volcanic cones, while the inside corner usually has few volcanic
features [Smith and Cann, 1992]. More irregular, larger, and
more widely spaced faults and abyssal hills are observed at
inside than at outside corners and segment centers [Shaw, 1992;
Shaw and Lin, 1993; Goff et al., 1995]. For magnetization, the
inside-corner crust has higher induced magnetization than the
outside-corner crust [ Tivey and Tucholke, 1998].

Nontransform offsets are the most common discontinuities
along the MAR [Sempéré et al., 1993]. The seismic structure at
small NTOs resembles that observed at larger fracture zones
[e.g., Detrick et al., 1993]. They exhibit thin crust and a nearly
constant velocity gradient from extrusive basalts to ultramafic
velocities, which results in the lack of ocean seismic layer 3.
This has been attributed to a thin, highly fractured mafic crust,
overlaying peridotites  partially serpentinized due to
hydrothermal alteration [Detrick and Purdy, 1980; White et al.,
1984; Minshull et al., 1991]. The systematic crustal variability
across NTOs has been confirmed by segment-scale gravity
studies [Kuo and Forsyth, 1988; Lin et al., 1990; Blackman and
Forsyth, 1991]. The active section of NTOs appears to be
characterized by massifs where ultramafic rocks are exposed
[Gracia et al., 1997].

The pattern of along-isochron crustal and upper mantle
variability at the MAR suggested by geological and geophysical
data can be tested using combined modeling of seismic and
gravity data. In this paper we present the results of a seismic
experiment carried out along the rift mountains of two segments
of the MAR near 35°N and across a nontransform offset. The
goals of this study are to provide seismic constraints on the
structure of the inside and outside corners and the center of two
adjacent spreading segments, to analyze the nature of the Moho
transition zone, especially where the bull's-eye gravity lows are
observed, and to better understand the structure of an NTO. We

will show that the center of a segment with a shallow axial
valley is characterized by a thick Moho transition zone with
anomalously high P wave velocities. We also find that the NTO
has an anomalous crustal structure, probably due to crustal
fractures and serpentinization of the upper mantle. Our results
also suggest that the nature of the seismically defined Moho
varies along-axis, from a lithological boundary to an alteration
front.

2. Tectonic Setting

Our study area (Figure 2a) comprises two spreading
segments of the MAR (named OH-1 and OH-2), and a
nontransform offset that separates them (NTO-1). They are part
of a group of five second-order segments bounded on the north
by the Oceanographer fracture zone (OFZ) and on the south by
the Hayes fracture zone [Detrick et al., 1995]. The half
spreading rate in the area is 10-11 mm/yr [LeDouaran et al.,
1982; DeMets et al., 1990]. OH-1 and OH-2 are the two
northernmost segments and display different axial morphologies
and gravity signatures.

OH-1 is a 90-km-long segment bounded on the north by the
OFZ at 35°15'N and on the south by NTO-1 at 34°35'N (Figure
2b). The hourglass-shaped axial valley is shallow (2000 m) and
narrow (4 km) at the midpoint and deeper (3300-4000 m) and
wider (10-20 km) at its ends. Both flanks of the axis display the
characteristic topographic asymmetry between inside and
outside corner. This asymmetry is more pronounced in the
eastern rift mountains where the inside corner bounds the active
Oceanographer transform (water depth 890 m) than in the
western rift mountains where the inside corner is bounded by
NTO-1 (minimum water depth 1350 m). The center of OH-1 is
intersected by a chain of volcanic cones trending parallel to the
spreading direction and extending off-axis for at least 20 km.
Submersible sampling and detailed magnetic measurements
[Bideau et al., 1996] suggest that the volcanoes were probably
formed on the axial valley floor. The inner valley is mostly
covered by pillow lavas and sheet flows [Bideau et al., 1996],
but no petrological information is available from the inside and
outside corners of OH-1. Within the inner valley of OH-1 the
upper crust has a thick transition from volcanic extrusives to
intrusives, and it is strongly heterogeneous and anisotropic (2-
4%) at depths shallower than 1.5 km due to cracks aligned
parallel to the ridge axis [Barclay et al., 1998]. Beneath one of
the volcanic cones, a low-velocity zone produced by high
temperatures and possible partial melt is present. Magde et al.
[1999] have mapped similar low velocities at shallow crustal
levels along the rift valley of OH-1, while in the lower crust
these low velocities are confined to the center of the segment.
Segment OH-1 shows a large (40 mGal peak to trough) bull's-
eye gravity low at its center and a distinct gravity asymmetry
between the inside and outside corners [Detrick et al., 1995].
From a gravity analysis, Detrick et al. [1995] inferred that the
crust is 8-9 km thick at the axial center of OH-1 and that the
crustal thickness variation along the eastern flank may be 2-3
km from the inside to the outside corner. In contrast, the western
flank shows very little difference in crustal thickness between
the segment ends. The gravity-derived crustal thicknesses are in
good agreement with that obtained by seismic methods at the
center of the axial valley (line B in Figure 2b), where the crust is
8.2 km thick [Hooft et al., 1999], and along the eastern rift
mountains (line D in Figure 2b), where it is 9-10



CANALES ET AL.: SEISMIC STRUCTURE OF THE MAR, 35°N 2701

Depth (m)
4200

35° 00N 3600 !

2800 /

2000

34" 30'N

34" 00'N
37° 00'W 36" 30'W 36° 00'W

Figure 2. (a) Location of study area. Shaded bands are plate boundaries. Main central Atlantic fracture zones (solid
lines) are labeled. (b) Bathymetry of the study area (Mid-Atlantic Ridge near 35°N). Spreading segments OH-1 and
OH-2, the nontransform discontinuity (NTO-1), and the Oceanographer fracture zone are labeled. Note the
differences in axial morphology between OH-1 (shallow axial valley that nearly disappears at 34°55'N, disrupted by
volcanic cones) and OH-2 (deep and continuous axial valley) that suggest contrasting magmatic activity. Also, the
topographic asymmetry between inside and outside corners is apparent at the rift mountains of both segments.
Contours are every 100 m. Thick solid line is the seismic refraction profile MARBE3. Enclosed numbers indicate
the location of the ocean bottom hydrophones. Dashed lines are other seismic refraction profiles in the area
mentioned in the text: A and B are from Hooft et al. [1999], C is from Hosford et al. [1998], D and E are from Sinha
and Louden [1983] and White et al. [1984].
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Figure 3. Bathymetry and free-air gravity anomaly along profile MARBE3. Spreading segments OH-1 and
OH-2, the nontransform discontinuity (NTO-1), and the Oceanographer fracture zone (OFZ) are labeled.
Numbers indicate the location of the ocean bottom hydrophones. Shaded and white areas mark, approximately,
the different tectonic sections: segment centers (SC), outside corners (OC), inside corners (IC), and segment

discontinuities.

km thick at the segment center and 4.5 km at the OFZ [Sinha
and Louden, 1983].

