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Abstract :

Very long oceanic transform faults do not just offset mid-oceanic ridges by hundreds of kilometers, but
they also induce variations in the lithospheric structure and affect mantle melting, and hence the crustal
accretion at the ridge-transform intersection (RTI). However, the deep structure of large offset RTIs
remains unknown. Here, we present three-dimensional seismic tomography results (P- and S-wave
velocities, Vp, Vs) in the vicinity of the eastern Romanche transform and the Mid-Atlantic Ridge in the
equatorial Atlantic Ocean, using arrival times from microearthquakes recorded by a recent temporary
array of seafloor seismometers. We find that normal to low Vp/Vs ratios (~1.7) are observed at the Mid-
Atlantic Ridge, representing weak serpentinization and the dominant magmatic processes, whereas high
Vp/Vs ratios (~1.8-1.95) are observed west of the RTI, at the eastern termination of the 2016 7.1
earthquake. However, unusually low Vp/Vs ratios (~1.6-1.7) are observed at 0-15 km depth and in the
region of the 2016 7.1 earthquake rupture zone. We suggest that the unusually low Vp/Vs ratios result
from the presence of thick cracks at shallow depths (0-8 km) and/or the enrichment of orthopyroxene in
the deep mantle (8-15 km).

Highlights

» 3-D Vp and Vs models for the Romanche eastern ridge-transform intersection. » Low Vp/Vs ratios
(~1.6-1.7) at depths of <15 km along the transform are observed. » The low ratios may be due to thick
cracks and/or orthopyroxene enrichment.
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1 Introduction

Oceanic transform faults represent one of the three first-order plate boundaries on Earth and are often
bounded by two mid-ocean ridge segments (Wilson, 1965). In comparison to the previous simple and
“conservative” mode of transform faults (Wilson, 1965), the latest studies on transform faults have
illustrated a much more complicated formation and evolution process (Gregory et al., 2021;
Grevemeyer et al., 2021; Hicks et al., 2020). Many seismic tomography studies have revealed a
reduced velocity zone beneath the active transform valley at slow-slipping transform faults, which is
mainly attributed to a thinned crust underlain by a strongly serpentinized mantle (Detrick et al., 1993).
A recent seismic refraction study on the Romanche transform fault also reveals a low P-wave velocity
zone at 0~9 km depth beneath the transform valley (Gregory et al., 2021), but it is interpreted to be
due to the presence of fractured mafic materials (Gregory et al., 2021), similar to that at fast-slipping
Gofar transform fault (Roland et al., 2012). In addition, Wang et al. (2022) further observed that this
low P-wave velocity zone can extend down to ~60 km depth, which could be due to mantle hydration
and water-induced melting. Furthermore, some recent seismic refraction studies indicate relatively
normal crustal thicknesses across fracture zones (inactive transform traces) (Growe et al., 2021;
Marjanovi¢ et al., 2020). Grevemeyer et al. (2021) suggested that crustal thickening occurs at the ridge-
transform intersection (RTI). However, the seismic structures of the crust and upper mantle beneath

the RTT are unconstrained due to limited seismic experiments.

Previous works have indicated that the P- to S-wave velocity (Vp/Vs) ratios can be used to
discriminate the lithological composition in the crust and mantle (Christensen, 2004; Grevemeyer et
al., 2018; Hacker and Abers, 2004). The Vp/Vs ratio for the normal gabbroic crust is <1.9 (Becker
et al., 1989; Grevemeyer et al., 2018; Johnston and Christensen, 1997). However, the Vp/Vs ratio

for the mantle serpentinized peridotite is typically >1.9, reaching as high as 2.2 (Christensen, 2004).

In contrast, the large aspect ratio of cracks (Takei, 2002) and the presence of gas (Ito et al., 1979;
Wang and Nur, 1989) can remarkably reduce the Vp/Vs ratios.

In this study, we performed seismic tomography to obtain detailed three-dimensional (3-D) P-wave
(Vp) and S-wave velocity (Vs) models and Vp/Vs ratios in the shallow lithosphere, to investigate the
seismic properties of the eastern RTI of the Romanche transform fault and the nearby ridge segments.
Together with the high-resolution bathymetry data and geological data from submersible dives and
rock sampling, we provide evidence for the tectonic and magmatic processes of the eastern Romanche

RTI, shedding new light on the understanding of the ridge and transform systems.
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2. Study area

