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Abstract The Southwest Indian Ridge (SWIR) is characterized by an ultraslow spreading rate, thin
crust, and extensive outcrops of serpentinized peridotite. Previous studies have used geochemical and
geophysical data to suggest the presence of a thicker crust at the central and shallowest portions of
the SWIR, from the Prince Edward (35°30’E) to the Gallieni (52°20E) fracture zones. Here we present a
new analysis of wide-angle seismic data along the ridge 49°17'E-50°49’E. Our main conclusions are as
follows: (1) we find an oceanic layer 2 of roughly constant thickness and steep velocity gradient, under-
lain by a layer 3 with variable thickness and low velocity gradient; (2) the crustal thickness varies from
~5 km beneath nontransform discontinuities (NTDs) up to ~10 km beneath a segment center; (3) the
melt supply is focused in segment centers despite a small NTD between adjacent segments; (4) the
presence of a normal upper mantle velocity indicates that no serpentinization occurs beneath this thick
crust. Our observation of thick crust at an ultraslow spreading ridge adds further complexity to relation-
ships between crustal thickness and spreading rate, and supports previous suggestions that the extent
of mantle melting is not a simple function of spreading rate, and that mantle temperature or chemistry
(or both) must vary significantly along axis.

1. Introduction

The oceanic crust exhibits a remarkably uniform thickness (6-7 km) across almost the entire spreading rate
range [White et al., 2001]. Total crustal production, away from hot spots and fracture zones, does not
depend on the spreading rate, with the exception of the slowest end of the spreading-rate spectrum [Bown
and White, 1994]. Fifty years ago it was suggested that the seismic crustal thickness drops off rapidly (2—-

4 km) below spreading rates of 20 mm/yr [Raitt, 1963]. Below this critical spreading rate, the melt supply
per increment of plate separation is predicted to decrease dramatically due to a thickening of the thermal
boundary layer by conductive cooling of the slow upwelling mantle [Reid and Jackson, 1981]. Therefore,
slow spreading ridges have formed a focus for the study of the effects of ridge geometry, mantle composi-
tion, and thermal structure on crustal production [e.g., Cannat et al., 2006, 2008; Dick et al., 2003; Standish
et al., 2008]. In particular, “amagmatic spreading segments” have been proposed to exist on ultraslow
spreading ridges such as the Southwest Indian Ridge (SWIR), and it has been argued that these ridge seg-
ments represent a previously unrecognized class of plate boundary structure [Dick et al., 2003]. Along the
SWIR, amagmatic segments expose mantle peridotite rocks directly on the seafloor, with only scattered
basalt and gabbro along the ridge axis [Dick et al., 2003; Sauter et al., 2004], as well as on the flanks [Cannat
et al,, 2006; Sauter et al., 2013].

To date, studies of axial crustal structure have been focused mostly on deep melt-poor ridge sections [e.g.,
Minshull et al., 2006; Muller et al., 1997] and little attention has been given to the central and shallowest por-
tions of the SWIR, from the Prince Edward (35°30’E) to the Gallieni (52°20'E) fracture zones (FZs; Figure 1),
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Figure 1. Bathymetric map of the shallow central portion of the SWIR derived from ETOPO1V1. The black rectangle indicates the research area. The black solid line represents the ridge

axis with the major transform faults labeled. The inset indicates the global location of Figure 1.

where geochemical and geophysical data suggest the presence of a thicker crust [Georgen et al., 2001;
Sauter et al., 2009]. Both the extent of crustal thickening and the mechanism responsible for it are debated.
Based on the composition of dredge samples, Zhou and Dick [2013] argued for a thin crust in this region
(~2 km), related to a compositional anomaly in the underlying mantle, and challenged the prevailing view
that variations in depth of spreading ridges is controlled by the temperature of the underlying mantle. In
contrast, a much thicker crust (>6 km) has been inferred from mantle Bouguer anomaly (MBA) calculations
[Sauter et al., 2009; Zhang et al., 2011] and the sodium content of dredged basalts [Cannat et al., 2008], con-
sistent at the larger extent of melting controlled by hotter mantle temperatures. Both gravity and geochem-
ical data are influenced by mantle properties, and neither can constrain uniquely crustal thickness/melt
production. Wide-angle seismic data were, therefore, crucially needed within the shallow central portion of
the SWIR in order to constrain crustal thickness estimates and to aid the understanding of the thermal state

of the mantle along the SWIR.

On a smaller scale, an analysis of the shallow central section of the SWIR has revealed that the segmentation
defined by axial depth variations, and the occurrence of axial offsets, does not correspond systematically to
the segmentation defined by along-axis variations of other geophysical measurements such as the back-
scattering strength, the MBA, and the amplitude of central magnetic anomalies [Sauter et al., 2001]. Since
small variations in volcanic production and crustal thickness appear to be associated with small axial discon-
tinuities (offset <15 km) between low-relief segments and high relief segments, it has been suggested that
the magma supply to these low-relief segments is controlled by near-surface processes such as crustal melt
migration from adjacent magmatically robust segments [Sauter et al., 2001]. Additional direct observations
such as those provided by deep crustal seismic data are needed to test these interpretations and to help us
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to understand magma budget variations and magma distribution along ultraslow spreading ridges [Sauter
and Cannat, 2010].

