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SUMMARY

We used broad-band ocean bottom seismometer data from the RHUM-RUM (Réunion Hotspot
and Upper Mantle - Réunions Unterer Mantel) experiment to derive the compliance function
and estimate the shear velocity (V) structure of the subsurface at several sites beneath the In-
dian Ocean. The primary objective is to map the geological features of poorly explored marine
regions, utilizing the compliance function, a measure of seafloor deformation in response to
infragravity pressure signals at low frequencies (0.003 to 0.04 Hz). Compliance is the transfer
function between vertical displacement and pressure, which is most sensitive to subsurface
shear velocities. Our analytical process involves several data processing steps, including the
removal of glitches, filtering out seismic events, minimizing tilt effects, calibrating pressure
gauges, searching over the frequency and coherence domains to determine the optimal data
window and performing depth-velocity inversion using Monte Carlo method, specifically the
Metropolis—Hastings algorithm. We present the ‘ComPy’ software, which automates these
processing steps for seafloor compliance analysis. The data, recorded over 13 months in 2012—
2013 over a large region stretching from La Reunion Island to the Central Indian Ridge and
the South—West Indian Ridge (SWIR) (water depths of 3 to 5 km), confirm the stability of the
compliance function over time. Depth-velocity inversions of the derived compliance measure-
ments, using the Metropolis—Hastings algorithm, illuminate the ¥ structure of the oceanic
crust down to 8 km. Low V; anomalies in the crust at the SWIR are consistent with significant
serpentinization of a crustal component of tectonically exhumed mantle-derived peridotites.

Key words: Oceanic crust; Inversion; Indian Ocean; Monte Carlo methods; Crustal imaging;
Mid-Ocean ridge processes..

1988; Cannat ef al. 1999). The evolution of the RTJ reflects major

I INTRODUCTION reorganizations in Indian Ocean spreading systems since the Late

Oceanic crust formation at mid-ocean ridges arises from the inter-
play of tectonism, magmatism and hydrothermal alteration, with
spreading rate and mantle conditions governing distinct crustal
characteristics. This study focuses on a geologically diverse re-
gion of the Indian Ocean, encompassing the oceanic Somali Plate
and three major mid-ocean ridges: the Central Indian Ridge (CIR;
spatial extent: 25°S to 1°S, 65°E to 70°E), the Southwest Indian
Ridge (SWIR; 25°S to 55°8S, 0°E to 70°E), and the Southeast Indian
Ridge (SEIR; 25°S to 60°S, 70°E to 160°E), which converge at
the Rodrigues Triple Junction (RTJ; 25°S, 70°E). The Somali Plate
exhibits variable sedimentation and lithification patterns, shaped
by complex tectono-sedimentary processes. The region features an
intermediate-spreading ridge (CIR, ~30-49 mm yr~!; e.g. Krishna
1996; Drolia et al. 2000; Kamesh Raju ez al. 2012) and an ultraslow
spreading ridge (SWIR, ~13-16 mm yr~!; e.g. Patriat & Segoufin

Cretaceous, including changes in ridge segmentation and asymmet-
ric spreading (Miiller et al. 2008). This first-order tectonic bound-
ary, shaped by divergent plate motions and variable spreading rates,
gives rise to significant variations in crustal and upper mantle struc-
ture. This geodynamic diversity provides a rare natural laboratory
to investigate active processes such as serpentinization and magma-
tism, which are central to lithospheric formation and hydrothermal
alteration.

Our investigation, based on the analysis of oceanic crust struc-
ture, leverages data from several isolated ocean-bottom seismome-
ter stations. This approach demonstrates how high-resolution local
measurements can be used to explore and illuminate large-scale
geodynamic phenomena. Spreading regimes, thermal gradients, and
tectonic processes collectively shape oceanic crustal structure and
evolution (Searle 2013). One method for probing crustal structure is
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through the analysis of seismic shear wave velocity models. These
models make it possible to assess crustal lithology, fluid content,
sediment characteristics and temporal evolution. One difficulty in
obtaining such models is that accurate measurements of shear waves
at the ocean bottom pose significant technical and scientific chal-
lenges, due to the difficulty of artificially generating shear waves
beneath the ocean. (e.g. Hulme et al. 2003; Crawford & Singh
2008; Ruan et al. 2014). The seafloor compliance is a measure
of the seafloor response to the pressure created by oceanic infra-
gravity surface waves. Compliance is an effective technique for
constraining the shear velocity (V;) of the oceanic crust (Bradner
1963; Yamamoto & Torii 1986), and particularly low shear veloc-
ity regions associated with fluids or fluid-based alteration Craw-
ford (2004). Compliance measurements require simultaneous and
well-calibrated seismological and pressure measurements in the fre-
quency band from 0.003 to 0.1 Hz (Crawford ef al. 1991).

