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Abstract The oceanic crust is formed by a combination of magmatic and tectonic processes at mid-ocean
spreading centers. Under ultraslow spreading environment, however, observations of thin crust and
mantle-derived peridotites on the seafloor suggest that a large portion of crust is formed mainly by
tectonic processes, with little or absence of magmatism. Using three-dimensional seismic tomography at
an ultraslow spreading Southwest Indian Ridge segment containing a central volcano at 50°28′E, here
we report the presence of an extremely magmatic accretion of the oceanic crust. Our results reveal a
low-velocity anomaly (�0.6 km/s) in the lower crust beneath the central volcano, suggesting the presence of
partial melt, which is accompanied by an unusually thick crust (~9.5 km). We also observe a strong along-axis
variation in crustal thickness from 9.5 to 4 km within 30–50 km distance, requiring a highly focused melt
delivery from the mantle. We conclude that the extremely magmatic accretion is due to localized melt flow
toward the central volcano, which was enhanced by the significant along-axis variation in lithosphere
thickness at the ultraslow spreading Southwest Indian Ridge.

1. Introduction

Ultraslow spreading ridges are extreme end-members of mid-ocean ridges with full-spreading rates less than
20mm/yr [Dick et al., 2003]. They are highly variable in terms of melt supply, which has influences on the axial
depth, the obliquity of spreading and the presence or absence of long-lived transform and nontransform
discontinuities (NTD) [Cannat et al., 2008; Dick et al., 2003; Michael et al., 2003]. The Southwest Indian Ridge
(SWIR), despite spreading at an almost constant full rate of ~14mm/yr between the Prince Edward Fracture
Zone (FZ, Figure 1a) and its eastern end at 70°E [DeMets et al., 1994; Horner-Johnson et al., 2005], has
all these characteristics. For example, the regional mean water depth changes from >4300m in the east
to <3500m in the west [Cannat et al., 2008] across the Gallieni FZ (Figure 1a), reflecting a large-scale
variation in melt supply. Although based on the presence of thin crust [Cannat et al., 2006; Jokat and
Schmidt-Aursch, 2007; Minshull et al., 2006] and mantle-derived peridotites on the seafloor [Dick et al.,
2003; Michael et al., 2003; Zhou and Dick, 2013], tectonic extension dominating crustal accretion on
ultraslow spreading ridges has been extensively documented, requiring little melt supply, regions with
shallow bathymetry would require enhanced melt supply.

Here we study a shallow segment on the SWIR at 50°28′E with active-source seismic experiments. The
segment lies between the Gallieni FZ and Indomed FZ, where the ridge axis has an overall obliquity of 25°
[Cannat et al., 2008] and is devoid of any long-lived discontinuities (Figure 1a). This region of the ridge axis
has a mean axial depth of ~3180m [Sauter et al., 2009] (compared to a mean axial depth greater than 4000m
at other segments of SWIR) and distinct volcanic centers, suggesting a robust melt supply. We studied a
~60 km long segment (segment 27 [Cannat et al., 1999]) that contains a central volcano rising up to 1390m
water depth (Figures 1b and S1 in the supporting information), one of the shallowest volcanoes along the
SWIR. The lowmantle Bouguer gravity anomaly (MBA,�84mGal) [Sauter et al., 2009] suggests the presence
of a thick crust or low-density materials in the crust or in the upper mantle. An extinct hydrothermal vent
field was recently discovered near the central volcano [Tao et al., 2012]. The main bounding faults are
separated by a 20–25 kmwide median valley [Mendel et al., 2003], similar to the Lucky Strike segment at the
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slow spreading Mid-Atlantic Ridge (MAR) [Singh et al., 2006], indicating magmatic-tectonic processes.
A small narrow segment (segment 28) lies farther west and has a narrow neovolcanic ridge at its center,
bounded by a steeply dipping fault in the south where an active high-temperature hydrothermal vent was
discovered [Tao et al., 2012]. A small NTD separating the two segments is recognized as a deep basin.