OH-2 is a 35-km-long spreading segment bounded on the
north by NTO-1 at 34°35'N and on the south by the NTO at
34°10'N (Figure 2b). The U-shaped inner valley is deep (3000-
3500 m) and 8 km wide and is flanked by linear rift walls. The
eastern rift mountains show a well developed inside-corner high,
990 m deep. No petrological data are available from this
segment. However, dives in the adjacent segment to the south,
which shares many common morphological and structural
characteristics with OH-2 [Detrick et al., 1995], have mapped
serpentinized peridotites at the inside corner [Bideau et al.,
1996]. The axial mantle Bouguer gravity anomaly is smaller (25
m@Gal) than at OH-1, predicting a crustal thickness of 7-8 km
[Detrick et al., 1995]. Seismic studies indicate a maximum
crustal thickness of 6.7 km at the axial center of OH-2 (line A in
Figure 2b) [Hooft et al., 1999]. The different characteristics
between OH-1 and OH-2 have been interpreted in terms of
magma supply and thermal structure [Detrick et al., 1995;
Thibaud et al., 1998]: OH-1 may represent a “hot” segment with
higher magma supply, while OH-2 may be a “colder” segment
with lower magma supply.

NTO-1 laterally offsets segments OH-1 and OH-2 by ~35 km
(Figure 2b). It is characterized by a topographic massif elevated
600-700 m from the surrounding seafloor and bounded by two
nodal basins 3500 m deep (Figure 3). The massif is similar to
those observed at the other offsets of the Oceanographer-Hayes
MAR section where serpentinized ultramafics have been
observed [Gracia et al., 1997]. The gravity-derived crustal
thickness at NTO-1 is 6-7 km [Detrick et al. 1995], although
this value may overestimate the real thickness if the mean crustal
density used in the calculations was too high. Seismic refraction
data obtained across the western inactive section of NTO-1 (line
E in Figure 2b) show a crustal thickness of 4.5 km and
anomalous lower crustal velocities (<6.55 km/s), consistent with
a model of fractured, thin crust overlaying partially
serpentinized mantle [Sinha and Louden, 1983; White et al.
1984].

3. Experiment

As part of the Bullseye Seismic Experiment (October-
November 1996) [Detrick et al., 1996], an ocean bottom seismic
refraction experiment was carried out along a 155-km-long
profile along the western rift mountains of OH-1, across NTO-1,
and along the eastern rift mountains of OH-2 (profile
MARBE3). Ten ocean bottom hydrophones (OBH) were
deployed from the OFZ to the discontinuity at 34°10'N (Figures
2b and 3). OBHs 22 and 27 were located along the eastern rift
mountains of OH-2, on the outside and inside corner,
respectively. OBH 16 was located at the summit of the massif
present at NTO-1. The remaining seven instruments (OBHs 25,
24, 19, 23, 26, 20, and 17) were deployed along the western
flank of OH-1, two of them along the inside corner, three of
them along the segment center, and two along the outside
corner. This configuration provided a mean spacing between
instruments of 13.7 km (minimum and maximum spacing of 7.6
km and 20.4 km, respectively).

All of the instruments recorded seismic arrivals from 615 air
gun shots. The source was the R/V Maurice Ewing’s 8420 cubic
inch (138 L), 20-air gun array towed at a depth of ~10 m. Shots
were fired at an interval of 120 s, providing a seismic trace
spacing of 250 + 35 m. Shot positions were obtained from the
shipboard Global Positioning System (GPS) position, corrected
for the distance between the GPS antenna and the air gun array
(88 m). Accurate locations of the instruments on the seafloor
(Table 1) were determined by inverting the direct water wave
travel times using the method of Creager and Dorman [1982].
The velocity-depth function of the water column was obtained
from  temperature = measurements  with  expendable
bathythermograph probes. The water depths at the relocated
position were obtained from the Hydrosweep bathymetry.

4. Seismic and Gravity Data

The seismic data were recorded by each instrument at 200
samples/s and reduced to the standard format of the Society of



CANALES ET AL.: SEISMIC STRUCTURE OF THE MAR, 35°N 2703

Table 1. Instrument Positions

OBH Latitude, °N  Longitude, °W  Z,m X, m Oy, M o, m ¢, deg Az, m
22 34.1653 36.8183 1945 -38046 350 16 98 -22
27 34.3291 36.7890 1258 -19622 15 5 9 0
16 34.5025 36.7496 2488 0 559 16 101 -57
25 34.6970 36.7072 1488 21948 16 3 6 -2
24 34.7647 36.6942 1570 29562 16 3 12 27
19 34.8398 36.6743 1705 38104 15 2 12 -30
23 35.0200 36.6317 1937 58500 15 3 12 -16
26 35.0933 36.6153 2031 66762 512 15 99 3
20 35.1718 36.5991 2158 75675 354 16 102 -1
17 35.2572 36.5816 2446 85306 16 2 12 -41

X is the projected position of the instruments along the profile, where the coordinate origin
has been arbitrarily assigned to the position of OBH 16. The o,, ©,, ¢, are major semiaxis,
minor semiaxis, and azimuth of the relocation error ellipses, respectively. Az is the difference
between the depth at the relocated position (Z) and the initial depth used in the relocation
process (depth at the ship's position at the time of deployment).

Exploration Geophysicists (SEG-Y). The data were corrected for
the time drift of the internal clock of the instruments (an average
of 24428 ms/d time drift was measured by comparing the
internal clocks with a master clock both before the deployment
and after the recovery of each instrument). For plotting and
interpretation purposes we applied a band-pass filter of 5-20 Hz
to the record sections. No further data processing was required
to enhance arrivals. Most of the record sections show a high
signal-to-noise ratio (Figure 4), allowing a clear identification of
the different phases, which were hand-picked. First arrivals are
labeled as Pg (turning rays within the crust) and Pr (turning
rays within the upper mantle). Secondary, high-amplitude
arrivals are interpreted as reflections in the crust-mantle
boundary (labeled as PmP).