Subsurface V; values are estimated from compliance measure-
ments using geophysical data inversion (Crawford et al. 1991).
This method has proven especially valuable in regions with low-
velocity anomalies, which are challenging to image using active
seismic methods (e.g. Yamamoto & Torii 1986; Crawford & Singh
2008; Ruan et al. 2014). The method can be used to estimate subsur-
face structure and the existence of low-velocity anomalies in poorly
explored areas, including single-site measurements. In this case,
compliance can be used to construct a 1-D ¥ model that represents
the average structure over a horizontal extent similar to the depth in
the model (Crawford et al. 1998). Compliance at deep-ocean sites
(>1500 m water depth) is generally sensitive to the first 6-10 km
of subseafloor structure (Crawford ef al. 1998).

Seafloor compliance studies have provided new insights into var-
ious aspects of oceanic crustal geology, ranging from the behaviour
of gas hydrates to the dynamics of magmatic systems (Willoughby
& Edwards 1997; Crawford et al. 1998). Recent studies have high-
lighted the use of seafloor compliance measurements to advance
our understanding of faulting and hydration of oceanic upper crust
generated by continental rifting (Kuo et al. 2015) and the distri-
bution of magma beneath oceanic spreading centres (Crawford &
Webb 2002; Doran & Crawford 2020).

Wang et al. (2010) demonstrated that the quality of seafloor com-
pliance measurement is significantly influenced by sea state condi-
tions, with high-coherence data favoured by shallow waters and
rough seas. Recent advances in compliance measurements include
the first consistent observations of horizontal seafloor compliance
induced by infragravity waves, whose generation is primarily con-
fined to the near-coastal environment (Doran & Laske 2016).

Methodologies developed to minimize tilt effects in ocean bottom
seismic records (e.g. Crawford & Webb 2000; Bell ez al. 2015; Tian
& Ritzwoller 2017; Janiszewski et al. 2019; Harmon et al. 2022),
have further improved our ability to measure seafloor compliance.
These techniques have played a crucial role in minimizing the im-
pact of different types of noises on the vertical channel, improv-
ing seismic signal detection and enabling more precise compliance
measurement. Despite these advancements, there is still a need for
improved methodologies to increase the accuracy of seafloor com-
pliance measurements and to estimate high-resolution V5 models
from measured compliances.

We present here a new consistent compliance measurement and
inversion methodology, taking into account recent developments
in glitch removal (Deen et al. 2017), tilt reduction (Janiszewski
et al. 2019; Harmon et al. 2022) and inversion (Zha & Webb 2016;
Mosher et al. 2021b). We also designed a new approach to invert
the compliance function for depth structure, which significantly

increases the accuracy and resolution of the resulting V; model,
offering an enhanced level of detail for understanding subsurface
dynamics. This technique is based on Monte Carlo inversion, en-
hanced by introducing constraints based on fractions of prior models
and the lithological and tectonic characteristics of the ocean floor,
such as sediment layers with varying degrees of consolidation or
serpentinized peridotites with different degrees of alteration, as well
as the approximate depth of the Moho. Although Monte Carlo can
explore a wide range of models, our approach refines this explo-
ration to enhance efficiency and accuracy by incorporating adaptive
step sizes and measurement uncertainties into the cost function,
which accounts for discrepancies between measured and theoreti-
cal uncertainties, improving the search efficiency of the inversion
process. The ability to incorporate measurement uncertainties into
the inversion process and to provide uncertainty estimates for the in-
verted model are additional advantages of the Markov Chain Monte
Carlo (MCMC) method. Furthermore, including prior constraints
is a pragmatic strategy, as these constraints help ensure that the
resulting model is physically realistic.