The Romanche transform fault, located in the Equatorial Atlantic Ocean, is one of the largest oceanic
transform faults on Earth (Fig. 1a). It offsets the slow-spreading Mid-Atlantic Ridge (MAR) by ~880
km (Fig. 1a), with a maximum age contrast of ~45 Ma, assuming the slip rate of ~3.2 cm/yr (DeMets
et al., 2010). Our study region lies in the vicinity of the eastern Romanche RTI, where the transform
valley width can reach up to ~20 km (Fig. 1b). A large-scale oceanic core complex is present on the
outside corner (Fig. 1b). Two oblique hills west of the RTI may represent the fragments of ancient
oceanic core complexes (Fig. 1b). To the north of the transform valley, two transverse ridges and a
suspended valley are found (Fig. 1b), representing the trace of the migration and reorientation of the
transform 8-10 Ma ago (Bonatti et al., 1994). To the south, the absence of basaltic crust indicates that
the mantle may have undergone a low degree of melting (Bonatti et al., 2001), consistent with the
results from the numerical modelling of the RTT (Ligi et al., 2008, 2005). A large volume of peridotites
was dredged at its 30-km-wide southern flank from transform fault to fracture zone (Bonatti et al.,
2001, 1996; Maia and Brunelli, 2020; Yu et al., 2021) (Fig. 1b). New rock samples collected by the
Nautile dives during the SMARTIES cruise (Maia et al., 2019; Maia and Brunelli, 2020) also reveal
the presence of large amounts of mylonitic peridotites along the transform (Fig. 1b), representing a
high shear stress regime. The axial domain close to the RTI corresponds to an area where mantle-
derived peridotites are widely exhumed, similar to what is observed along the amagmatic segments at
slow and ultraslow spreading mid-ocean ridges (Cannat et al., 2006; Dick et al., 2003; Michael et al.,
2003). Further southward of the RTI, the axial domain is complex, including an oblique non-transform
discontinuity, a short MAR segment, another non-transform discontinuity, and another MAR segment
(Fig. 1b). Further south, the axial valley along the MAR is well developed up to the Chain transform
fault, indicating a robust magmatic segment (Harmon et al., 2018). The collected rock samples along
the non-transform discontinuity and MAR are mostly basalts (Fig. 1b) (Bonatti et al., 2001, 1996; Maia
and Brunelli, 2020), and they have high water content (Ligi et al., 2005), which could be due to the
deep hydration and thinning of the lithosphere along the transform fault, and subsequent mixing with

the MAR melt (Wang et al., 2022).
3. Data and Methods

We used seismic data collected during the SMARTIES cruise (Maia et al., 2019), where 19 ocean
bottom seismometers (OBSs) were deployed in July-August 2019 for ~21 days (Fig. 1b). We used 514
recorded and well-located earthquakes (Yu et al., 2022) to do seismic travel-time tomography, of which

197 events are located along the Romanche transform fault and 317 events along the MAR (Fig. 2).
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All earthquakes were recorded by more than 5 OBSs, located iteratively by the NonLinLoc program
(Lomax et al., 2000), and relocated by the HypoDD program (Waldhauser and Ellsworth, 2000). The
average horizontal and vertical uncertainties are ~2.8 km and ~2.9 km, respectively (Yu et al., 2022).
413 earthquakes have uncertainties less than 5 km and 101 earthquakes between 5 km and 10 km (Fig.
2). In the inversion, the arrival times of the 101 events with larger location uncertainties were assigned
to half the weight of the arrivals of the 413 events. The initial one-dimensional (1-D) model was
derived from an active-source seismic refraction profile (Wang et al., 2022), and used for the
earthquake location (Yu et al., 2022) (Supporting Information Fig. S1). We then used the VELEST
program (Kissling et al., 1994) to calculate the 'Minimum 1-D velocity model'. We constructed a sub-
dataset of 360 earthquakes, each of which has arrivals >6 and a station GAP of <180°, to search for the
best-fitting 1-D P-wave velocity model in the VELEST program (Supporting Information Fig. S1).
The 1-D S-wave velocity model was calculated using a constant Vp/Vs ratio of 1.73 from the Wadati

diagram (Yu et al., 2022).

We set up a 3-D grid with a lateral-grid interval of 10 km and at depths of 0, 3, 6, 8, 9, 10, 11, 12, 13,
14, 15, 18, and 21 km in the study volume. We set the seafloor with an average depth of 4 km to 0 km
in the model space. The difference between the true depth and the reference depth is taken into account
in the ray tracing. We used a tomographic method (Zhao et al., 1992) to determine 3-D Vp and Vs
models and Vp/Vs ratios of the crust and upper mantle beneath the study region. Velocity perturbations
at every grid node from a starting model were taken as unknown parameters. We calculated the velocity
perturbation in the model by linearly interpolating the velocity perturbations at the eight neighbouring
grid nodes. We used an efficient 3-D ray-tracing technique (Zhao et al., 1992) to calculate theoretical
travel times and ray paths accurately (Fig. 2). The P-wave and S-wave ray density distributions are
shown in Supporting Information Figs. S2 and S3, which indicate that the transform fault and RTI

region are well covered by the rays.