In February 2010, we conducted a 3-D wide-angle seismic experiment [Li and Chen, 2010; Zhao

et al, 2013] by deploying an array of forty ocean bottom seismometers (OBSs) on the ridge section
between 49°17'E and 50°49’E during the Chinese DY115-21 cruise (Leg 6) in order to determine the
crustal structure beneath the shallow central ridge section. The experiment was located on ridge seg-
ments 27-29, as defined by Cannat et al. [1999]. Zhao et al. [2013] have presented a three-
dimensional analysis of segment 28 based on first arrival travel time inversion only. Here we analyze
a well-sampled profile that traverses both segments and the NTDs at the ends of segment 28, using
both first arrivals and wide-angle reflections. We determine the crustal thickness and the velocity
structure beneath the segments and NTDs. Based on the resulting velocity model, we discuss the
characteristics and the formation mechanism of the thick crust, and the role of magma supply along
the SWIR.

2. Regional Setting

The SWIR is among the world’s slowest spreading ridges, with an almost constant full spreading rate of
~14 mm/yr along the 7700 km ridge axis [Chu and Gordon, 1999]. The compilation of bathymetric data
along the axial valley revealed a shallow central region between the Prince Edward and Gallieni TFs, with an
average depth of ~3200 m relative to the deeper western (~4000 m) and easternmost (~4500 m) portions
of the ridge [Sauter et al., 2001; Cannat et al., 2008]. Regional averages for axial depth along long portions
(>200 km) of the SWIR are well correlated with axial values of the MBA, averaged over the same regions
[Cannat et al., 2008], indicating that regional axial depths are related to the density structure of the ridge
axis. Shallow axial depths and regional low MBA values between the Prince Edward and Gallieni TFs also
correlate with regional low averages of the Nag content (Na corrected for fractional crystallization) [Cannat
et al., 2008] in dredged basalts. Nevertheless, numerous exposures of mantle peridotite and the sparseness
of gabbro have led some authors to challenge the idea of a purely thermal origin for this region [Zhou and
Dick, 2013]. Indeed, Zhou and Dick [2013] argued for a generally thin and often missing crust, and suggested
that the shallow bathymetry is supported by a highly depleted buoyant mantle rather than a hot mantle
plume.

The area discussed here lies between the Indomed (46°E) and Gallieni TFs (52°20’E), in the central shal-
low portion of the SWIR. This ridge section has an overall 15° obliquity and is devoid of transform
faults. Anomalously shallow ridge flanks suggest that this area has experienced a dramatic increase in
magma supply since 8-10 Ma [Sauter et al., 2001, 2004] and that it is characterized by robust magma-
tism with abundant basalt at the seabed [Sauter et al, 2004], and without peridotites [Zhou and Dick,
2013]. The ridge section between segments 29 and 28 consists of a 19.5 km long NTD with a strike of
N80°E and an offset of 15 km, with axial depths of ~4 km. Here the distance between the axial valley
walls is ~10 km. To the east of the NTD, segment 28 is marked by an east-west-trending 27 km long
axial volcanic ridge, with the Dragon Flag active hydrothermal field nearby [Tao et al., 2011, 2012]. The
axial depth in this segment becomes shallower than 3 km and the ridge valley narrows to 5 km. East
of segment 28, in a 10 km long NTD, both the valley width and the water depth again increase. In
the 72 km long segment 27, the axial depth decreases below 2 km and an inactive hydrothermal vent
field [Tao et al., 2012] is located in the segment center. Here numerous volcanic edifices are present
on both flanks of the axial valley, with relatively flat topography to the north and greater relief to the
south. The residual MBA suggests that the crustal thickness is 5-6 km in segment 28 and an average
of 7.2 km in segment 27, with a maximum of 8 km [Sauter et al., 2004, 2009]. Even larger values (up
to 9.0 km) were inferred by Zhang et al. [2013] from satellite-derived gravity anomalies. The apparent
anomalously thick oceanic crust indicates that the magma supply in this area is robust and may be
associated with a hot spot [Sauter et al., 2009; Zhang et al.,, 2013]. Indeed, on the Antarctic plate to
the south, there are several oceanic plateaus including the Marion Plateau, the Del Cano Rise, and the
Crozet Plateau. The associated melting anomalies are thought to influence strongly the magmatism,
spreading process, and tectonic structure of a broad region of the SWIR [Zhou and Dick, 2013; Zhang
et al., 2011; Muller et al., 1993; Storey et al., 1995; Goslin and Diament, 1987; Recq et al., 1998; Mahoney
et al., 1996; Curray and Munasinghe, 1991; Sauter et al., 2009].

NIU ET AL.