We use data from the RHUM-RUM experiment (Barruol &
Sigloch 2013), which recorded high-quality seismic and pressure
data for more than one year at several broad-band ocean bottom
seismometer (BBOBS) stations in the Indian ocean, in various tec-
tonic contexts (Fig. 1). Using measured compliances, we estimate
1-D ¥; models of the oceanic subsurface, using a Monte Carlo inver-
sion (Mosegaard & Tarantola 1995). The different crustal models
obtained in these different tectonic contexts (off-axis oceanic crust,
mid-ocean ridge crust formed at an ultraslow and at an intermediate
spreading ridge) are a first step towards investigating the dynamic
evolution of the oceanic crust beneath the Indian Ocean.

2 THEORY

2.1 Seafloor compliance

The vertical seafloor compliance, ¢(w), as a function of angular
frequency w, is defined as the ratio between the spectra of the
vertical displacement, u.(w), and the vertical stress, 7..(w), at the
seafloor (Sorrells & Goforth 1973):

u;
(@)= ~(w) M

Vertical ground displacement and stress at the ocean bottom are
due to passing free infragravity waves (e.g. Bertin et al. 2018). Free
infragravity waves are generated by the grouping of shorter ocean
surface waves, followed by shoaling and reflection at an ocean—land
boundary. They have low frequencies ranging from 0.005 to 0.05 Hz
and penetrate down to the ocean floor (Herbers et al. 1994; Rawat
et al. 2014).

Their wavenumber k(w) is computed using the linear ocean sur-
face gravity wave dispersion relation:

»? = gk(w) tanh(k(w)H), )

where w is the angular frequency, g is the acceleration of the earth’s
gravity and H is the ocean thickness. We approximate the tanh
function as proposed by Mosher ef al. (2021a) :

7)) < x < 2.96

= 27+49x2
tanh() = T T h0s ®

which uses a quartic equation for x, guaranteeing stability at the cost
of up to 2 per cent error. Sorrells & Goforth (1973) first computed
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Figure 1. Overview map of the RHUM-RUM experiment’s BBOBS used in this study (triangles labelled with station names), superimposed on seafloor
bathymetry. Dotted lines indicate the ridge axis (SWIR: South-West Indian Ridge; CIR: Central Indian Ridge; SEIR: South-East Indian Ridge). The inset map

shows the location of the experiment area, delineated by a box.

the compliance for a uniform half-space:
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where A is the Lamé parameter related to the material’s compress-
ibility, and p is the shear modulus that measures the resistance to
shear deformation. This ratio is affected by the characteristics of the
seabed material, primarily its stiffness, which refers to the material’s
overall resistance to deformation under applied forces. Given that
A, and p are positive values, it follows that all the corresponding
partial derivatives with respect to the Lamé parameters are negative.
This implies that any increase in the values of the Lamé parame-
ters will lead to a reduction in the vertical compliance magnitude
(Crawford et al. 1991). The compliance function is more sensitive
to variations in p than to changes in A. This sensitivity makes it
effective for detecting material’s shear strength/velocity variations.

In a more realistic 1-D layered Earth model, the vertical compli-
ance defined by eq. (1) is computed numerically using the matrix-
propagator method (Kennett 2009). We use an implementation of
the minor vector propagator written by Gomberg & Masters (1988).
Henceforth, whenever we mention compliance, we implicitly mean
normalized vertical compliance, 1(w), which is obtained by multi-
plying the compliance by the wavenumber of infragravity waves, to
remove the masking effect of the ocean water depth.

n(w) = k(@)¢ (o) ©)

2.2 Compliance measurements

The measured compliance, denoted as 7j(w), is computed as follows:

) — ko) (o | @)
) = Kl 2 (6)

where S.(w) and S'p(w) are the power spectral density of the mea-
sured vertical displacement and pressure respectively. Their coher-
ence, Vp-(), is defined as:

G ()P
)/PZ (a)) - S,p(w)s,z ((1)) ’ (7)

where C p-() is the cross-power spectral density between measured
pressure and vertical displacement. We calculate Sz(a)) and S'p(a))
and épz(w) using Welch’s method (Welch 1967). The inclusion of
coherence in eq. (6) removes the effect of non-pressure sources of
displacement at the seafloor, assuming that all other noise is on the
seismometer channel (Crawford et al. 1991).