To obtain the optimal 3-D grid, we conducted numerous tomographic inversion tests to compute
tradeoff curves to obtain the best-fitting damping parameters for Vp and Vs models (Fig. 3). In the
inversion, the hypocenter parameters were updated using the inverted 3-D velocity model. The arrivals
with travel-time residuals larger than 1 s were neglected because over 90% of the residuals are less
than 1.0 s (Fig. 4). The LSQR algorithm (Paige and Saunders, 1982) is used to solve the large but
sparse system of equations. The root-mean-square travel-time residuals before and after the inversion
are 0.162 s and 0.118 s for the P wave tomography and 0.196 s and 0.152 s for the S wave tomography,

respectively, with a variance reduction of 68% and 63%, respectively.
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We conducted extensive checkerboard resolution tests (Zhao et al., 1992) to assess the reliability of
the resulting tomographic models (Figs. 5 and 6, Supporting Information Figs. S4-S7). To make a
checkerboard resolution test, velocity perturbations of +4% are assigned alternately to the 3-D grid
nodes with a node spacing of 10 km at different depth layers. Then theoretical travel times for the
synthetic checkerboard model were calculated, which were inverted to obtain an output model. Finally,
we checked whether the input checkerboard model could be recovered or not. To simulate the picking
errors, we added random noises (-0.1 to +0.1 s) with a standard deviation of 0.1 s to the synthetic travel
times before the inversion. Our resolution tests indicate that the 3-D velocity model has a resolution
of ~10 km in the lateral direction and 3 km in depth (Figs. 5 and 6, Supporting Information Figs. S4-
S7). It should be noticed that we have limited resolution in the upper 3-4 km due to the small number
of earthquakes at this depth range. In addition, the relatively large space of OBS stations (20-30 km)
also reduces the resolution on the lateral scale. But the resolution tests show that our seismic
tomography could resolve the velocity anomalies with a lateral scale of 10 km (Figs. 5 and 6,
Supporting Information Figs. S4-S7). Thus, we will discuss the anomalies larger than 10 km laterally
and 3 km in depth.

The main features of velocity anomalies beneath the Romanche transform fault, RTI, and MAR axis
at depths shallower than 15 km can be well recovered, suggesting that those features are quite reliable
and robust. However, for the depth layers greater than 15 km, only the checkboard pattern beneath the
transform fault at the longitude east of 17°W can be well recovered (Figs. 5 and 6, Supporting
Information Figs. S4-S7) because deep earthquakes (>15 km) occurred there (Fig. 2). Thus, in the

following, we will just focus on the velocity model at depths shallower than 15 km (Fig. 7).
4. Results

After the Vp and Vs tomography are determined separately, Vp/Vs ratio images are also obtained (Fig.
7, Supporting Information Figs. S8-S10). The main features of Vp and Vs tomography are similar to
each other, but strong lateral heterogeneities are revealed in the shallow lithosphere along the

Romanche transform fault (Fig. 7, Supporting Information Figs. S§-S10).

4.1 Along the Romanche transform fault
At shallow depths (<8 km), high Vp and Vs values are observed in the south of the Romanche

transform fault (cross-sections AA'—distance 50-100 km, CC'—distance 20-40 km, and
DD’'—distance 10-40 km in Fig. 7, Supporting Information Figs. S8-S10), in agreement with the high-
velocity anomalies revealed by the seismic refraction studies (Gregory et al., 2021; Wang et al., 2022;

Wang and Singh, 2022) and are suggestive of the presence of mantle peridotites (serpentinite) near the

4
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seafloor, consistent with extensive seafloor exposure of mantle rocks (Fig. 1b). However, low Vp but
high Vs anomalies are revealed along the transform valley at the longitude between 17.6° and 17.3°W
(cross-sections AA'—distance 10-30 km and BB'—distance 0-20 km, Fig. 7). Normal to low Vp and
Vs values are observed beneath the oceanic core complex on the outside corner (cross-sections
AA'—distance 70-90 km in Fig. 7, Supporting Information Figs. S8-S10). At depths of 8-15 km, low
Vp and Vs anomalies are widely observed along the transform fault (cross-section AA'—distance 10-

100 km in Fig. 7, Supporting Information Figs. S8-S10).

The high Vp/Vs ratios, ~1.8-1.95, are only observed at depths shallower than 10 km around an oblique
hill west of RTI (cross-sections AA'—distance 30-50 km and CC'—distance 0-20 km in Fig. 7g). This
oblique bathymetric high is identified as a fossil detachment (Maia and Brunelli, 2020) (DF1 in Fig.
7a) where highly altered mylonitic and ultra-mylonitic peridotites were observed (Fig. 1b) (Maia et al.,
2019; Maia and Brunelli, 2020). We observed low Vp/Vs ratios (~1.6-1.7) along the Romanche
transform fault between 17.6° and 17.3°W (Fig. 7g and 7h), with low Vp and high Vs values (cross-
sections AA’ and BB’ in Fig. 7). Most earthquakes at depths shallower than 15 km occurred in the low
to normal Vp/Vs ratio region (~1.6-1.7) (Fig. 7g). We compared the ratio of the arrival times of P-wave
(tp) and S-wave (ts), (ts-tp)/tp, for earthquake hypocenters at different OBS stations (Supporting
Information Fig. S11), which reflects directly the Vp/Vs ratios (Haberland et al., 2009). We find that
they are consistent with the observed Vp/Vs ratios from the seismic tomographic results. Ray paths
from the events along the Romanche transform fault at OBS stations (03-06, 09-10) show more low
values of (ts-tp)/tp (<0.6) than those at these stations along the MAR (OBS 01, 16-19) (Supporting

Information Fig. S11). This indicates that the low Vp/Vs ratios are robust features.