©2015. The Authors. 470



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2014GC005645

49°00°E

37°24°

37°36°

37°48°

38°00°

38°12°

49°24° 49°36° 49°48° 50°00° 50°12° 50°24° 50°36° 50°48°  51°00"
| | | ! | L | |

. 2 > L —

Scgment 28

(49)0OBS data available
-4000 -3000 -2000 -1000 0 )
Depth (m) @ O0BSno dataavailable

Figure 2. Bathymetry map of the research area derived from the multibeam data acquired by the Chinese R/V Dayang Yihao. The solid yellow line indicates the seismic profile. The num-
bers in white circles on the line indicate the OBS stations. The red solid and dashed lines indicate the spreading segments and the NTDs respectively [Cannat et al., 1999; Sauter et al.,
2001]. The red star represents the Dragon Flag active vent field discovered by the Dayang Yihao in 2007 [Tao et al., 2012]. The blue star represents an inactive hydrothermal vent

[Tao et al., 2012].

3. OBS Data

3.1. Data Acquisition

The seismic source was a 4 X 24.5 L air-gun array shot at a pressure of 10.79 MPa every 80-120 s, giving an
average shooting interval of 200-300 m. Here we focus on one 138 km seismic profile with 596 shots
(labeled AB in Figure 2), on which data were successfully recorded on 12 OBS, each recording four compo-
nents sampled every 4 ms.

3.2. Data Processing

The processing of OBS data included correction for OBS clock drift, relocation of OBSs and shots using direct
arrivals, and band-pass filtering at 4-20 Hz [Ao et al., 2010]. During OBS relocation, the OBS depth best fit-
ting the direct arrivals was also calculated, and the final OBS depth was refined using multibeam bathymet-
ric data. Due to the high quality of navigation and bathymetric data, we were able by this process to fit
water wave picks within 20 ms. A final straight-line approximation of the profile was determined by a least
squares fit to all the shots on the profile.

3.3. Phase Analysis and Selection

In general, the seismic data quality is high. Phases were identified using initial travel time modeling of the
vertical geophone component, and the details of the initial model are described in section 4.1. We identified
the direct water wave labeled Pw, the refracted wave from oceanic layers 2A, 2B, and 3 labeled P1, P2, and
P3, respectively, the Moho reflection labeled PmP, and the refracted wave from the upper mantle labeled
Pn.

Phases P1 (recorded by 5 OBSs), P2 (recorded by 12 OBSs), P3 (recorded by 12 OBSs), PmP (recorded by 9
OBSs), and Pn (recorded by 7 OBSs) were observed, and Pn was observed to a maximum offset of 70 km.
PmP appears at 17 km offset to the west of OBS30 (Figure 3), but mantle arrivals do not become first arriv-
als, providing evidence for thick crust beneath segment 27. PmP phases appear at 12 km offset west and
35 km offset east of OBS24 (Figure 4), with a weak Pn phase to the west. This strong asymmetry provides
evidence for a large change in crustal thickness in the vicinity of OBS24. OBS23 shows a similar asymmetry
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Figure 3. (a) A record section of the vertical component of OBS 30 on profile AB, (b) the record section with picked and calculated travel-times overlain, and (c) corresponding ray dia-
gram. In these diagrams the reduction velocity is 8.0 km/s. The phase labels are explained in the text. In (b), red dots represent the predicted travel time and the colored vertical bars cor-
respond to the rays in (c). The size of the vertical bars indicates twice the pick uncertainty [Zelt and Smith, 1992]. In (c), the colored lines represent the ray paths of different phases and
the black dashed lines represent the seabed, the interface between oceanic layer 2A and layer 2B, layer 2B and layer 3, and the Moho discontinuity respectively, from top to bottom.

(Figure 5), with a pronounced PmP phase appearing 10 km to the west and 25 km to the east, and a weak
Pn phase to the west only. Data from OBS4, at the end of segment 28, are more enigmatic (Figures 6 and 7).
PmP appears at 25 km and Pn may be traced to a maximum offset of 70 km. However, a model with thin
crust beneath segment 28, that provides a good fit to data from OBSs deployed on segment 27, provides a
poor fit to these Pn arrivals (Figure 6). A better fit is achieved if the crustal thickness beneath segment 28 is
increased by about 1.5 km (Figure 7). We infer that in the vicinity of this OBS, a two-dimensional model is
inadequate. We note that Zhao et al. [2013] observe a small region of thickened crust just to the north of
OBS2 and OBS11, and speculate that Pn arrivals from OBS4 are sampling this thicker crust.

4, Results

4.1. Modeling Approach

Our initial model consisted of four crustal layers, as follows: (1) oceanic layer 2A with 0.5 km thickness and
with velocities of 1.8 km/s at the top and 3.4 km/s at the bottom; (2) oceanic layer 2B with 1.5 km thickness
and velocities of 4.8 km/s at the top and 6.4 km/s at the bottom; (3) oceanic layer 3 with 4 km thickness and
velocities of 6.4 km/s at the top and 7.0 km/s at the bottom; and (4) the upper mantle with velocities of

8.0 km/s at the top. This model is based on global averages of oceanic crustal structure [Kennett, 1982; White
et al,, 1992] and seismic velocity models of the SWIR at 66°E and 57°E [Muller et al., 1997, 1999, 2000; Min-
shull et al., 2006]. Two-dimensional velocity models were parameterized as sheared meshes beneath the
seafloor. The initial horizontal velocity node spacings within oceanic layers 2A, 2B, and 3 were 5, 5, and