A well-defined Pn phase was observed at large offsets (>50
km) on some instruments, for example on OBH 22 and 27
(Figures 4a and 4b). These large-offset Pn arrivals help to
constrain the deeper (upper mantle) seismic structure beneath
the NTO-1 and beneath the inside corner of OH-1. The
characteristics of the Pn arrivals vary along the profile, possibly
indicating along-axis changes in the character of the Moho. For
instance, data from the instruments that primarily sample the
NTO-1 and the inside corner of OH-1 (positive offsets of OBH
22 and 27, positive and negative offsets of OBH 16 and 25, and
negative offsets of OBH 24, Figures 4a-4¢) do not show a crust-
mantle triplication or well-defined PmP wide-angle reflections,
suggesting the presence of a thick, gradual transition from
crustal to mantle velocities beneath the NTO-1. In contrast, data
from the instruments that primarily sample the segment center
and outside corner of OH-1 (positive offsets of OBH 24 and 19,
positive and negative offsets of OBH 23, and negative offsets of
OBH 20 and 17, Figures 4e-4g, 4i, and 4j) show a distinct
triplication critical distance at which Pr becomes the first arrival
and Pg becomes a secondary arrival (e.g., -35 km in OBH 20),
as well as a prominent PmP phase (e.g., -40 to -25 km in OBH
23).

Gravity data were collected continuously using the Bell
Aerospace BGM-3 marine gravity meter on board the Maurice

Ewing. Gravity measurements were obtained every 1 s, filtered
with a 360-s Gaussian filter, and then the total gravity field was
calculated every minute. These 1-min data were merged with
ship navigation to obtain a free-air anomaly (FAA) (Figure 3)
after Eotvos and instrumental drift corrections.

5. Modeling Procedures

The complexity of the area and the objectives of the study
require the data to be modeled using different techniques,
according the specific structures we intend to resolve. We used
seismic tomographic inversion, ray trace modeling, and gravity
modeling to obtain the velocity and density structure of the crust
and upper mantle along MARBE3.

5.1. Seismic Modeling

We used the tomographic method of Toomey et al. [1994] to
invert P wave travel times for the two-dimensional (2-D)
velocity structure of the upper crust along profile MARBE3. As
a starting velocity model, we used a 2-D crustal structure
obtained by fitting the first arrivals of five selected instruments
using a forward ray trace modeling [Zelt and Smith, 1992]. We
inspected the resulting model and selected those arrivals
corresponding only to rays which turn above the 7.0 km/s
isovelocity contour. A subsequent inversion was performed
using only crustal arrivals to yield our final velocity model for
the upper crustal structure. In the inversion procedure the
slowness (i.e., velocity) model is defined on a 160-by-15-km
regular grid with a nodal spacing of 0.2 km. The perturbational
grid had a spacing of 5 km and 0.36 km in the horizontal and
vertical directions, respectively, and the smoothing parameter is
800 in both directions [Toomey et al., 1994].

After the upper crustal velocity structure was well-resolved
using the tomographic inversion, we used the forward ray trace
modeling of Zelt and Smith [1992] to match the PmP and Pn
arrival times and to solve, independently, for the lower crustal
structure and Moho depth and upper mantle structure. The
upper crustal velocity structure (velocities <7.0 km/s) was fixed
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Figure 4. Seismic record sections reduced to 8 km/s, 5-20 Hz band-pass filtered. A power law gain (offset
(km)') has been applied to the observed amplitudes to enhance the energy at large ranges. Amplitudes have been
clipped to a maximum deflection of the trace of 1.5 x trace-spacing. No topographic corrections have been
applied. (a)-(j) Consecutive instruments from south to north. Interpreted seismic arrivals have been labeled: Pg
(turning rays within the crust), PmP (reflected rays at the Moho), and Pn (turning rays in the upper mantle).
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during this step, and the lower crustal structure and the shape of
the Moho were modified until PmP travel times were well fit
and the amplitudes of synthetic seismograms were similar to
those observed in the record sections. We also checked that the
resulting model successfully explains the travel times of Pg rays
turning within the lower crust. Once the lower crust and the
Moho were well constrained, we modeled upper mantle
velocities by adjusting the velocities until the Pn arrivals were
well matched.

5.2. Gravity Modeling

Any seismic model that we obtain must successfully explain
not only the P wave travel times and amplitudes but also the
gravity anomaly along the profile once the velocities are
converted to density values. Although our seismic results are
fully two-dimensional, we must perform a three-dimensional
calculation of the gravity field to account for the lateral effects
of the topography in the gravity anomaly. In the absence of
additional constraints on the across-axis density structure, we
assume that the velocity-density structure below the seafloor
along profile MARBES3 is constant in a direction orthogonal to
the profile. Thus we create a pseudo-volume with the 3-D
bathymetry as upper surface and with density variations in depth
and in the north-south direction but not in the east-west
direction. From this pseudo-3-D structure we extract selected
isodensity surfaces and compute their gravity contribution in the
Fourier domain, following the formulation of Parker [1972].
The grid dimensions of every isodensity surface are 65 km by
160 km, sampled every 250 m in both directions, and they were
mirrored north-south and east-west to simulate periodicity
before the Fourier analysis. We retain up to five terms in the

Taylor series expansion. The velocity-density relationships that
we have used to convert from velocities to densities are
discussed in section 6.2.

6. Results

6.1. Seismic Structure

6.1.1. The upper crust. The P wave velocity structure of
the upper crust was obtained from the tomographic inversion of
1803 Pg arrivals (we define upper crust as everything above the
7.0 km/s isovelocity contour, thick white line, Plate 1). The
spatial resolution of the model is shown in Figure 5a. The whole
profile is well sampled by seismic rays, especially the center of
OH-1. The residual travel times between the observed and the
predicted Pg arrivals (Figure 5b) yield a root-mean-squared
(rms) of 31 ms. A comparison of the observed and predicted Pg
travel times for some instruments is shown in Figure 6.

The velocities in the basement show consistent variations
along the profile. The inside corners and segment centers are
characterized by seafloor velocities of 3.5-4.0 km/s, while the
outside corners and the NTO-1 have slightly lower velocities
(3.0-3.5 km/s) in the uppermost crust. Segment OH-2 shows
important structural differences between the inside and outside
corners. Velocities typical of oceanic layer 3 (>6.5 km/s) are
present at shallower depths at the inside than at the outside
corner. Segment OH-1 does not show such extreme differences
in crustal structure between inside and outside-corner crust.