4.2 Along the Mid-Atlantic Ridge

High Vp and Vs anomalies are revealed at shallow depths (<5 km) along the aseismic non-transform
discontinuity close to the RTI and beneath the ridge axis (cross-section EE’ in Fig. 7, Supporting
Information Figs. S§8-S10). Beneath the non-transform discontinuity between 20 and 30 km distance
(cross-section EE’ in Fig. 7), low Vp and low Vs values are observed. At deeper depths (5-15 km),
normal to low Vp and low Vs values are also determined along the non-transform discontinuity and

MAR (cross-section EE’ in Fig. 7).

Low to normal Vp/Vs ratios of 1.6-1.75 (Fig. 7g and 71) are widely observed at depths of 0-15 km
along the ridge axis (cross-section EE’ in Fig. 7). Most microearthquakes beneath the MAR occur in

the low to normal Vp/Vs ratios (~1.6-1.7) (Fig. 7g).
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5 Discussion

Our results provide large-scale Vp, Vs, and Vp/Vs ratios along ~100 km of the Romanche transform
fault and fracture zone, and ~40 km of the MAR system. An increase or decrease in these values from
the reference values provides insight into the lithology and dynamic processes responsible for their

formation and evolution.

5.1 Serpentinization versus magmatic process

High Vp/Vs ratios, ~1.8-1.95, along with low Vp and Vs anomalies are observed on the west side of
the RTL north of the first oblique hill, at depths of 0-8 km (cross-section CC'—distance 0-20 km in
Fig. 7). Laboratory experiments suggest that the serpentinites in the crust and mantle exhibit high
Vp/Vs ratios (~1.9-2.2) (Christensen, 2004, 1996). The rock samples collected on this oblique hill were
strongly serpentinized peridotites (Maia and Brunelli, 2020) (Fig. 1b, DF1 in Fig. 7). Therefore, we
suggest that the high Vp/Vs ratios associated with this hill are due to the serpentinization of peridotites.

In contrast, further west, we observe low Vp, high Vs, and low Vp/Vs ratios at depths of ~0-8 km along
the transform fault (cross-sections AA'—distance 10-30 km and BB'—distance 0-20 km, Fig. 7),
similar to what has been reported along the Gofar transform fault (Guo et al., 2018; Liu et al., 2023).
Previous studies indicate that serpentinization by hydrothermal circulation would increase as the
lithosphere ages (Roland et al., 2012, 2010). However, the absence of high Vp/Vs ratios here suggests
that the lithosphere is not highly serpentinized, and may consist of mafic rocks. Based on the seismic
refraction study across the Romanche transform fault, Gregory et al. (2021) found a ~6-km-thick

gabbroic crust, supporting the above hypothesis.

Along the Romanche transform fault, the 2016 My, 7.1 earthquake occurred at ~20 km depth at 17.83°

W (Hicks et al., 2020) (Fig. 1b), and has two-phase rupture processes: i.e., eastward propagation
towards the RTI and reversed propagation with super-shear rupture to the west (Hicks et al., 2020).
Our observed serpentinized lithosphere near the fossil fragment of detachment faults (DF1 in Fig. 7),
with weak slip, appears to support the presence of the rupture barrier near the RTT for the 2016 My, 7.1
earthquake (Hicks et al., 2020; Yu et al., 2021), which possibly led to the reversing of rupture
propagation towards the west (Hicks et al., 2020); whereas the low Vp/Vs ratios along the transform
fault (cross-section AA'—distance 10-30 km in Fig. 7) indicate gabbroic materials (Gregory et al.,

2021) in the shallow section allowing the super-shear rupture (Hicks et al., 2020).

Beneath the MAR, we did not observe low P-wave and S-wave velocity anomalies beneath the ridge

axis at shallow depths (cross-section EE' in Fig. 7), suggesting weak hydrothermal circulations here.

6
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In contrast, the presence of volcanic features on the seafloor, confirmed by the basalts recovered from
the dives (Maia et al., 2019; Maia and Brunelli, 2020) (Fig. 1b), and the low-velocity anomalies in the

mantle (cross-section EE’ in Fig. 7) suggest that magmatic processes dominate along the MAR axis.

5.2 Low Vp/Vs ratios

The low Vp/Vs ratios (~1.6-1.7) in the lithosphere on the western portion of the Romanche transform
fault (cross-sections AA'—distance 10-30 km and BB'—distance 0-20 km, Fig. 7) are surprising, and
are inconsistent with the extensive observation of serpentinized peridotites on the seafloor (Bonatti et
al., 2001, 1996; Maia and Brunelli, 2020) that have high Vp/Vs ratios (~1.9-2.2) (Christensen, 2004;
Grevemeyer et al., 2018). We analyzed the velocities in the hypocenter region of microearthquakes
and found that most mantle earthquakes occurred in the region with low Vp/Vs ratios (~1.6-1.65) (Fig.
8a, Supporting Information Fig. S12). The shallow events beneath the oceanic core complex occur in

the region of normal to low Vp/Vs ratios (1.65-1.7) (Fig. 8a).