10 km, respectively. In the upper mantle, node spacing was 40 km. The vertical node spacing was set to the
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Figure 4. (a) A record section of the vertical component of OBS 24 on profile AB, (b) the record section with picked and calculated travel-times overlain, and (c) ray diagram.

layer thickness in order to maintain a constant vertical velocity gradient within each layer. Velocity models
were constructed by two-dimensional travel time modeling and inversion using the Raylnvr code of Zelt
and Smith [1992]. Velocities and boundaries were initially adjusted manually by trial and error. Node spac-
ings in sparsely sampled parts of the model were increased to ensure that most parameters had a resolution
value defined by this code of greater than 0.5 (see below). After this forward modeling, a damped least
squares inversion was conducted in order to optimize the velocity within each layer, while keeping the layer
boundaries fixed.

4.2, The Velocity Model of Profile AB

Information regarding the travel time fit achieved for profile AB is given in Table 1. We obtained two ver-
sions of the final velocity model (Figure 8), but based on the analysis at the end of section 3.3 above we
focus our interpretation on the model with thinner crust beneath segment 28. Our model indicates that
major changes in crustal structure are accommodated by large variations in the thickness of oceanic layer 3
and Moho depth, while oceanic layer 2 has a more constant thickness. The data require lateral velocity vari-
ation only in layer 2A and at the top of layer 2B; there is no evidence for lateral velocity variation in the bot-
tom of layer 2B, in layer 3 or in the upper mantle. The vertical velocity gradient within layer 2 was large (up
to 2.49/s). In general, the velocity model is consistent with the morphologically defined segmentation of
the ridge [Sauter et al., 2001]. The most striking feature of the model is the large crustal thickness (up to

10 km) beneath segment 27, which is much larger than the 2.5-4.5 km typically observed for ultraslow
spreading ridges [White et al., 2001], and even larger than the mean thickness of normal oceanic crust else-
where (6.3 = 0.9 km) [White et al., 2001].

Beneath the NTD between segments 29 and 28 (model distances up to 29 km), layers 2A and 2B have
roughly constant thickness (around 0.5 and 1.8 km, respectively), and large vertical velocity gradients
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Figure 5. (a) A record section of the vertical component of OBS 23 on profile AB, (b) the record section with picked and calculated travel-times overlain, and (c) ray diagram.

(~2.9/s and ~1.3/s, respectively). Layer 3 is ~2.8 km thick, on average, with a vertical velocity gradient of
0.2/s. Here the Moho lies at ~8.6 km below sea level (bsl), resulting in a crustal thickness of 5.2 km, though
constraints on crustal thickness are weak directly beneath the NTD because of the absence of PmP arrivals
from this region.

Within segment 28 (29-56 km model distance), layer 2A is slightly thicker at around 0.8 km, with more vari-
able seabed velocities (2.4-4.1 km/s) and vertical velocity gradients (from 0.6/s to 1.7/s). Layer 2B has a
roughly constant thickness of 1.9 km and velocities at its top are generally higher (up to 5.5 km/s) than in
the NTD, with lower gradients. Here the mean thickness of layer 3 is 3.0 km, with a Moho depth of 8.6 km
bsl. Beneath the NTD east of segment 28 (56-66 km model distance), layer 2B is slightly thicker (up to

2.4 km) with velocities at its top decreasing to 4.0-4.4 km/s, while layer 3 is a little thinner (at around

2.4 km).

Close to OBS 23 (at 70 km model distance), the Moho sharply deepens eastward (slope ~20°) and the thick-
ness of layer 3 increases dramatically. Within segment 27 (66-138 km in distance) both layer 2A and layer
2B have large variations in thickness (0.5-1.17and 0.9-1.5 km, respectively) but small lateral variations in
velocity, and the velocity at the seabed reaches as low as 1.8 km/s. The thickness of layer 3 reaches 8.2 km
and the maximum crustal thickness is 10.2 km. Although the Moho is deep within segment 27, PmP phases
were observed with high amplitude on five instruments (OBS 23-30), providing strong constraints on Moho
depth. Beneath the Moho, the velocity in upper mantle is 8.0 km/s throughout, constrained by Pn arrivals
identified on record sections from OBS8, OBS4, OBS2, OBS11, OBS21, OBS23, and OBS24 (Figures 3-7).