Both the NTO-1 and the OFZ are characterized by very low
upper crustal velocities (V,=5.5 km/s are not reached until 2.5
km below the seafloor). The transition from the inside corner to
the NTO-1 is very different at OH-2 than at OH-1. At OH-2 the
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Figure 5. (a) Resolution of the model given by the derivative weight sum parameter [Toomey et al., 1994]. One
of every 10 rays constraining the Moho (black/white strips) is plotted. Notation is as in Figure 3. The residual
travel times (Zobserved-predicted) fOr (b) Pg, (¢) PmP, and (d) Pn arrivals are presented. Horizontal scale is as in
Figure 5a. The number of picks (V) used in the modeling and the total root-mean-squared (rms) are indicated for

each phase.

change from the high-velocity structure of the inside corner to
the low-velocity structure of NTO-1 occurs abruptly over a short
distance (from -20 to -5 km distance in the velocity model, Plate
1). In contrast, at OH-1 this transition is smoother and more
gradual (from 5 to 20 km distance in the velocity model, Plate
1). This contrasting pattern is very apparent in the seismic data.
Figure 7a shows data recorded at OBH 27 (located on the inside
corner of OH-2) from shots with rays turning in the NTO-1 and
its southern wall, and Figure 7b shows the equivalent data
recorded in OBH 25 (inside corner of OH-1) with arrivals from
the NTO-1 and its northern wall. In both cases, travel times have
been corrected for topographic effects. At OBH 27 the arrivals
at offsets >13 km (rays entering the crust through the NTO-1)
are delayed as much as 0.6-0.7 s with respect to those for shorter
ranges (rays entering the crust through the inside corner of OH-
2). However, in OBH 25 the increase in travel time from inside-
corner to NTO arrivals is gradual.

Our refraction experiment cannot resolve the fine-scale
structure of the shallowest crust (uppermost few hundred
meters), since seismic energy turning at these depths comes in
later than the direct water wave arrival. Detailed velocity

analysis reported by Hussenoeder et al. (Upper crustal seismic
structure of the slow spreading Mid-Atlantic Ridge, 35°N:
Constraints on volcanic emplacement processes, submitted to
Journal of Geophysical Research, 1998, hereinafter referred to
as Hussenoeder et al., submitted manuscript, 1998) from this
same area shows that the thickness of layer 2A progressively
increases by ~200 m from the segment center toward the OFZ.
The depth of the isovelocity contour of 5 km/s (which roughly
marks the top of layer 2B (Hussenoeder et al., submitted
manuscript, 1998)) clearly increases from the segment center to
the north (Plate 1). In particular, the depth increases by ~250 m
between OBH 23 and OBH 20, which is the section analyzed by
Hussenoeder and coworkers. Thus the uppermost crustal
velocity structure along profile MARBE3 is consistent with
independent studies and probably does not bias the deeper
structure.

6.1.2. The lower crust and the Moho. The thickness and
velocity structure of the lower crust along profile MARBE3
were obtained from ray trace modeling the travel times and
amplitudes of 562 PmP reflections with a final rms of 36 ms
(Figure 5¢). The PmP ray paths and the sections of the Moho



T-X/8 (s)

CANALES ET AL.: SEISMIC STRUCTURE OF THE MAR, 35°N 2709

I I I L 1 I I I I

-50 -40 -30 -20 -10 0 10 Zb 30 40 -60 -70 -50 -40 -30 -20 -10 o]
Offset (km)

Figure 6. Observed (vertical bars) and predicted (solid lines) travel times for the final velocity model (Plate 1)
for some selected instruments. Travel times are reduced to 8 km/s. The height of the observed travel times bars is
50 ms. The different seismic phases are labeled and indicated by dashed arrows. (a) OBH 27 shows the large-
offset Pn arrivals that constrain the mantle structure beneath the NTO-1 and IC of OH-2 and OH-1. (b) OBH 24
shows the triplication (Pg-PmP-Pn) produced at the center of OH-1. (¢) OBH 26 shows PmP arrivals from the
Moho at the center (negative offsets) and at the OC (positive offsets) of OH-1. (d) OBH 23 shows PmP arrivals
constraining the depth to the Moho at the center of OH-1 and Pr arrivals constraining the upper mantle structure

beneath the IC of OH-1.
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constrained by reflecting rays are shown in Figure Sa. Figure 6
also shows the observed and predicted PmP travel times for
some instruments. Our initial assumption is that the velocity
immediately above the seismic Moho does not exceed 7.2 kn/s,
a reasonable upper limit for lower crustal velocities, and
consistent with the travel times of most of the Pg arrivals at
offsets >30 km (Figure 6). With this assumption, PmP arrivals
are well fit, and the depth to the seismic Moho was obtained
along segment OH-2 and at the inside and outside corners of
OH-1.

However, travel times from rays turning within the lower
crust at the center of OH-1 (Figure 8) suggest that this section of
the profile is characterized by a prominent crustal root with high
P wave velocities (7.2-7.6 km/s). This root has a maximum

thickness of 2.5 km (constrained by PmP arrivals, Figure Sa),
and its upper boundary is characterized by a velocity gradient of
0.4/s, with velocities from 7.2 to 7.5 km/s. The lower part of the
root has velocities from 7.5 to 7.6 km/s. Our best fitting model
indicates that PmP arrivals come from rays reflecting off the
lower boundary of the crustal root. The velocity gradient at the
top of this layer is not large enough to produce high-amplitude
arrivals with travel times intermediate between Pg and PmP, as
confirmed by comparing the observed record sections with
synthetic seismograms (Figure 9).

Segment OH-2 shows only a small crustal thickening near
the center of the segment, and the velocities above the seismic
Moho are not greater than 7.2 km/s. We have not been able to
identify PmP arrivals from rays reflecting at any boundary
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Figure 9. (a) Observed and (b) synthetic seismograms for OBH 23. (c) and (d) Same as Figures 9a and 9b, for
OBH 24. In both cases, we show only offsets with arrivals constraining the center of OH-1. Note the good
agreement in relative amplitude between the observed record sections and the seismograms predicted by the final
velocity model (Plate 1). PmP are reflections from the bottom of the Moho transition zone. The model does not
predict high-amplitude arrivals from the top of the transition zone.

beneath the NTO-1 (may be due to a wider spacing of the
receivers in this region), so the Moho cannot be defined as a
seismic reflector along this section of the profile.

6.1.3. The upper mantle. The good quality and large
number of Pn arrivals recorded allow us to analyze in detail the
seismic velocity structure of the upper mantle along profile
MARBE3. The 1544 selected Pn travel times have been
modeled using the ray trace method. Our best fitting model
(Plate 1) fits the data with an rms of 43 ms (Figures 5d and 6).
The resolution and coverage of rays in the uppermost mantle are
shown in Figure 5a. The maximum depth at which we can
recover velocity information is 6 km below the Moho at the
NTO-1 and the inside corner of OH-1. There is a good
resolution from the midsegment of OH-2 to the inside corner of
OH-1. Beneath the outside corner of OH-1, ray coverage is also
very good, although it is restricted to the upper 2 km of the
mantle.