One possible explanation for the low Vp/Vs ratios is the presence of gas (e.g., carbon dioxide and
methane) in the lithosphere that reduces the Vp/Vs ratios, which would lead to a substantial decrease
of Vp (the bulk modulus) but only a small decrease of Vs (the shear modulus) (Ito et al., 1979; Wang
and Nur, 1989). We used the differential effective medium model (Taylor and Singh, 2002) to estimate
the effects of the presence of gas and seawater as well as crack aspect ratios on the seismic velocities
of the peridotite in the mantle (Fig. 8b, Supporting Information Fig. S13). The lithological components
for the peridotite used in the computation are 61.3% olivine (90% Fo, 10% Fa), 17.4% orthopyroxene
(90% En, 10% Fs), 10.8% clinopyroxene (Di), 1.5% spinel, and 9% plagioclase (90% An, 10% Ab),
which are obtained by averaging the components of the Romanche transform fault peridotites (site
G96) (Tartarotti et al., 2002), except one with a low component of olivine. P- and S-wave speeds for
the peridotite were estimated using an Excel tool (Abers and Hacker, 2016). The gas parameters were
extracted from Batzle and Wang (1992). Figure 8b shows that Vp/Vs ratios are always higher than 1.7
for the water saturation for all aspect ratios although the ratios can decrease with spherical inclusions
(r=1). In contrast, gas saturation can dramatically reduce Vp/Vs ratios, especially for small aspect
ratios (r=20) (Fig. 8, Supporting Information Fig. S13), and only 0.5% of gas saturation can explain
the resulting Vp/Vs ratios of 1.6-1.7 for an aspect ratio of 50 (thin crack) (Fig. 8b). If this is true, there
are two possible mechanisms for the gas source: (1) Dilatancy within the transform fault, in the long
run, can cause a decrease of pore pressure, possibly leading to the transition from liquid to vapour
(Gélietal., 2014); (2) Serpentinization in the peridotite-hosted oceanic lithosphere at temperatures less
than 400-500°C could produce abiogenic gas (methane and hydrogen) (Allen and Seyfried, 2003; Klein
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etal., 2019). However, the dilatancy mechanism can only be applicable to short-offset transforms with
young lithospheres across the transform, e.g., the Gofar transform fault, where strong hydrothermal
fluids participate in the hot crust at shallow depths (Géli et al., 2014). In addition, the serpentinization
mechanism cannot account for the low ratios in the deep mantle (>7 km) where the temperature
(>500°C) is too high to support peridotite serpentinization (Evans, 2004; Schwartz et al., 2013).
Furthermore, it would be difficult to have carbon dioxide or methane in vapour phase under high-
pressure and high-temperature conditions. Thus, the gas possibility can only explain the low ratios at
shallow depths (<7 km) with low temperatures (<500°C) where the peridotite is prevailing and its
serpentinization is able to occur and release gas (Allen and Seyfried, 2003; Klein et al., 2019).

Previous studies have indicated that the thick cracks (spherical pores) (Brantut and David, 2019; Kim
et al., 2019; Takei, 2002) can lead to the reduction of Vp/Vs ratios. Fluid saturation at low pressures
can also lead to low Vp/ Vs ratios (Spencer and Nur, 1976). The thick and wide cracks in the crust at
mid-ocean ridges, resulting from the extensional stress, can allow long-lived hydrothermal circulation
(Kim et al., 2019). The focal mechanism solutions have indicated some extensional stresses along the
Romanche transform fault (Yu et al., 2022, 2021), which likely supports the presence of thick and wide
cracks. This mechanism can only explain the observed low Vp/Vs ratios at shallow depths (<7 km).
However, in our study area, the low Vp/Vs anomalies extend down to 15 km (Fig. 7), where the

pressure is too high to support the presence of long-lived thick cracks.

The reduction in Vp/Vs ratios can also be attributed to the rock compositions. The abundance of quartz
can decrease Vp/Vs ratios, leading to low Vp and high Vs (Christensen, 1996; Powell et al., 2010),
which is consistent with our observations along the transform fault (cross-sections AA'—distance 10-
30 km and BB'—distance 0-20 km, in Fig. 7). However, our rock samplings have no evidence for high
components of quartz (Fig. 1b) (Maia et al., 2019). Recent studies indicate that orthopyroxene
enrichment in the peridotites will dramatically decrease the Vp/Vs ratios in the mantle wedge (Hacker
and Abers, 2012; Qian et al., 2018; Wagner et al., 2008) (Fig. 8c). Preliminary on-board study on the
dive samples collected during the SMARTIES experiment indicated that high components of
orthopyroxene and low proportions of olivine are present along the eastern end of the Romanche
transform, with an average value of orthopyroxene of 20-40%, reaching as high as >70% in some
samples (Maia et al., 2019). This is much higher than those found in the middle and western Romanche
transform fault (Tartarotti et al., 2002). Pure orthopyroxene at elevated temperature (~900°C) can have
very low Vp/Vs ratios, ~1.5-1.6 (Fig. 8c) (Jackson et al., 2007). But when high pressure is considered,
the Vs and Vp/Vs ratios will increase (Fig. 8c) (Hacker and Abers, 2012; Qian et al., 2018). It should

be noted that our unusual observations of low Vp/Vs ratios are located at depths shallower than 15 km,