4.3. Error Analysis and Uncertainty
Pick uncertainties and the travel time misfit of our best model are given in Table 1. Since the signal-noise
ratio tends to decrease with increasing offset [Zelt and Smith, 1992; Zelt and Forsyth, 1994], we assigned
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Figure 6. (a) A record section of the vertical component of OBS 4 on profile AB, (b) the record section with picked and calculated travel time overlain, and (c) ray diagram. The uncer-
tainty of Pn increases with offset from 100 ms to 120 ms. Of 198 Pn picks, 80% are fitted with an RMS misfit of 221 ms and a y° of 3.376.

uncertainties that varied with offset, and different phases were assigned different uncertainty ranges
(Table 1). The overall root-mean-square (RMS) misfit was 103 ms, and misfit increased slightly with depth
and offset. The overall Xz value was 1.347, with 94% of picks fitted, and the normalized travel time misfit
suggests that the model was suitably parameterized, with a travel time misfit slightly larger than the pick
uncertainty. The resolution of velocity nodes [Zelt and Smith, 1992] is shown in Figure 8 with black squares,
with values greater than 0.5 considered to be well resolved and reliable. No values are shown in oceanic
layer 3 or the mantle because here no lateral velocity variation was required to fit the data. There is a rela-
tionship between velocity uncertainty and resolution [Zelt and Smith, 1992], and we calculated the resolu-
tion using a velocity uncertainty of 0.2 km/s. The resolution of most velocity nodes in layer 2B is greater
than 0.5. Some nodes in layer 2A have lower values because the velocity uncertainty of layer 2A is larger
than 0.2 km/s (Table 2). The number of rays through each cell (0.5 km horizontally by 0.2 km in depth) was
generally larger than 5 and reached over 100 (Figure 9), further indicating that the model is well con-
strained. We estimated uncertainties by using the F test to determine the size of perturbation required to
give a statistically different misfit (Table 2) [Zelt and Smith, 1992; Muller et al., 1997]. These tests indicated
that uncertainties in crustal velocities are less than 0.4 km/s and the uncertainty of Moho depth is £0.5 km

4.4. Gravity Modeling and Results

There are large differences between our seismically derived crustal thickness and the crustal thickness previ-
ously derived using gravity data [Mendel et al., 2003; Sauter et al., 2004] (Figure 10a). Therefore, we tested
whether our model is consistent with gravity data. We used satellite-derived gravity anomaly data from a
global 1 min gravity grid (version 18.1) [Sandwell and Smith, 2009]. We converted our velocity models to
density models using the empirical velocity-density relationship for oceanic crust of Carlson and Herrick
[1990]. The resulting density models consisted of constant-density polygons with corners corresponding to
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Figure 7. Alternative model with a deeper Moho at the western end. (a) A record section of the vertical component of OBS 4 on profile AB, (b) the record section with picked and calcu-
lated travel time overlain, and (c) ray diagram. Of 198 Pn picks, 100% are fitted with an RMS misfit of 86 ms and a y° of 0.523.

seismic velocity nodes and mean densities derived from the mean seismic velocity within these polygons.
Constant densities of 1025 and 3300 kg/m® were used for seawater and the mantle, respectively. Gravity
anomalies were calculated using the method of Talwani et al. [1959]. The resulting mean crustal density
(Figure 10b) shows density variations along the profile, from ~2650 kg m~2 at NTDs to ~2850 kg m > at
segment centers. The calculated and observed gravity match well (Figure 10c), except at the ends of the
profile, where the observed gravity may be influenced by unknown structures beyond the ends of the pro-
file. Elsewhere the misfit rarely exceeds 10 mGal, and can be attributed to unmodeled three-dimensional
effects. The key difference between our new gravity model and previously published gravity models is the
inclusion of along-axis variations in crustal density, which can be significant at slow spreading mid-ocean
ridges [Minshull, 1996]. The gravity fit for our preferred model is significantly better than that for the alterna-
tive model of Figure 7 (Figure 10c).

Table 1. Statistics of Travel Time Analysis®
Phase

Pw P1 P2 P3 PmP Pn Total
Number of picks 316 56 544 1434 660 770 3780
Uncertainty (ms)® 30 50 50 62-73 119-164 100-188 89
RMS misfit (ms) 22 59 70 80 118 153 103
7 0.525 1.433 1.948 1.454 0.713 1479 1.347
Proportion of picks used (%) 98 86 88 97 99 20 94

“The main uncertainty is the picking uncertainty; other uncertainties come from uncertainties in OBS depth and position and total
~20 ms.
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Figure 8. The final velocity model for profile AB. Numbered red triangles represent the OBS stations. Thin black lines represent the velocity contours every 0.4 km/s. Solid black lines rep-
resent the seabed and the Moho discontinuity. The red colored portion of the Moho marks sections constrained by PmP reflections. The thin dashed black line represents the interface
between oceanic layers 2 and 3. The thick dashed black line represents the alternative Moho discontinuity of Figure 7. The black rectangles along the interfaces represent the resolution
values for the velocity nodes, with a value of greater than 0.5 considered reliable [Zelt and Smith, 1992]. Values are plotted only within oceanic layer 2 because the deeper layers have no
lateral velocity variations. The red and blue stars represent active and inactive hydrothermal vents, respectively. The 1D velocity of the white lines with arrows was shown in Figure 12.

We also calculated the load anomaly (Figure 10d) to test local isostasy situation along the seismic profile.
The calculated load anomaly is intermediate between two end-member models: an Airy isostatic model
with no load anomaly and a model with no compensation at all, in which the Moho is horizontal and the
density of the crust varies as in Figure 10b. Therefore, we infer that there is only partial isostatic compensa-
tion and the axial lithosphere retains some flexural strength.