The uppermost mantle velocities beneath the center and
outside corner of OH-1 are 7.75-7.80 km/s. However, there is a
considerable reduction in the mantle velocities from the
midsegment of OH-1 toward the south. Beneath the inside
corner of OH-1 we find velocities of 7.5-7.6 km/s immediately
below the Moho, and values of 7.9 km/s are observed at 6 km
below the Moho. Beneath the NTO-1, the reduction in the upper
mantle velocity is even more pronounced, and the initially
assumed first-order velocity discontinuity at the Moho
disappears along this section of the profile. The uppermost
mantle velocity is 7.2 km/s and increases up to 7.9 km/s at 9-10
km subseafloor depth. Beneath segment OH-2, the upper mantle
velocities are slightly higher than beneath the NTO-1 but still
somewhat low (7.5-7.9 kmy/s).

6.2. Density Structure

From the observed FAA we have removed the gravity effect
of the upper crustal density structure (the lower boundary of the
upper crust is taken as the 2950 kg/m® isodensity contour, thick
white line in Figure 10c), and the effect of mantle-temperature
changes associated with a plate-driven flow model [Phipps
Morgan and Forsyth, 1988] as presented by Detrick et al.
[1995]. To convert the upper crustal velocities to densities, we
used the velocity-density relationship of Carlson and Raskin
[1984] that accounts for the porosity changes of oceanic layer 2
(hereinafter referred as CR84). The resulting anomaly (residual
crustal Bouguer anomaly, RCBA, Figure 10a) represents the
gravity signature produced by thickness and/or density
variations within the lower crust and upper mantle.

The observed RCBA provides gravity constraints on the
seismically derived lower crustal/upper mantle structure. We
converted the lower crustal/upper mantle velocity structure to
densities using the CR84 relationship (Figure 10b). The
computed RCBA (Figure 10a) shows similar features than the
observed one (relative minima over the center of the segments,
and relative maxima over the discontinuities), but with
significantly lower amplitudes.

One possible explanation for such discrepancy is that CR84
underestimates the density of ultramafic rocks with V>7.0
km/s. We thus have derived a more realistic velocity-density
relationship for the upper mantle (hereinafter referred as VDI,
Figure 10b) based in a study of rock samples from the MAR that
accounts for the dependence of V, with the degree of
serpentinization [ [Miller and Christensen, 1997] and
accounting for the dependence of seismic anisotropy K (as
defined by Birch [1960]) with B (since profile MARBES3 is
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oriented orthogonal to the spreading direction, we are measuring
the P wave velocity of the upper mantle in the slowest direction
[Christensen, 1984]) as reported by Horen et al. [1996]. Figure
10b shows that for a given P wave velocity, VD1 predicts a
higher density for peridotites less than 40-50% serpentinized
than that of CR84. Combining CR84 and VD1 for the crustal
and upper mantle sections, respectively, we obtain a density
model (Figure 10c) that considerably improves the fit of the
observed RCBA (Figure 10a).

Serpentinite outcrops commonly at the NTOs along this
section of the MAR [e.g., Gracia et al., 1997], and it seems
likely that a significant portion of the seismically defined “crust”
in the NTO is actually partially serpentinized peridotite. Thus
we have used the VDI relationship to convert velocities to
densities at the NTO-1 below the 7.0 km/s isovelocity contour.
The model predicts that at least ~40% of serpentinization occurs
~3.8 km below the seafloor (Figure 10d). This model improves
the fit of the RCBA at the NTO-1 by ~3 mGal when compared
with a model where serpentinization of the NTO-1 is restricted
to depths >5 km below the seafloor.

7. Discussion

7.1. Segment OH-1

7.1.1. Segment center. Figure 11a shows a one-dimensional
velocity-depth profile extracted at 45 km distance on the model.
The upper ~6 km have a seismic structure similar to that
observed in most of the ocean basins [e.g., White et al., 1992].
The upper 2 km of the crust are correlated with seismic layer 2,
with a mean velocity gradient of ~1.5/s. This layer is assumed to
consist of extrusive basalts and sheeted dikes. We have
tentatively placed the limit between extrusives and intrusives at
~0.5 km below the seafloor on the basis of a slight decrease in
velocity gradient at that depth. This interpretation is consistent
with the results of Hussenoeder et al. (submitted manuscript,
1998), who locate the transition from extrusives to dikes at 0.3-
0.5 km depth in the western rift mountains of OH-1. Layer 3, ~4
km thick and with velocities increasing from 6.5 km/s at the top
to 7.2 km/s at the bottom, has a lower velocity gradient (~0.2/s)
than layer 2, and it is probably composed of gabbros.

One of the most interesting results of this study is the
evidence for a high-velocity crustal root at the center of OH-1.
Below layer 3, the seismic and gravity data require the presence
of a layer with velocities intermediate between crust and mantle
(from 7.2 to 7.6 km/s) and density of ~3000 kg/m’. We refer to
this crustal root as the Moho transition zone. A similar structure
has also been observed at the center of a slow spreading segment
in Mesozoic Atlantic crust [Henstock et al., 1996]. The bottom
boundary of the transition zone is modeled as a first-order
velocity discontinuity, a seismic reflector which is the origin of
the PmP arrivals. The unusual velocities of the transition zone
are too high to be consistent with a gabbro section and too low
to represent normal peridotitic mantle. Similar subcrustal
velocities have been reported in different tectonic environments.
The high velocities (>7.2 km/s) in the lower crust along the U.S.
Atlantic continental margin [Holbrook et al., 1994] have been
interpreted as igneous rocks with a high proportion of olivine
component, derived from melting initiated at high pressures (4
GPa) and high mantle potential temperatures (1500°C)
[Kelemen and Holbrook, 1995]. However, such conditions are
unlikely to occur in normal mid-ocean ridges, where

decompression melting in passive mantle upwelling takes place
at a potential temperature of 1300°C and an average pressure of
~1 GPa [e.g., McKenzie and Bickle, 1988].

The velocities observed in the Moho transition zone near the
center of segment OH-1 are consistent with partially
serpentinized peridotites [Christensen, 1966]. However, it is
unlikely that this represents a serpentinized body. The gravity
low associated with this thick transition zone is the off-axis
extension of a bull's-eye gravity low centered on segment OH-1
[Detrick et al., 1995], indicating that this feature formed on-axis
(as the crustal root described by Hooft et al. [1999]).
Morphological and petrological observations indicate that the
central portion of OH-1 has been magmatically robust over the
past few million years [Bideau et al, 1996], and
microseismicity studies in this area suggest a hot, ductile lower
crust below 3-4 km depth in the axial zone [Barclay et al.,
1998]. It is thus unlikely that near the center of segment OH-1
seawater has penetrated to crustal depths of >6 km, necessary to
explain the origin of this thick Moho transition zone as a body
of serpentinite.