8
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where the pressure is much lower than that in the mantle wedge (50-150 km). At shallower depths, the
S-wave velocity will be lower than that suggested by computations in the mantle wedge (Hacker and
Abers, 2012; Qian et al., 2018), and would better match our low-ratio patterns for the earthquakes
along the Romanche transform fault (Fig. 8c). The orthopyroxene abundance can result from extensive
water-rock interactions in the lithosphere (Smith et al., 1999). A recent tomography study indicates
that mantle hydration beneath the Romanche transform fault can occur as deep as 32 km (Wang et al.,
2022), which seems to support this hypothesis. The presence of orthopyroxene enrichment down to 15
km depth might also explain the rupture initiation at 16 km for the 2016 My, 7.1 earthquake (Hicks et
al., 2020). Orthopyroxene would have a weakening effect (Farla et al., 2013), allowing it to

accommodate stress at these depths, and hence causing rupture failure.

Similar low Vp/Vs ratios (~1.61-1.69) have also been found below the rupture area along the Gofar
transform faults, which is attributed to the metamorphic minerals (Liu et al., 2023). To produce
orthopyroxene-rich peridotites, a significant quantity of silica is needed in the mantle. Hauri et al.
(2018) suggested that there are recycled subduction zone materials in the mantle of the equatorial
Atlantic Ocean, which were imported as the Atlantic Ocean opened during the ancient lapetus Ocean.
The ancient and recycled subduction materials can be responsible for the silica abundance necessary
to crystallise orthopyroxene in the mantle, leading to the low Vp/Vs ratios along the transform fault.
However, this explanation cannot explain the low Vp/Vs ratios in the RTI where the velocities are slow

(Fig. 8c), but the anomaly is narrow.

Seismic anisotropy, mostly resulting from the crystal-preferred orientation of minerals, also affects the
Vp/Vs ratio. The crystal-preferred orientation of olivine can lead to high Vp/Vs ratios (Christensen,
2004). In contrast, both studies of chlorite and orthopyroxene indicate higher Vs anisotropy than Vp
anisotropy, which can reduce Vp/Vs ratios (Jackson et al., 2007; Kim and Jung, 2015; Mookherjee and
Mainprice, 2014). In addition, Figure 8d shows that the velocity can be significantly changed by the
angle between the wave propagation with the preferred plane of minerals. For the metasomatized
minerals, e.g., chlorite (Mookherjee and Mainprice, 2014) and amphibole (Ji et al., 2013), anisotropic
velocities for P and S waves along some propagating directions could contribute to some of the low
ratios we observe (Fig. 8d) (1.60-1.65), which have higher S-wave velocities than the values caused
by orthopyroxene enrichment (Fig. 8c). In the study region, large amounts of mylonitic peridotites
along the transform fault and fracture zone are observed (Fig. 1b) (Maia et al., 2019; Maia and Brunelli,
2020; Yu et al., 2021), and we can expect similar chlorite and amphibole compositions as those
deformed peridotites observed at the Southwest Indian Ridge (Kohli et al., 2021; Prigent et al., 2020).

Furthermore, in the Chain RTI, ~200 km south of our study area, a very recent seismic study indicates

9
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ridge-parallel anisotropy near the ridge axis caused by sub-vertical melt alignment and spreading-
parallel anisotropy away from the ridge axis produced by plate motions (Kendall et al., 2023). The
spreading-parallel fabric in the mantle could lead to fast S-wave velocity along the transform, which
may lead to the low Vp/Vs ratios we observed. The presence of vertically aligned melt beneath the
ridge axis (Kendall et al., 2023) also affects the Vp/Vs ratios. Therefore, the seismic anisotropy for

low Vp/Vs ratios cannot be ruled out but more seismic and geological evidence is required.
6 Conclusions