4.5. Comparison With Former Study
At 0-86 km model distance, our model traverses the 3-D model of Zhao et al. [2013]. The two models match
well in oceanic layer 2 (Figure 11), though the 3-D model resolves some short-wavelength variations that are
not resolved in our 2-D model. There are three main reasons for differences between the models: (1) differen-
ces in accuracy and resolution of the predefined seabed interface; (2) differences in data used and modeling
approach; and (3) the effects of “out of plane” or 3-D ray sampling are ignored in the 2-D model [Zelt and Zelt,
1998]. The main difference between the models is in oceanic layer 3, where the 3-D model shows a region of
reduced velocities in the segment center and higher velocities toward the segment ends. Our 2-D model
does not resolve these velocity variations and throughout has velocities close to those of the segment center
in the 3-D model. Because the 3-D model is based on first arrivals and has no velocity discontinuities, ray cov-
erage in layer 3 is limited and layer 3 velocities potentially may be influenced by Pn arrivals. We attempted to
develop a 2-D model with layer 3 velocities similar to those of the 3-D model, whilst retaining the Moho

Table 2. Estimated Uncertainties of the Final Model

Parameters
Model Parameter

Uncertainty

Top velocity of layer 2A

Bottom velocity of layer 2A

Top velocity of layer 2B

Bottom velocity of layer 2B

Top velocity of layer 3

Bottom velocity of layer 3

Top velocity of upper mantle
Interface between layers 2A and 2B
Interface between layers 2 and 3
Moho discontinuity

+0.3 km/s
+0.4 km/s
+0.2 km/s
+0.2 km/s
+0.2 km/s
+0.15 km/s
+0.2 km/s
+0.05 km
+0.3 km
+0.5 km

boundary of our 2-D model, but were unable to find one
with an adequate travel time fit.

5. Discussion

5.1. Variable Velocity and Thickness in Layer 2A

It is widely accepted that oceanic layer 2A has low
seismic velocities that rise rapidly with age, and
that it remains a distinct layer even after 30-40
million years [e.g., Carlson, 1998]. It is interpreted to
consist mainly of basaltic pillow lavas [e.g., Christe-
son et al., 2007; Spudich and Orcutt, 1980], though
more recent studies have emphasized the role of
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Figure 9. Ray density for 0.5 X 0.2 km cells. The seabed and OBS locations are marked as in Figure 8.

porosity rather than lithology in defining the layering [e.g., Seher et al., 2010; Nedimovi¢ et al.,
2008].

Layer 2A in this study has variable thickness and velocity. The refracted phase P1 was not picked at every
OBS because the layer is thin and P1 is often hidden by the water wave. Lateral variations in layer 2A veloc-
ity in segment 28 may arise mainly because the profile lies partly on the ridge axis (Figure 2), where it sam-
ples zero-age crust with velocity lower than 3 km/s [Carlson, 1998], and partly off the axis where velocities
are larger. Deeper rocks may be exhumed by the detachment fault nearby [Zhao et al., 2013]. In segment
27, the profile is located on the ridge axis (Figure 2), and hence the layer 2A velocity is consistently low.

The variable layer 2A thickness of 0.5-1.1 km that we observe matches poorly the published relationship
between the axial thickness of layer 2A and spreading rate [Carbotte and Scheirer, 2004; Seher et al., 2010].
Our range of observed thicknesses is more typical of intermediate spreading ridges—for example, the Valu
Fa Ridge, where the thickness varies between 0.4 and 1.0 km [Day et al., 2001; Jacobs et al., 2007]. Because
the layer 2A thickness is constrained by the first emergence of phase P2 from the layer beneath, its uncer-
tainty is small—around 50 m. A possible explanation for the observed thickness of layer 2A is that the SWIR
at 50°E has an enhanced melt supply [Sauter et al., 2001, 2004; Tao et al., 2009] and therefore more vigorous
extrusive magmatism than typical at ultraslow spreading rates.

5.2. Differences of Layer 2B Between NTDs and Segment Centers

Layer 2B is characterized seismically by P wave velocities of 5.2 = 0.4 km/s at the top to 6.4 km/s at the base
[Carlson, 1998], and a steep velocity gradient (~1-2/s) [Spudich and Orcutt, 1980], and is interpreted primar-
ily as sheeted dykes [e.g., Wilson et al., 2006; Newman et al., 2011]. The same characteristics can be found in
our velocity model (Figure 8). While in the previous more coarsely sampled study of the SWIR axis, the main
difference between segment centers and NTDs occurred in layer 3 and little difference was detected in layer
2 [e.g., Minshull et al., 2006], our study shows a clear difference in layer 2B velocity between segment centers
and NTDs (Figure 8). Both NTDs in velocity model show a lower velocity at the top of layer 2B (4.0 km/s)
than at the segment centers (4.8 km/s). We infer that tectonic processes dominate in the NTDs, with more
fractures generated [White et al., 2001] and deeper penetration of seawater [Sauter et al., 2004].