We believe it is more likely that this feature represents an
alternating sequence of gabbro sills and dunites similar to that
observed above the Magsad diapir in the Oman ophiolite
[Nicolas and Boudier, 1995]. In Oman, this several hundred
meters thick Moho transition zone is thought to form when
porous flow of melt rising from below reaches a permeability
barrier, forming sills which crystallize as gabbroic cumulates
[Kelemen et al., 1995, 1997; Korenaga and Kelemen, 1997].
The lower levels of the Oman transition zone are primary
dunitic, while the upper levels are rich in gabbro. A similar
Moho transition zone has been described in the Bay of Islands
ophiolite complex [e.g., Karson et al., 1984]. In that area the
Moho is a gradual transition from mafic to ultramafic rocks. The
proportion and thickness of ultramafic layers within the
transition zone increase with depth, and the main lithologies are
dunite, olivine-gabbro, and gabbro. This type of Moho
transition zone produces seismic signatures similar to those
observed in marine seismic experiments [Collins et al., 1986].

The Oman and Bay of Islands Moho transition zones have
seismic structures[ Christensen and Smewing, 1981; Karson et
al., 1984] similar to that observed at the transition zone of OH-
1: below layer 3, numerous grabbroic intrusions within the
dunites may produce higher velocities (7.2-7.4 km/s) than that
of gabbroic rocks; while the decrease in the number of sills with
depth may produce velocities (7.4-7.6 km/s) closer to that of
mantle peridotites. The differences in the thickness of the
transition zones between OH-1 and the ophiolite complexes may
be due to differences in tectonic setting, spreading rate, and
thermal structure [Sleep, 1975].

In our model the seismic Moho at the center of OH-1
corresponds to the base of a transition zone composed of
gabbros alternating with dunites. If dunites are formed by
porous flow [Kelemen et al., 1995], instead of representing
cumulates [Takahashi, 1992], the depth to the Moho at the
center of OH-1 may overestimate the total igneous crustal
thickness. Assuming that the measured seismic velocities within
the transition zone are proportionally controlled by the fractions
of gabbros and dunites per volume unit, we estimate that the
Moho transition zone is composed of ~70-80% of igneous
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Figure 11. Velocity-depth profiles at several representative locations. Shaded backgrounds show, for reference
purposes, the compilation of profiles in 1-7 Ma Atlantic crust of White et al. [1992]. Main boundaries are
labeled and indicated by arrows. (a) Center of segments OH-1 and OH-2, profiles extracted at 45 and -25 km in
the model, respectively. Note that the PmP reflector at OH-1 is located at the base of the Moho transition zone
(MTZ). (b) Inside and outside corners of OH-1, profiles extracted at 20 and 75 km in the model, respectively. (c)
Inside and outside corners of OH-2, profiles extracted at -15 and -40 km in the model, respectively. (d) Segment
discontinuities NTO-1 and OFZ, profiles extracted at 0.5 and 97 km in the model, respectively. Structure at the
inactive section of NTO-1 given by White et al. [1984] is shown for comparison as thick shaded line. Thin solid
line with numbers indicates the percentage of serpentinization in the upper mantle beneath the NTO-1; the depth
interval is indicated by the horizontal, thin dashed lines, although serpentinization may also occur at shallower
levels.
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Figure 12. Depth to the PmP reflector along the profile (black/white strips), which is considered as igneous
crustal thickness except between 30 and 65 km distance. Within this section, the PmP reflector is the lower
boundary of a Moho transition zone, possibly comprised of ~70-80% of igneous gabbroic sills interlayered with
dunites. The estimated crustal thickness at this section (see text for details) is bounded by the black line. Labeling

and shaded areas are as in Figure 3.

gabbro sills and 20-30% of dunites (using a gabbro velocity of
7.2 km/s, the maximum observed in our model in the lower
crust, and a dunite velocity of 8.2-8.7 km/s [Karson et al.,
1984]). The subseafloor depth to the PmP reflector can be
considered a measure of the igneous crustal thickness along the
profile except at the center of OH-1. In this area we estimate the
igneous crustal thickness as (depth to the PmP reflector) minus
(20-30% of the thickness of the transition zone) (Figure 12,
black band), reaching a maximum value of 8.1-8.3 km
(comparable to the 8.2 km at the axial center of OH-1 [Hooft et
al., 1999]).

7.1.2. Inside and outside corners. Crustal structures at the
inside and outside corners of OH-1 are, in general, very similar
(Figure 11b). Uppermost crustal velocities are slightly higher at
the inside (3.5-4.0 km/s) than at the outside corner (3.0-3.5
km/s). This may indicate that the inside corner has been
stripped, at least in part, of the extrusive layer as it is rafted into
the rift mountains. However, at both sites, velocities >6.0 km/s
are observed at depths >2 km, suggesting that layer 2 is present
at both ends. Crustal thicknesses present some interesting
differences (Figure 12). The mean crustal thickness is 5.3+0.3
km at the outside corner and 4.9+0.6 km at the inside corner
(errors are one standard deviation), suggesting somewhat thinner
inside-corner crust. However, the large variability in crustal
thickness in both areas (5.9 to 4.6 km at the outside corner, and
6.4 to 4.3 km at the inside corner) makes it difficult to interpret
these mean values. A better parameter is the rate of thinning
toward the segment ends. At the outside corner the crust thins at
a rate of ~65 m/km, while at the inside corner it thins at a rate of
~163 m/km (Figure 12). This difference may be due to the uplift
and tectonic thinning of the inside-corner crust [Tucholke and
Lin, 1994; Escartin and Lin, 1998]. Also, the thinnest crust is
not located where the inside corner is shallowest but along the
flanking wall. This is consistent with the observation that gravity
highs at oceanic core complexes are not centered with respect to
their morphology but are shifted toward the spreading axis and
transform sides [Blackman et al., 1998].

We find large differences between the inside and outside
corners of OH-1 in the structure of the uppermost mantle.
Beneath the outside corner, mantle velocities are normal (>7.7
km/s), while at the inside corner we find velocities of 7.5-7.6
below the Moho. We postulate that these low velocities reflect a
~15-km-long transition from the mantle beneath the center of
OH-1 to the partially serpentinized mantle beneath the NTO-1.
At the wall of the inside corner of OH-1 the gravity modeling
suggests the presence of peridotites with 25-40%

serpentinization right above the seismic Moho (Figure 10d).
Thus we postulate that at least in some part of the inside corner
of OH-1, the Moho corresponds to an alteration front.