Using travel-time data of 514 microearthquakes recorded by a temporary network of OBSs, we present
the detailed structure of the crust and mantle around the eastern Romanche transform fault, RTI, and
MAR. High Vp/Vs ratios (~1.8-1.95) are only mapped north of the first oblique hill juxtaposed with
the RTI, indicating strong peridotite serpentinization, which is supported by altered peridotite samples
collected on the seafloor. This serpentinized region has also acted as a rupture barrier for the 2016 M,
7.1 large earthquake. Low Vp/Vs ratios (~1.6-1.7) are observed along the western portion of the
Romanche transform fault, which could be explained by the presence of thick and wide cracks at
shallow depths of 0-8 km and orthopyroxene enrichment at depths of 8-15 km, allowing the rupture
initiation at 16 km and super-shear in the shallow lithosphere for the 2016 My, 7.1 large earthquake.
Beneath the MAR axis, Vp/Vs ratios are mostly ~1.7, indicating the absence of serpentinization in the

mantle, and hence suggesting that magmatism is the dominant process at the ridge axis
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Fig. 1. Study area. (a) Location of the study region and other major oceanic transform
faults in the equatorial Atlantic Ocean. Red lines show the Mid-Atlantic Ridge (MAR)
and active transform faults. (b) Bathymetric map with petrology in the vicinity of the
eastern Romanche transform-ridge intersection (RTI), showing the seismic experiment.
The white lines indicate the faults along the transform. Rock samples are shown in
coloured symbols (see legends on the right top) (Bonatti et al., 2001, 1996; Maia and
Brunelli, 2020). The dashed blue and solid red lines indicate the non-transform
discontinuity and MAR, respectively. The triangles are the deployed ocean-bottom
seismometers (OBSs) during the SMARTIES cruise (Maia et al., 2019), of which the
grey ones were lost or had no data. The red star and blue stars indicate the 2016 My 7.1
Romanche earthquake and two subevents, respectively (Hicks et al., 2020). The dashed
red line shows the seismic refraction profile (Gregory et al., 2021; Wang et al., 2022).
25 Nautile dives presented in pie charts are from the SMARTIES cruise report (Maia et

al., 2019) and mylonitic peridotites are also marked. NTD=Non-transform discontinuity.
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corner of each map. The thick white dashed lines indicate that the restored amplitudes

are greater than 60%. The black lines indicate the locations of the Romanche transform
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46 Fig. 6. Results of a checkerboard resolution test for the S-wave tomography. The
47  same as Fig. 5 but for the S-wave tomography.
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Fig. 7. Tomographic results (a) Topography and seismicity, showing the location of
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wave (c) velocity anomalies, VVp/Vs ratio anomaly (d), Vp (e), Vs (f), and Vp/Vs ratio
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(DD’); and along the non-transform discontinuity and the MAR (EE’). The black
contour intervals for Vp, Vs and Vp/Vs anomalies are 0.4 km/s (b), 0.4 km/s (c), and
0.1 (d), respectively. The colour scales are shown on the right. Red circles and blue
squares on the top indicate the 20-km intervals for reference. The white shade on each
map indicates the region that cannot be well restored by the resolution tests in Figs. 5-
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6. (h) Vp/Vs ratios versus depths along the transform fault, RTI, and fracture zone
derived from the profile AA’ (see legend for symbols). (i) Vp/Vs ratios along the non-
transform discontinuity and MAR derived from the profile EE’. OCC=0ceanic core
complex; DF=Detachment fault. The other labelling is the same as that shown in Fig.

1.



66

67
68

69

70

71

72

73

74

75

76

7

78

S wave velocity (km/s) Porosity (%)
(@) 32 36 4.0 4.4 28 (B) 1 2 3 4 5
L 1 i L v 1 — i J 1 1 l' 1 i 1 i
/s = v * r=1 ] x
8.0 1.9// //1.8 g 24 @ r=2 // Fluid ...__’__l
i ® =5 A e
7.5+
& 7.0+
E
= o
%‘ o T 1.8
2 =] w
£ £
>
g
H
2 50+
Hypocentral velocity
5.5
// // P B along the Romanche TF
s s
e [l inthe RTI
5.0 // s f
e e W along the MAR
(c) (d)
1.85 1.85 =
& °
180 ol 180 ‘ e
= . .
o I = A
175y et L] 1,75 i o
] L] . L
a ﬁ'lﬂ'l:!r:F i.ﬁ.f l' ' A .f
1.?0———%”-?3 ﬂl% 1704 ———————— — — e
e Py g - o — . ¢
'@ E A .
2B —————————————— 21T ———————————
=3 a =
= . prs = 4 . .
1.0 Orthopyroxene (2-3 GPa & 800-1500°C) s x 160 P
[ JHacker & Abers, 2012 g ° 1 -i
1y - Ani 1 L
" [ Joanetai 2018 " L 198 ©pY v.a. propagaiion . =
" & e® *
] " 1 @ Orthopyroxene (800°C) °e
1809 Temperatre (°C) . 1509 @ Chlorite (rho=-2.67g/cm?) =
D 400 BOO 1200 ] - LI
bt Mo end-niember onhoem‘!al'rte & Amphibole (600 MPa)
.
1 -45 Ll T T T T L} T T ] 45 T T T L} T T T T
3.2 3.4 36 38 4.0 42 4.4 4.6 4.8 34 356 38 40 42 44 45 48 50 5=
S wave velocity (km/s) S wave velocity (km/s)