2. Seismic Experiment and Tomographic Inversions

We acquired three-dimensional (3-D) seismic refraction data using ocean bottom seismometers (OBS) in
February 2010 on board the Chinese R/V Dayang Yihao. A total of 40 OBS were deployed, of which we used
two subsets in this study (Figure 1b): (1) a 3-D box consisting of 13 OBS covering the central volcano of
segment 27 and (2) a 2-D profile consisting of 12 OBS connecting the two segments (27 and 28) of the ridge
axis. Results of a second 3-D array of 18 OBS centered at the western end of segment 28 were reported in
a separate study [Zhao et al., 2013]. We used an array of four air guns as a source, and each air gun has a
volume of 1500 in3 (~24.6 L). Shots were fired every 2min (~240m) along a grid of lines spaced at ~4 km for
the 3-D study and along a 135 km long profile for the 2-D study.

Figure 2a shows an example of the OBS data along a N-S profile running across the axis at the segment center
(Figure 1b), where the crustal refraction (Pg) can be observed up to 27 km offset. After that, the amplitude of
the Pg arrival is much reduced, creating a shadow zone, which is followed by a strong wide-angle reflection
from the Moho (PmP) that can be observed up to 48 km offset. The good quality of the data (Figures 2a and S2)
allows the accurate picking of both Pg and PmP arrivals and thus estimations of P wave velocity down to the
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Figure 1. Study area. (a) Bathymetric map of the Southwest Indian Ridge (black curve), fracture zones (FZ), and off-axis
high-topography edifices. Red rectangle marks the area shown in Figure 1b. (b) Bathymetric map of the seismic survey
area. Dotted curves indicate the track of shots used only in the 3-D tomography (black and green), only in the 2-D tomography
(yellow), and in both (magenta). The symbols represent ocean bottom seismometers (OBS), circles for those used only in 3-D
tomography, squares when only used in 2-D tomography, and pentagons when used in both. Ridge axis of segments
27 and 28 are shown as solid white lines and nontransform discontinuities (NTD) as dashed white lines. The dark red dashed
curves are the bounding faults. The red star is an active hydrothermal vent and the black-edged one represents an extinct
vent. The spreading direction and half rate (NUVEL-1A) [DeMets et al., 1994] are given in mm/yr on white arrows. The
green color marks the OBS and shots shown in Figure 2. The black dashed line indicates the location of slices shown in
Figures 3e and 3f. X1 and X2 are the end points of the along-axis profile shown in Figures 4 and S6.
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Moho depth. In the 3-D box, we manually picked 50,228 Pg and 4563 PmP arrivals, with root-mean-square
(RMS) of picking uncertainties as 32ms and 46ms, respectively. Both arrivals were inverted simultaneously
for the 3-D velocity and Moho depth structure. Along the 2-D profile, we had 2586 first-arrival picks, with an
RMS of picking uncertainties of 32ms, and correspondingly, only the velocity structure was updated.

We adopted the iterative tomographymethod developed by Van Avendonk et al. [1998] and Van Avendonk et al.
[2004] to seek best fitting velocity models in the 3-D box and along the 2-D profile, respectively. A 1-D starting
model similar to crustal seismic models at the slow spreading MAR [Seher et al., 2010] was hung from the
seafloor, due to the similarity in the bathymetric and gravimetric observations. In the 3-D tomography, a Moho
reflector at 10.5 km depth below the sea level was also added to the starting model. The traveltime residual
normalized by the picking uncertainty had an initial RMS of 4 that reduced to 1 after the inversion (Figure S3).
Checkerboard tests for the 3-D tomography show good resolution in the central 20 km by 20 km area, and an
example is present in Figure S4.