We estimate the uncertainty € of the measured compliance as
follows (Bendat & Piersol 1993):

J1= 72

e[In(w)] = m

i)l ®)
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with ny the number of data windows used to calculate the co-
herence function and spectra. In this study, we used more than 500
time windows per station. Compliance calculations followed the
method of Rebeyrol ez al. (2024), using a 0.005 Hz resolution in the
infragravity wave range.

3 DATA SET

The RHUM-RUM experiment (Barruol & Sigloch 2013), conducted
from November 2012 to October 2013, is designed to investigate
the Indian Ocean near La Réunion Island. This ambitious study
deployed 57 Ocean Bottom Seismometers (OBS) across a sprawling
area exceeding 4 million square kilometers, gathering seismological
data in a region marked by complex geological features.

Nine of the broad-band stations were equipped with Nanometrics
Trillium 240 seismometers and differential pressure gauges, capa-
ble of measuring seafloor compliance. These stations recorded at a
sampling rate of 62.5 Hz and obtained the best sensitivity of all sta-
tions for periods longer than 10 s (Stdhler et al. 2016). One of these
stations had a noisy pressure channel, so we analyses compliance
for the remaining eight. The differential pressure gauges (Cox et al.
1984) record pressure fluctuations efficiently in the 0.002-30 Hz
frequency range. Selecting highly sensitive sensors with a wide
frequency range is crucial for obtaining high-resolution seafloor
compliance measurements.

Fig. 1 presents the location of these BBOBSs, the seafloor
bathymetry, and major structures. The water depth ranges from
2918 to 4829 m over these stations. The distribution of these sta-
tions spans a diversity of geodynamic settings:

e Mid-ocean ridges (on or near the spreading ridge axes); in-
termediate spreading CIR with a spreading rate of 23 mm yr~!
at station RR52; ultraslow spreading SWIR with a spreading rate
of 14 mm yr~! at stations RR36, RR38 and RR40; RTJ at station
RR50. A high-resolution bathymetric grid map displaying stations
on the mid-ocean ridge is provided in the Supporting Information,
Fig. S2, which includes cross-sections both orthogonal to and along
the ridge axes, as well as the specific locations of the stations.

e Intra-oceanic Somali plate; RR28 situated on a 64.5-million-
year-old lithosphere 300 km away from the La Réunion hotspot,
overlain by a 145 m sedimentary layer; RR29 on a 70-million-year-
old lithosphere 500 km distant from the La Réunion hotspot, with
a sedimentary cover of 110 m; and RR34 located on a 57-million-
year-old lithosphere 1250 km from the La Réunion hotspot, capped
by a 400 m sedimentary layer, offering a diverse range of data points
for analysis, The age of the plate and thickness of the sedimentary
layers are from Miiller ez al. (2008) and Straume et al. (2019).

4 DATA PROCESSING, COMPLIANCE
MEASUREMENT AND SHEAR
VELOCITY INVERSION

The recorded data at the ocean bottom are contaminated by various
types of events and noise, such as local and global earthquakes,
periodic transient noise and tilt, making it challenging to measure
the compliance. To remove or minimize these undesired signals,
we pre-processed the data and chose best-quality time windows
for analysis as explained below. Fig. 2 presents the full processing
flowchart, encompassing data pre-processing and the main process,
essential for estimating the V; model beneath the OBS. In the fol-
lowing sections, we present a detailed analysis of one year of data
from station RR52, located on the CIR. Data processing for the
other stations is illustrated in Fig. S3 (Supporting Information).

Our focus is to demonstrate the influence of pre-processing and
processing stages on seismic and pressure data, ultimately aiding in
the computation of a compliance function with reduced bias within
the compliance frequency band.