Fig. 8. Vp/Vs ratios. (a) P-wave velocity versus S-wave velocity at hypocenters of the
used microearthquakes derived from the tomographic results. The dataset is divided
into three subsets: earthquakes along the transform fault (red), in the RTI and the
fracture zone (green), and along the MAR (blue). (b) Vp/Vs ratios as a function of pores
filled with gas (red lines) or fluid (blue lines) for various aspect ratios (symbols). The
green belt indicates the Vp/Vs ratios between 1.6 and 1.7. (c) S-wave velocity and
Vp/Vs ratios, compared to the orthopyroxene isotropic velocities. The black (dashed)
rectangle represents the unusual values observed in this study. Red and blue rhombuses
are the velocities for orthoenstatite at 2-3 Gpa and 800-1500°C (Hacker and Abers,
2012; Qian et al., 2018). The red circles with colour scales are the results for the Mg
end-member orthoenstatite as a function of temperature (Jackson et al., 2007). (d)
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Velocity anisotropy versus wave propagations in the orthopyroxene (red circles)
(Jackson et al., 2007), chlorite (green squares) (Mookherjee and Mainprice, 2014), and
amphibole (blue triangles) (Ji et al., 2013).
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Figure S1. The starting one-dimensional (1-D) velocity models. Five 1-D models
(Models 1-5) are derived from an active-source wide-angle seismic refraction profile
(Wang et al., 2022). The grey shade represents the velocity of the crust with age less
than 7.5 Ma (Christeson et al., 2019). Model 5 is an average velocity model that has
been used to locate earthquakes (Yu et al., 2022). The yellow line indicates the
"minimum 1-D velocity model™ using the VELEST program (Kissling et al., 1994).
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Figure S2. Density distribution of P-wave rays at different depths. The layer depth
is shown in the top right corner of each map. The colour scale is shown at the bottom.
The red lines show the Romanche transform fault and Mid-Atlantic Ridge (MAR). The
red triangles are the deployed ocean-bottom seismometers (OBSs), of which the grey
ones were lost or had no data. The contours represent the ray density for P-wave rays.
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Figure S3. Density distribution of S-wave rays at different depths. The other
labelling is the same as that shown in Fig. S2.
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Figure S4. The first set of resolution tests. Results of a checkerboard resolution test
for P-wave tomography. The grid interval is 0.05°, ~5 km. The input amplitudes of the
velocity perturbations are £+4%, whose scale is shown at the bottom. The thick white
dashed lines indicate that the restored amplitudes are greater than 60%. The black
triangles are the deployed OBSs, of which the grey ones were lost or had no data. The
thick black lines show the Romanche transform fault and MAR. The other labelling is
the same as that shown in Fig. S2.
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Figure S5. The first set of resolution tests. The same as Fig. S4 but for S-wave
tomography.
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Figure S6. The second set of resolution tests. The same as Fig. S4 but the grid interval
is 0.15°, ~15 km.
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Figure S7. The second set of resolution tests. The same as Fig. S6 but for S-wave
tomography.



0
dvp (%)

Figure S8. Map views of the inverted P-wave velocities. The lateral grid spacing is
0.10°. The red colour indicates low-velocity anomalies, whereas the blue colour
indicates high-velocity anomalies, whose scales are shown at the bottom. The black
triangles are the deployed OBSs, of which the grey ones were lost or had no data. The
other labelling is the same as that shown in Fig. S2.



Figure S9. Map views of the inverted S-wave velocities. The other labelling is the
same as that shown in Fig. S8.



Figure S10. Map views of the Vp/Vs ratios. Red and blue colours indicate Vp/Vs ratio
anomalies in reference to the ratio of 1.73, respectively. The other labelling is the same

as that shown in Fig. S8.
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Figure S11. S-P travel times (normalized to the P wave travel time) at different
OBS stations. The blue triangles show the S-P times ((ts-tp)/tp) along the southern
Romanche transform fault at OBSs 03-06, 09-10; the red circles show the results in the
north of the Romanche transform fault (OBSs 02,07, and 12); the brown squares
indicate the results in the RTI region (OBSs 11-14); the green diamond marks these
values along the Mid-Atlantic Ridge (OBSs 01, and 16-19). The location of OBS
stations could be found in Figs. 1 and 7.
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Figure S12. Histograms of Vp/Vs ratios at the hypocenters of the located
microearthquakes. Red, green, and blue columns show the ratios for earthquakes
located along the transform fault (TF), in the ridge-transform intersection (RTI), and
along the MAR, respectively.
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Fig. S13. P-wave velocity versus S-wave velocity as a function of porosity for
various aspect ratios using the differential effective medium theory (Taylor and
Singh, 2002). (a) Pores filled with fluid (water). The different symbols (star, circles,
diamond, hexagon, inverted triangle, square, and triangle) indicate various aspect ratios
ranging from 1 (spherical inclusion) to 100 (thin film). The porosity varies from 0% to
5%, whose colour scale is shown in the inset map. Four dashed lines indicate the Vp/Vs
ratios from 1.6 to 1.9. (b) Pores filled with gas. The other labelling is the same as that
shown in (a).
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