7.2. Segment OH-2

7.2.1. Segment center. The seismic structure at the center
of OH-2 is distinctively different from that at OH-1 (Figure
11a). We infer a thinner extrusive layer on the basis of a shallow
(~1 km) decrease of the velocity gradient. The center of OH-2
does not have anomalous velocities in the Moho transition zone.
The maximum velocity above the Moho is 7.2 km/s, which is
modeled as a first-order discontinuity between the igneous crust
and the mantle. The off-axis mean crustal thickness at the center
of OH-2 is 6.6+0.3 km (minimum and maximum thickness of
6.0 km and 7.0 km, respectively; Figure 12), similar to that
observed at the axial center of OH-2 (6.7 km [Hooft et al.,
1999]). Mantle velocities below OH-2 are somewhat low, and
that may be considered as some type of transition zone between
the crust and the mantle. However, the PmP reflector coincides
with the 7.2 km/s isovelocity contour. To be consistent with our
interpretation of the structure of OH-1, we do not favor the
existence of a transition zone beneath OH-2, although it cannot
be totally ruled out.

7.2.2. Inside and outside corners. The structures at the
inside and outside corners of OH-2 display important
differences (Figure 11c). The inside-corner crust is consistently
faster than the outside-corner crust within the upper 4 km. At
1.5 km depth the inside corner has a velocity of 6.5 km/s. This,
if compared with the structure at the outside corner and the
center of the segment, suggests that layer 2 at the inside corner
has been partially removed. Although layer 2 at the inside
corner has a velocity gradient resembling an extrusive section,
we do not exclude the possibility that the upper 1.5 km of the
crust at the inside corner are also composed of dikes and/or
gabbroic rocks with reduced velocities due to fracturing, as
observed in Hole 735B [Dick et al., 1991; Muller et al., 1997].

Crustal thickness at the inside corner of OH-2 varies between
5.2 and 6.8 km, with a mean value of 6.2+0.5 km (Figure 12).
The rate of thinning is 161 m/km, similar to that at the inside
corner of OH-1, with the thinnest crust occurring at the
nontransform wall, shifted with respect to the shallowest point.
The higher velocities and the shoaling of the isovelocity contour
of 6.5 km/s at the inside corner (Plate 1) suggest that inside-
corner crust is thinner than outside-corner crust. However, there
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are not enough PmP reflections from the outside corner to
confirm this hypothesis.

7.3. Nontransform Offset NTO-1 and Oceanographer
Fracture Zone

The crustal structures at NTO-1 and the OFZ are clearly
anomalous with respect to Atlantic-type ocean crust [e.g., White
et al., 1992] (Figure 11d). Both velocity-depth profiles lack the
distinct change in velocity gradient that characterizes oceanic
layers 2 and 3, and they show a nearly constant velocity gradient
within the upper 4-5 km. This type of structure may be
interpreted as thin, intensely fractured and altered basaltic crust
overlaying partially serpentinized mantle [e.g., Minshull et al.,
1991; Detrick et al., 1993].

Although velocities at depths greater than 4 km at NTO-1 are
similar to those observed in the Moho transition zone at the
center of OH-1, the densities required to match the gravity field
suggest the presence of serpentinized peridotites. Our preferred
model (Figure 10) predicts that serpentinization reaches 10% at
~6.2 km below the seafloor and at least 40% at ~3.8 km (Figure
11d). The highly fractured upper crustal section may enhance
hydrothermal circulation, thereby producing serpentinites above
their stability field (400-500°C) [Coleman, 1971; O’Hanley,
1996]. Although serpentinization may preferentially occur along
fractures, at temperatures of ~300°C the partially serpentinized
section of the mantle displayed in Figures 10c and 10d may have
formed in a period of <2 Myr [Macdonald and Fyfe, 1985]. Our
velocity and density models do not allow us to discriminate the
presence of serpentinites at depths shallower than ~3.8 km.
However, we argue that they should be present at shallow levels,
since they have been observed at the seafloor in the nearby
NTOs [Gracia et al., 1997]. Thus 3.8 km may be an upper limit
for the thickness of the igneous crust at the NTO-1.

The velocity structure at the OFZ within the upper 4 km is
very similar to that at the NTO-1 (Figure 11d), indicating that
the crust is highly fractured. The lack of seismic coverage below
4 km does not allow us to analyze the structure of the upper
mantle at this section of the profile. The similar crustal
structures of NTO-1 and OFZ suggest that even small NTOs
should be considered fundamental boundaries of ridge magmatic
segmentation.

7.4. Geological and Tectonic Implications

7.4.1. Crustal thickness variations and source of the bull’s
eye gravity low. Our results provide constraints on the
relationships between crustal thickness, magma supply, gravity
anomalies, and axial morphology. The mean crustal thicknesses
of OH-1 and OH-2 are 6.0£1.2 km and 6.1£0.7 km,
respectively, where uncertainties are standard deviations and
reflect the large crustal thickness variability along both segments
(mean crustal thicknesses have been measured between -45 and
-10 km model distance for OH-2 and between 10 and 90 km for
OH-1, Plate 1). Thus our results suggest that both segments have
similar average crustal thicknesses and magma supply (and thus
similar average thermal structures), in contrast to what has been
inferred from morphology and gravity observations [Detrick et
al., 1995; Thibaud et al., 1998]. For the same magma supply,
OH-1 has a larger off-axis along-segment crustal thickness
variation (~3.3 km) and is thicker at the center (~8.2 km) than

OH-2 (~1.8 km and ~7 km, respectively). These differences may
explain the contrasting gravity anomalies and axial
morphologies of segments OH-1 and OH-2 without invoking
magma supply differences. We find that the off-axis gravity
signature along profile MARBE3 can be entirely explained by
crustal thickness and density variations. The off-axis crustal
thickness variations are the same order as those observed on-
axis [Hooft et al., 1999]. Our results suggest that rather than
having a higher magma supply than OH-2, OH-1 is
characterized by a more focused supply of melt from the mantle,
or less efficient along-axis magma transport at crustal levels.
This may reflect the proximity of OH-1 to the large-offset
Oceanographer transform.