Fig. 3 shows power spectral density (PSDs) of the vertical seis-
mological channel at different pre-processing stages. Although we
use the seafloor displacement to calculate compliance, we show
the corresponding PSDs with respect to acceleration in order to fa-
cilitate comparison with standard seismological noise spectra. We
calculated the PSDs using Welch’s method (Welch 1967), eliminat-
ing time windows in which any seismometer component is satu-
rated and unusable, then removing the instrument response. These
processes collectively reduce the noise level on the vertical chan-
nel by 20 dB within the compliance frequency band (infragravity
frequencies), leading to the emergence of the characteristic compli-
ance peak approximately centred at 0.01 Hz. This reduction unveils
the compliance effect on the PSD, seen as a distinct bump around
0.01 Hz, highlighted in pale green in Fig. 3. To better reveal this
effect, we also plot the PSD with the compliance signal removed
using the generalized method of Webb & Crawford (1999).

4.1 Data pre-processing

4.1.1 Tilt reduction

If the seismometer’s vertical channel is misoriented from the grav-
itational field, tilting caused by ocean bottom currents, which pri-
marly affects the horizontal channels, leaks onto the vertical record
(Bell et al. 2015).The seismometer may be misaligned with the
gravitational field because of imperfect calibration or precision of
the leveling system: subsequent drift from this initial alignment
is primarily attributed to the seismometer’s settling (Tolstoy et al.
1998). To minimize this effect, we use hourly synthetic rotation
corrections to realign the seismometer’s vertical channel with the
gravitational field.

We use the same methodology as Harmon et al. (2022) to identify
the optimal tilt rotation angles, by minimizing the variance of the ro-
tated vertical component, without needing to know the instrument’s
horizontal geographic orientation. By converting /4,(¢) and /,(%),
two horizontal channels, into a radial components along the tilt di-
rection and a tranverse component, the tilt correction is optimized.
A subsequent rotation between the vertical and radial components
reduces the noise energy of the rotated vertical component. After
determining the optimal angles, we apply the rotation to the raw
data to achieve tilt-corrected data.

Fig. 4 illustrates hourly measurements of azimuth and incident
angles for station RR52 over the period from 2012 October 20 to
2013 October 11 (hourly measurements for the other stations are
illustrated in Figs 4 and 5). The incident angle is a measure of the
seismometer’s tilt away from the vertical axis, while the azimuth is
a indication of the tilt direction relative to one channel’s positive
axis, identified here as /. The colour intensity of each data point
represents the common logarithm (base 10) of variance reduction,
with darker colours indicating higher variance reduction, and lighter
colours indicating lower variance reduction.

The azimuth and incident angles both increase over the first seven
months after the deployment of the seismometer (Fig. 4). This pro-
gressive increase was followed by a jump on 2013 May 2 and then a
gradual stabilization. We attribute the stabilization to the seismome-
ter settling onto the ocean floor. By the end of the deployment, the
seismometer had almost completely settled, as evidenced by the
flattening of the azimuth and incident angle curves.
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Figure 2. Flowchart illustrating the data pre-processing and main processes for estimating the shear velocity (V) model beneath the OBS.

4.1.2 Identification of global earthquakes and local events

In the next stage, we mitigate the impact of global and local seismic
events. These events have a different pressure-acceleration relation
than does seafloor compliance, so they could generate a strong
coherence but an inconsistent transfer function (Doran & Laske
2016).

To identify global seismic events, we use the United States Geo-
logical Survey (USGS) catalogue of earthquakes with a magnitude
(My,) exceeding 5.5. Following the methodology described in Deen
et al. (2017), we exclude time periods for earthquakes exceeding a
magnitude of 6 according the equation Teycyge = (My — 5.85) % 36
hr. For example, 5.4 hr of data will be excluded after a magnitude 6
earthquake and 41.4 hr will be excluded after a magnitude 7 event.

To identify local events such as earthquakes, we employed the
methodology described in Withers et al. (1998), consisting of a
recursive STA/LTA trigger to estimate P-wave arrival times, after
which we remove the events from the data. For earthquakes, we
removed data corresponding to the duration of the P-wave and sub-

sequent seismic phases, typically spanning several minutes based
on the event’s characteristics and arrival time patterns.

4.1.3 Transient glitch removal

The BBOBS whose data we use are affected by a periodic transient,
induced about every hour by a serial interrogation of the seismome-
ter’s mass centre positions. These transients induce up to 20 min of
noise at each occurrence and significantly contaminate the signal
across a broad and extended frequency range.