5.3. The Implications of Thick Crust Beneath Segment 27

We compared velocity-depth profiles at model distances of 20 km (NTD), 40 km (segment 28 center), 60 km
(NTD), and 100 km (segment 27 center) with velocity-depth profiles at other ridges with similar spreading
rates and with 0.7 Ma crust at the Mid-Atlantic Ridge (Figure 12). Layer 2 velocity structures vary little
between these profiles, though parts of the Gakkel Ridge have much lower velocities. There is much greater
variation in layer 3, where segment 27 shows unusually low velocities and thick crust.
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Figure 10. (a) Comparison of Moho depth variations determined from our seismic profile
(thick solid line) with the Moho depth determined along the same profiles by Sauter et al.

120

[2004] using gravity data (dashed line). The thin solid line is seabed. The Moho depth from

gravity modelling in Segment 27 is up to 3.5 km shallower than the seismic Moho (see
explanation in the text). (b) Mean crustal density along the profile. The density values are

calculated by using a velocity and density relationship of p=3.81—6.0/Vp [Carlson and Her-

rick, 1990]. (c) Dashed line marks satellite-derived gravity anomaly. Thick solid line marks the
gravity anomaly calculated for a model in which our preferred seismic velocity model is con-
verted to density. Thinner solid line marks the calculated anomaly corresponding to the

alternative seismic velocity model of Figure 8. Dotted line marks the residual for our pre-

ferred model (calculated minus observed). (d) Load anomaly corresponding to our preferred
density model. The no compensation curve is calculated with a water density of 1025 kg/
m?, constant crust density as shown in Figure 10b, a mantle density of 3300 kg/m?, and a
horizontal Moho at the mean seismically determined Moho depth of 10.55 km.

Sauter et al. [2009] inferred the
presence of regionally thicker
crust (Figure 10a) since ~10
Ma between the Indomed and
Gallieni TFs relative to the
neighboring ridge sections
from an analysis of off-axis
bathymetry and gravity data. A
low magnetization anomaly at
the center of segment 27 also
suggests that the magmatic
activity is high enough to limit
lava fractionation there [Sauter
et al,, 2004]. In addition, the
lower Nag contents of basalts
in this region indicate higher
melt production than beneath
the neighboring deeper ridge
sections [Cannat et al., 2008].
Other geochemical proxies,
such as (Sm/Yb),, or CaO/Al,0s,
also support a larger magma
budget in the subaxial mantle
of this ridge region [Meyzen

et al,, 2003].

The regionally thicker crust in
the central shallow part of the
SWIR may be explained either
by increased mantle tempera-
ture [Cannat et al., 2008] or by
increased mantle fertility [Zhou
and Dick, 2013]. Large negative
anomalies of S wave velocities,
which are particularly sensitive
to temperature, have been
identified at 75 km depth
beneath the shallow central
part of the SWIR in the global
tomographic model of Debayle
et al. [2005]. Using a one-
dimensional mantle melting
model Cannat et al. [2008]
showed that a change of about
60°C in the temperature of the
subaxial mantle from the cen-

tral shallow part to the easternmost part of the SWIR, consistently with the broad geoid high observed over
the same area, can explain the along-axis large-scale variation of the ridge’s melt supply. A recent geochem-
ical study on the Crozet hot spot suggests that the shallow mantle between the Indomed and Gallieni TFs
may be contaminated by deep material from the Crozet plume [Breton et al., 2013]. A flow of plume-derived
mantle material to the ridge and down the subaxial asthenospheric channel can result in increased mantle
temperature, ridge topography, and crustal thickness [Morgan, 1972]. However, the Crozet archipelago is
more than 1000 km far away from the ridge axis, much further than the distance of 500 km beyond which
the influence of a hot spot is thought to become less significant [/to and Lin, 1995; Ribe et al., 1995; Ito et al.,

2003].
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Figure 11. A comparison with the 3D model of Zhao et al. [2013]. The upper panel shows the 3D model sampled along our 2D profile,
with white regions just below the seabed marking areas where the velocities recovered were unacceptably low (~1.5 km/s). The lower
panel shows the corresponding part of our 2D model.

Because peridotites are exposed over the shallow central part of the SWIR Zhou and Dick [2013] argue
that the average crustal thickness could be about 2 km which, they proposed, is not enough to explain
the formation of the central shallow part of the SWIR using any thermal model that precludes mantle
compositional buoyancy as the major contributor. These authors suggest that the density contrast
between fertile garnet lherzolite and depleted harzburgite can account for the depth variation along
the SWIR [Zhou and Dick, 2013]. Although we have shown that the crust is much thicker than the esti-
mate of Zhou and Dick [2013], we note that the melting of more fertile mantle heterogeneities can
indeed explain areas of locally thicker crust (>8 km) such as at the Mid-Atlantic Ridge at 33°S [Michael
et al, 1994], 8°S-9°S [Minshull et al.,, 1998b, 2003], or 33°S-35°S [Niu et al., 2001]. The melting of such
mantle heterogeneity could have resulted, ~8-11 Ma ago, in the formation of the shallow domain
between Indomed and Gallieni TF culminating at the magmatically robust segment 27. We have shown
that the local depth anomaly associated with this segment is partly sustained by the finite strength of
the axial lithosphere. However, the crust older than 11 Ma is deeper and thinner [Sauter et al., 2009]
indicating that a region of previously depleted mantle, as proposed by Zhou and Dick [2013], may have
supported the much weaker regional depth anomaly at that time.
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Figure 12. Comparison of velocity-depth variations sampled from our preferred model (yellow and red) with those determined elsewhere at ultra-slow spreading ridges. (a) SWIR at
57°E [Muller et al., 2000] and 66°E [Minshull et al., 2006]; (b) Gakkel Ridge [Jokat and Schmidt-Aursch, 2007]; (c) Mohns Ridge [Klingelhofer et al., 2000]; (d) Knipovich Ridge [Kandilarov et
al., 2010]. The shaded envelope bounds velocities for 0-7 Ma Atlantic crust from White et al. [1992].