Along the 2-D profile, because of relatively sparse ray coverage, practically of PmP reflections, we only inverted
for a smooth crustal velocity model without a Moho interface to reduce the number of model parameters.
The ray tracing was calculated in 3-D to account for the off-line effect, whereas the inversion is in 2-D as the
model updates were averaged in the cross-line direction. Checkerboard tests for the 2-D tomography indicate
good resolution along the profile, except in the lower crust beneath the center of segment 27 where the ray
density is relatively low within the 2-D subset (Figure S4). However, this part of the crust is well resolved by the
3-D tomography, and the 2-D tomography was guided in this region by applying a strong damping toward the
best fitting 3-D model during the inversion, which also ensures the consistency between the two inversions.
The final normalized residual was close to 1, i.e., the data were fit to a RMS value of ~ 32ms (Figure S3). Finally,
the Moho structure near the center of segment 27 was constrained using the 3-D tomography model. The
rest was estimated based on the absolute velocity and the vertical velocity gradient where we can observe a
mantle velocity greater than 7.3 km/s, or from interpolation, as shown in Figures 4 and S6.

3. Results and Interpretation

Cross sections from the best fitting model in the 3-D box are shown in Figure 3. Both the across-axis and
along-axis cross sections of the 3-Dmodel of velocities (Figures 3a and 3c) and of anomalies (Figures 3b and 3d)
show a clear evidence of a low-velocity anomaly (LVA) in the lower crust beneath the central volcano. From this
best fitting model, we computed synthetic seismograms (Figure 2b) using a 2-D finite-difference modeling
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Figure 2. Seismic data. (a) Seismic record from one OBS and (b) synthetic seismogram generated from the inversion results
shown in Figure 3. The locations of OBS and shots are shown in Figure 1b. The thick curves indicate the manually picked
arrivals for Pg and PmPwith red and black colors, respectively. PS indicates the P to S converted phase. A Ricker wavelet with a
dominant frequency of 5 Hz is used as source in the modeling. A reduction velocity of 6.5 km/s and a water path correction
are applied. A band-pass filter is applied for display purpose. The observed and synthetic waveforms are scaled to take
spherical and cylindrical spreading effects into account, respectively. The ellipses indicate the shadow zone, which can
be predicted by the best fitting model with a low-velocity anomaly in the lower crust.
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method [Shipp and Singh, 2002]. The synthetic seismograms are good matches to the observed traveltimes as
well as to the amplitudes, particularly of the shadow zone (Figure 2), indicating that the LVA is linked to the
observed shadow zone. The LVA is round shapedwith a diameter of 5–8 km, starts at 4–5 km below the seafloor,
and extends down to 8–9 km depth (Figure 3), close to the Moho. The maximum anomaly of 0.6 km/s is
centered at 7 km below the seafloor (Figures 3). Although part of the anomaly could be ascribed to a high
temperature, a 0.6 km/s anomaly would require the presence of a small amount ofmelt in the lower crust [Dunn
et al., 2000, 2005; Seher et al., 2010]. Since the tomography provides only a smooth model and tends to
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Figure 3. Three-dimensional velocity model result. Cross sections of velocity models ((a) across-axis and (c) along-axis)
and anomalies ((b) across-axis and (d) along-axis) from the 3-D tomographic results, whose horizontal locations are marked
in Figures 3e and 3f as dashed lines AA′ and BB′, respectively. These sections run parallel and perpendicular to the
spreading direction. Lower boundaries correspond to Moho interface. The red color marks the reflecting points. The
vertical exaggeration is 2:1. (e) Horizontal velocity and (f ) anomaly slice of the 3-D velocity model at 7 km depth
beneath the seafloor, whose location is marked in Figure 1b. The dark red dashed curves and the black-edged red star
mark the bounding faults and the extinct vent. The contours (thin black curves) of velocities have an interval of 0.5 km/s, and
the contour levels of anomalies are 0, ±0.35 and ±0.5 km/s. The anomaly model is calculated by subtracting from the 3-D
model its 1-D average. The amplitude of the lower crustal low-velocity anomaly is >0.6 km/s. The crust is ~9.5 km thick
at the center.
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underestimate the low-velocity anomalies, it is difficult to quantify the amount of melt, but to reduce the
velocity by 0.6 km/s in such deep crust, one could expect ~10% of partial melt [Taylor and Singh, 2002].