To mitigate this specific noise, we followed the method of Deen
et al. (2017). First, the data are segmented into intervals corre-
sponding to the glitch periodicity. Subsequently, the aligned data
segments are stacked to obtain the average glitch and this average
glitch is then convolved with a comb function to generate a synthetic
transient-only signal, which is subtracted from the real data. The av-
erage glitch is valuable for identifying and subsequently eliminating
any residuals from the steepest section of the pulse. To achieve this,
each glitch present in the data is fitted with a sum of one left-shifted
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Figure 3. Vertical channel PSDs for different stages of seismic data preprocessing at station RR52. (a) the raw data (B H Z); (b) after tilt correction and removal
of local and global events (B H Z'); (c) after transient noise (glitch) elimination (B H Z”); (d) after removing coherent noise using the transfer function method
(BHZ'"); () comparison of median PSDs for each stage, highlighting the compliance bump , (B H Z"") shows the data after removing compliance.

and one right-shifted average pulse. This fitting process involves
two free parameters, which correspond to adjusting the amplitude
and the position of the glitch within a range of plus or minus one
sampling interval. By accurately fitting these shifted average pulses
to the glitches, we effectively remove the glitches from the data.
More details and the effect of this stage on the vertical seismic data
are provided in Fig. S1 (Supporting Information).

4.1.4 Coherent noise removal

To remove the coherent noise, primarily the residual tilt effect, from
the vertical channel, we employ a modified version of the trans-
fer function method described by Crawford & Webb (2000). This
involves removing the coherent energy of the horizontal channels
from the vertical channel in frequency domain.
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Figure 4. Hourly tilt azimuth and incident angles minimizing variance on the vertical channel, for one year at station RR52.

To implement this method, we segment data into sub-windows
(varying between 12 and 24 hr depending on data quality), then com-
pute coherence functions J.;,, J.;, between the horizontal channels
(itl(z) and fzz(t)) and the vertical channel for each segment using
eq. (7).

We first remove the coherent energy of the dominant horizontal
channel, lAzDommam(l), with higher coherency with the vertical chan-
nel, from the vertical channel before addressing the weaker hori-
zontal channel, which corresponds to the one with lower coherency.

The transfer function between the vertical and the horizontal
channels, f}h(w) is:

N )
Tzh (w) - Sh (w) (9)

To remove coherent tilt noise from the horizontal channel of the
vertical channel, we use the following equation:

So(w) = 8.(0) = o) - Top(w) (10)

where S’zr is the corrected vertical channel from the initial or domi-
nant horizontal channel. To eliminate the energy contribution of the
second horizontal channel from the corrected vertical channel (S'z/),
we use eq. (10) for the second horizontal channel. This time, we
treat the second horizontal as the dominant horizontal, and instead
of 8., we use 8. in eq. (10), eq. (9) and eq. (7).

We perform the tilt correction in two steps because the first ro-
tation step (Section 4.1.1) enhances the removal of glitches by pre-
serving the waveform, thus ensuring that the stacking of glitches
is performed on non-deformed data. During the second tilt correc-
tion using the transfer function method (this section), the remaining
coherent energy with horizontal channels in the frequency band of
interest are eliminated from the vertical channel.

4.1.5 Pressure gauge calibration

It is difficult and perhaps futile to calibrate differential pressure
gauge (DPG) in the laboratory, because their response depends on
the compressibility and viscosity of the gauge’s oil, which in turn
depends on the seafloor temperature and pressure (Doran et al.
2019). To calibrate the DPG in situ, we specifically utilized the
measured and theoretical pressure-acceleration transfer function,
following the methodology described by Zha & Webb (2016) and
Ruan et al. (2014). This involves fitting, for teleseismic events with
M, > 7, the measured spectral ratio of Rayleigh waves between the
pressure and vertical channels to the theoretical spectral ratio. To
accurately detect the arrival times of teleseismic Rayleigh waves,
we employ PhaseNet (Zhu & Beroza 2019), a deep-neural-network-
based arrival-time picking method, followed by an analysis of am-
plitude variations after P- and S-wave arrivals to estimate Rayleigh
wave arrivals.