Finally, whatever the origin of the thick crust area at the SWIR, we emphasize that our observation of thick
crust at an ultraslow spreading ridge complicates the variation of crustal thickness with spreading rate and
associated models [White et al., 2001; Cannat et al., 2008; Sauter and Cannat, 2010; Sauter et al., 2011]. It sup-
ports previous suggestions that the extent of mantle melting is not a simple function of spreading rate and
that mantle temperatures or mantle chemistry (or both) must vary significantly along axis [e.g., Michael

et al., 2003].
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5.4. Small NTD Between SWIR Segments 28 and 27

The crust at the NTD between segments 28 and 27 is ~2 km thicker than crust at NTDs at 66°E [Min-
shull et al.,, 2006] (Figure 12a). This difference can be explained by a model of magma supply [Sauter

et al,, 2001], in which thin crust and reduced volcanic production occur at discontinuities with offsets
larger than 15 km, but there is little or no volcanic production or crustal thickness variation associated
with smaller NTDs. The NTD between segments 28 and 27 is 10 km in length [Sauter et al., 2004], while
at 66°E the NTDs are larger [Minshull et al., 2006; Sauter et al., 2004]. Therefore, the melt production at
50°E is not as focused as at 66°E. The NTD west of segment 28 is larger, but here constraints on crustal
thickness are weaker.

5.5. Crust Thickness Varies Between Segments 28 and 27

The thickness of oceanic layer 3 varies greatly (between 2.5 and 8.0 km) along the profile, consist-
ent with previous observations that crustal thickness variations occur primarily in layer 3 [Minshull
et al., 2006]. However, the ~5 km thickness difference between two neighboring segment centers
is still remarkable. We attribute the difference to focusing of melt delivery in the crust [White

et al., 2001], though the NTD between the two segments is small, so the precise mechanism
remains poorly understood.

5.6. Unaltered Mantle

Another important difference from ultraslow spreading ridges elsewhere is our observed velocity of
8.0 £0.2 km/s in the uppermost mantle. Uppermost mantle velocities are 7.4-7.7 km/s at the Gak-
kel Ridge [Jokat and Schmidt-Aursch, 20071, 7.5-7.7 km/s at the Mohns Ridge [Klingelhofer et al.,
2000] and 7.6-7.9 km/s at the Knipovich Ridge [Kandilarov et al., 2010] (Figure 12). For normal oce-
anic lithosphere, the P wave velocity immediately beneath the oceanic Moho is typically 7.9-

8.3 km/s [White et al., 2001]. Reduced upper mantle velocities at other ultraslow ridges may result
from serpentinization [e.g., Klingelhofer et al., 20001, which appears to be limited to ~5 km depth
in the oceanic crust [Minshull et al, 1998a], and therefore may be absent beneath the thicker crust
that we observe. Alternatively, velocities may be reduced by the presence of trapped melt in the
uppermost mantle [Cannat, 1996; Lizzaralde et al., 2004]. The normal mantle velocities inferred
from our seismic data suggest that neither serpentinization nor freezing of melt in the mantle are
important processes beneath the SWIR at 50°E.

6. Conclusions

From our study of the seismic crustal structure of the SWIR at 50°E, we draw the following
conclusions:

1. Oceanic layers 2A, 2B, and 3 are present. Layer 2A varies in velocity and thickness along the profile. Layer
2B has a steep velocity gradient, and varies little in thickness in segment 28 and at NTDs, but has greater
thickness variation in segment 27. Our data require no lateral velocity variation in layer 3 but the layer 3
thickness varies significantly between segments 27 and 28.

2. Variations in layer 2A velocity may be explained largely by variations in crustal age along the profile. The
layer 2A thickness is more typical of an intermediate spreading ridge than an ultraslow spreading ridge,
suggesting that this thickness is strongly influenced by melt supply.

3. Reduced velocities at the top of layer 2B in the NTDs may be explained by increased tectonic extension
in these regions.

4. Crustal thickness reaches 10.2 km beneath the center of segment 27 (50°28'E), suggesting that there is a
hot mantle and/or fertile melt beneath it.

5. The melt supply to the ridge axis is focused toward segment centers, despite the relatively short NTD
between them.

6. Beneath the thick crust we observe normal upper mantle velocities (8.0 = 0.2km/s), suggesting that there
is insufficient penetration of seawater to cause significant mantle serpentinization, and that no significant
volume of melt has been trapped in the mantle.
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