7.4.2. Tectonic alteration of the ocean crust at the inside
corners. The rate of crustal thinning from the segment center to
the inside corner observed at both segments is consistent with
the hypothesis that the inside-corner crust is tectonically
modified when rafted from the axial valley to the rift mountains
[e.g., Tucholke and Lin, 1994; Escartin and Lin, 1998].
Furthermore, the model of Tucholke and Lin [1994] predicts
that inside-corner faults develop at low angles in both across-
axis and along-axis directions, resulting in a transition in the
style of faulting at the segment center. The isovelocity contour
of 6.5 km/s at OH-2 (beneath OBH 27) dips from the inside
corner to the segment center with an angle <20° (Plate 1) and
probably marks the along-isochron limit of the faulting pattern
between the inside corner and segment center. We do not
observe important differences in the depth to the seismic Moho
between the inside and outside corners at both segments.
However, the Moho beneath the inside corner may correspond
to an alteration front, and thus the igneous crust may be thinner
at the inside than at the outside corners.

The inside-corner crust of OH-2 has higher average velocities
than the inside-corner crust of OH-1, while both outside corners
have similar velocity structures. This observation is consistent
with the hypothesis that the axial extrusive layer at OH-2 may
thicken from north to south, while at OH-1 it may thicken
symmetrically from the segment center toward the ends. If
lateral magma transport away from the injection zone is efficient
[Fialko and Rubin, 1998], at OH-2 magma would migrate
southward away from its northern end, where the axial crust is
thicker [Hooft et al., 1999] and the axial valley is shallower
[Detrick et al., 1995]. In contrast, at OH-1 magma would
migrate northward and southward away from the segment center
(Hussenoeder et al., submitted manuscript, 1998). According to
the model of Tucholke and Lin [1994], when the axial crust is
rafted to the rift mountains the basaltic carapace may be totally
stripped from the inside-corner crust at OH-2 but not at OH-1.

We observe significant differences in the velocity structure
across the inside corner-NTO-1 intersections. The velocity
structure changes abruptly across the southern wall of the NTO-
1. This sharp transition probably bounds the portion of the
segment that is tectonically modified at the inside corner. In
contrast, the northern wall of the NTO-1 is associated with a
gradual transition from the offset to the inside corner of OH-1.
Although the origin of this asymmetric pattern is unclear, we
speculate that it may be related to the growth and southward
propagation of OH-1 [Deplus et al., 1998].
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Figure 13. Sketch showing a geological interpretation of our results. The main features are discussed in the text.
Thickness and extension of the different geological units are rough approximations.

7.4.3. The nature of the seismic Moho at slow spreading
ridges. In the absence of direct deep drilling of the Moho in
modern oceanic crust the correlation between lithology and
seismic velocities at subcrustal levels remains unresolved, and
only extrapolations from ophiolite complexes can be made (with
the caveat of the uncertainty in the spreading rate and thermal
structure of the paleoridge). The seismic Moho, defined as the
lithospheric section in which P wave velocities increase from ~7
to ~8 km/s (abruptly or gradually), can be a serpentinization
front or a petrological boundary between mafic and ultramafic
rocks. In our model the nature of the seismic Moho varies on a
segment scale, according to the different tectonic features that
characterize the studied segments.

The PmP reflector observed at the center of OH-1 probably
corresponds to the base of a Moho transition zone. Within this
transition zone, numerous gabbro sills may be accumulated in
the top, and their relative volume with respect to the
surrounding dunites may progressively decrease with depth. The
level at which a permeability barrier may control the formation
of gabbro sills [Kelemen and Aharonov, 1998] may be
associated with the seismic Moho. This petrological Moho may
be present also at the outside corners of OH-1 and OH-2 and the
center of OH-2, although it is probably associated with a much
thinner transition zone. The seismic Moho beneath the inside
corners of OH-1 and OH-2 likely represents a serpentinization
front. We prefer this interpretation on the basis of the gravity
data, which require that serpentinites at NTO-1 extend toward
the inside corners. We have not found a seismic Moho at the
NTO-1. The lack of PmP reflection from any boundary at the
NTO-1 and the absence of any first-order velocity
discontinuities in the model suggest, at this section of the
profile, that fracturing and serpentinization dominate the
lithospheric structure in a way that does not require important
velocity changes.

8. Conclusions

A schematic geological interpretation of our results is
presented in Figure 13. The summarized conclusions of this
study are as follows:

1. The structure at the center of segment OH-1 is
characterized by a Moho transition zone which is thick (~2.5
km) at the midpoint and thins away from it. The anomalous
seismic velocities within this layer (7.2-7.6 km/s) suggest that it
could be composed of 70-80% of igneous gabbro sills
alternating with dunites. The igneous crustal thickness at the
center of this segment is 8.1-8.3 km. In contrast, the Moho at
the center OH-2 corresponds to a first-order velocity
discontinuity, yielding a crustal thickness of 6.6+0.3 km.

2. Segments OH-1 and OH-2 have similar average crustal
thicknesses (6.0+1.2 km and 6.140.7 km, respectively) and thus
a similar overall magma supply. The differences in axial
morphology and gravity signature between these segments are a
consequence of much larger along-axis crustal thickness
variations at OH-1. This may reflect a more focused supply of
melt from the mantle beneath OH-1 or less efficient along-axis
magma transport at crustal levels, perhaps due to the proximity
of OH-1 to the OFZ.

3. The seismic structure of a small nontransform offset is
characterized by a continuous velocity gradient from low,
extrusive velocities to ultramafic velocities. We interpret this
structure as highly fractured and altered mafic crust (3.8 km
maximum thickness) possibly disrupted by ultramafic outcrops,
overlaying a partially serpentinized mantle with serpentinization
of 40% at ~3.8 km below the seafloor and 10% at ~6.2 km.

4. There is a more rapid shoaling of the Moho from the
segment centers to the inside corners than to the outside corners,
suggesting that inside-corner crust of both segments has been
tectonically thinned. No important differences are found in the
depth to the Moho between inside and outside corners, probably
because at the outside corners the Moho represents a
lithological boundary, while at the inside corners it may
represent a serpentinization front. Thus the igneous crust at the
inside corners is thinner than at the outside corners.

5. The differences in the velocity structure between the inside
and outside corners are more apparent at OH-2 than at OH-1.
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The higher average velocity at the inside corner of OH-2
suggests that the axial extrusive layer is thinner at the northern
end of OH-2 than at the southern end of OH-1 probably due to
along-axis magma migration away from the injection zone and
not due to magma supply differences.

6. The nature of the seismically defined Moho varies
according to the relative importance of tectonic versus magmatic
processes. The seismic Moho is attributed to the base of a thick
transition zone at OH-1, where magma supply is highly focused,
to a pure mafic-to-ultramafic contact at the outside corners and
segment center of OH-2 and to a serpentinization front at the
inside corner and segment discontinuities.
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