Our results also show that the crust is as thick as ~9.5 km beneath the central volcano and remains thick
across the axis (Figure 3a). This is among the thickest oceanic crusts at global mid-ocean ridges without
obvious influences of on-axis or near-axis plumes (Figure S5). The thick crust formed around the central
volcano is composed of a high vertical velocity gradient layer and an underlying low vertical gradient
layer (Figure 3a), which are typical layer 2 (dykes and pillow lava) and layer 3 (gabbro) for the igneous
oceanic crust, indicating the magmatic accretion [Canales et al., 2000]. Interestingly, the round-shaped
lower crustal LVA is located directly within the thickest crust (Figure 3d), suggesting an intimate link
between the localized LVA and the thickened crust as a consequence of enhanced melt supply from the
upper mantle beneath.

The along-axis variation of the crustal structure is further illuminated by the 2-D tomography results
connecting the two segments (27 and 28), which are separated by a small NTD (Figures 4 and S6). The
crustal thickness decreases from ~ 9.5 km at the center of segment 27 to ~ 4 km beneath the NTD and then
again increases to ~ 7 km at segment 28, consistent with the other 3-D tomography result [Zhao et al.,
2013]. Assuming that a velocity of 6.3 km/s marks the boundary between layer 2 and layer 3, the along-axis
profiles (Figures 3c and 4) show a constant thickness of layer 2 (~3 km) near segment centers with a thick
layer 3 underneath. However, beneath the NTD, the 6.3 km/s contour extends deeper with a smoother
velocity gradient and a very thin gabbroic velocity underneath, similar to seismic models at relatively
magma poor segments of ultraslow spreading ridges [Jokat et al., 2012;Minshull et al., 2006]. Together with
the thin crust there, it indicates much less melt supply to the NTD and/or a thicker lithosphere underneath.

4. Discussion and Conclusion

Dick et al. [2003] have proposed the coexistence of linked magmatic and amagmatic extensions at ultraslow
spreading ridges. While the amagmatic extension characterizing this novel class of spreading centers has
been extensively observed with vast expanses of mantle-derived peridotites and highly tectonized seafloor
[Cannat et al., 2006; Sauter et al., 2013; Zhou and Dick, 2013], the magmatic extension seems to be limited to a
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widely spaced set of narrow magmatic centers. Indeed, our results indicate that the magmatism is a
dominant process at the magmatic center, but the super thick crust and excess melt supply are less expected.

Furthermore, the significant crustal thickness variation along the ridge axis requires a highly localized melt
delivery from the upper mantle, which has been proposed from other observations at slow and ultraslow
spreading ridges [Cannat et al., 2003; Hooft et al., 2000; Sauter et al., 2004; Schlindwein et al., 2013; Standish et al.,
2008; Tolstoy et al., 1993]. At slow/ultraslow spreading ridges or in cold regions, where the degree of melting is
low, these small amounts of melt maymigrate upward along a steeply dipping permeability barrier at the base of
the lithosphere [Cannat et al., 2003; Montesi et al., 2011; Standish et al., 2008] by a 3-D buoyancy-driven flow to
isolated volcanic centers [Magde and Sparks, 1997; Montesi et al., 2011]. For this to happen at segment 27, the
lithosphere must be thick at the segment ends and beneath the NTDs (common at ultraslow ridges) and thin
beneath the segment center (Figure 4), leading to a slope in the lithosphere-asthenosphere boundary (LAB) along
which themelt canmigrate and accumulate in the lower crust at the segment center and feed a ~60km segment.
Although we do not observe any melt beneath segment 28, its presence cannot be easily excluded within a 7 km
thick crust, as our 2-D tomography is incapable of imaging a small LVA. However, at the narrow segment 28
the melt supply should be much less and the underneath mantle should be colder comparing to segment 27
(Figure 4). Consequently, a large-scale slope of the LAB may exist.

While a thicker crust at the center of segment 27 was suggested from the gravity data [Sauter et al., 2009]
as compared to the global average oceanic crustal thickness (6 km) [Chen, 1992], our seismic observation
reveals an extremely thick crust, up to ~9.5 km. More importantly, this extremely thick crust can be traced to
~20 km off axis along the spreading direction (Figure 3a), indicating that this enhancedmelt supply event has
been persistent for at least the past 3Ma. The elevated bathymetry farther off axis suggests that this melt
anomaly could have been existing for up to 10Ma [Sauter et al., 2009]. The average crustal thickness within
segment 27 is slightly more than 6 km, which is close to the global average at faster spreading ridges, but
far more than the previously reported crustal production at ultraslow spreading ridges [e.g., Jokat and
Schmidt-Aursch, 2007; Minshull et al., 2006].

This extrememagmatism could be due to a hot mantle originated at the off-axis Crozet hot spot [Sauter et al.,
2009] 1000 km to the south. However, there are no bathymetric features supporting such a long-distance
plume-ridge interaction. Although a contamination of the mantle below the SWIR between the Gallieni and
Indomed FZ by Crozet plume material has been recently suggested based on the high 3He signature [Breton
et al., 2013], other isotopic observations barely require this plume-ridge interaction [Meyzen et al., 2005].
A recent global study also shows that themantle potential temperature below our study area is only ~1380°C,
less than the median value of 1395°C for global mid-ocean ridges [Dalton et al., 2014], suggesting no
significant influence of plumes. More essentially, the mechanism of such an interaction through a >1000 km
conduit from an off-axis hot spot is challenging. Thus, we exclude that the influence from the Crozet hot spot
could cause such extreme magmatism observed here.

Alternatively, the anomaly of the melt supply could be linked to heterogeneity of the upper mantle source.
Isotopic analysis shows large heterogeneity along the SWIR to the west of the Indomed FZ (Figure 1a), where
the presence of recycled continental lower crust is required [Mahoney et al., 1992; Meyzen et al., 2005], but to
the east, the isotopic compositions are much more homogeneous and do not require the presence of such
continental materials [Meyzen et al., 2005]. Zhou and Dick [2013] have recently suggested that the high geoid of
Marion Rise (including our study area) is supported by a buoyant depleted mantle, which is related to mantle
plumes in the early history of the Earth. However, to produce a large amount of melt, a fertile mantle with
continental crustal fragments or subducted sediments is required, for which there is no evidence from the
isotopic data to date.

So far, there is no clear evidence of any influence from either hot spots or relicts from early history that
could produce the extremely thick crust. Hence, we conclude that the combination of moderate mantle
heterogeneity (a higher temperature or a fertile source) and a very efficient focusing mechanism of melt
delivery is the cause of the extremely magmatic accretion. A similar coupling of a strong focusing effect and
thick crust has been predicted by numerical models under the ultraslow spreading environment, which also
predicted the replacement of transform faults by amagmatic segments to separate the magmatic segments
[Puthe and Gerya, 2014]. It is possible that the large magmatic center with a thin lithosphere like segment 27
can collect melt in the asthenosphere from a wide surrounding area overlain by a very thick lithosphere,
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which is common for ultraslow spreading ridges. The collecting area should be enlarged as these large
magmatic centers are widely spaced and the transform or large nontransform offsets acting as effective
thermal boundaries are systematically absent at ultraslow spreading ridges, even though weak hot
perturbations might exist beneath small magmatic centers like segment 28 (Figure 4). In that case, such a
model with a thick crust and excess melt supply is not exception but a norm at the large magmatic centers
along ultraslow spreading ridges, which sequestrate melts from neighboring cold areas.
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