Fig. 5(a) illustrates the coherence function between pressure and
vertical acceleration induced by teleseismic large earthquakes. By
applying a median filter in the frequency-coherence domain, specif-
ically targeting the Rayleigh wave frequency band, we can identify
and use events with high coherence (close to 1) within the Rayleigh
wave frequency band, thereby reducing bias in our calculations;
Fig. 5(b) displays the normalized spectral ratio (divided by water
weight, ph) of high-coherence teleseismic large events. We com-
puted the gain factors by implementing a grid search method to
align the theoretical pressure—acceleration (p/a) spectral ratio with
each measured ratio (green lines) multiplied by the gain factor.

The DPG gain factors in this study range from 0.6 to 0.8 and
do not change over time. Table 1 presents the gain factor associ-
ated with each OBS, along with the OBS locations and frequency
band limits that we will use in the next section for the compliance
measurements.
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Figure 5. (a) Coherence between pressure and vertical acceleration in response to teleseismic earthquakes at Station RR52, for selected events having high
coherence. The median coherence is shown, with the vertical dashed lines marking the boundaries of the Rayleigh wave frequency band used in this method.
(b) Normalized spectral ratios for these events, showing the alignment of theoretical ratio with observed ratios. The corrected spectral ratio, achieved by
multiplying the observed ratio with the optimal gain factor, is shown in dashed line.

Table 1. Table of Station Information, which includes gain factors calculated using data from at least seven large
teleseismic earthquakes per station, along with geospatial data from other studies.

Station Latitude [°] Longitude [°] Depth [m] Gain Factor Frequency™ [Hz]
RR28 —22.7152 53.1595 4550 0.78 £ 0.039 0.0066-0.0162
RR29 —24.9657 51.7488 4829 0.70 £ 0.035 0.0061-0.0147
RR34 —32.0783 522114 4265 0.58 £ 0.029 0.0071-0.0152
RR36 —33.7018 55.9578 3560 0.64 £ 0.032 0.0076-0.0188
RR38 —30.5650 59.6858 4560 0.60 £+ 0.030 0.0066-0.0162
RR40 —28.1461 63.3020 4780 0.74 £ 0.037 0.0081-0.0157
RR50 —25.5182 70.0222 4118 0.68 £+ 0.034 0.0071-0.0152
RR52 —20.4723 68.1094 2918 0.67 £0.034 0.0071-0.0193

Frequency* = Frequency Limits of Compliance Function.

We incorporate the measured pressure gain factor into our Shear
Velocity Inversion (Section 4.3), allowing the gain factor to vary by
amaximum of 5 per cent (standard deviations of gain factor results)
from its initial value (average of the resulting factors) to account
for uncertainty. As shown in the table, this uncertainty is about 5
percent. By adding this to compliance uncertainty, we achieve a
more reliable estimate of the output model uncertainty.

4.1.6 Gravity term correction

Seafloor vertical acceleration measurements are not only sensitive
to the desired ground motion ay4, but also to the gravitational at-
traction of the ocean waves, a,,, and the change in distance from
the earth’s centre of mass, a. (Crawford et al. 1998). For seafloor
depths between 2.9 and 4.8 km, compliance is measured in the fre-
quency band from approximately 0.006 to 0.019 Hz. In this band, a4
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Figure 6. Spectrograms of station RR52 over a one-month period, featuring average values within the compliance frequency band, include: (a) calibrated
pressure, (b) its median values and the smoothed values of the median, (c) corrected vertical acceleration, (d) its median values, and (e) coherogram between
calibrated pressure and corrected vertical acceleration, with (f) its average values. Vertical dashed lines indicate the frequency limits of the compliance band.
In panel (f) shaded areas highlight selected windows with higher coherency than the coherence threshold, represented by a vertical dashed line, set at 0.8.

is dominant and «, is negligible, but a,, can increase the measured
compliance by up to 5 per cent at the lowest frequencies. To avoid
underestimating deep velocities, the effect of a,, must therefore be
removed from the acceleration signal before measuring compliance
(Crawford et al. 1998). We use eq. (11) to calculate a,, on the basis
of the measured pressure signal (Crawford ef al. 1998; Zha & Webb
2016), then we subtract it from aq.

Ay = 2 Gpyhye ™! (11)

where G ~ 6.6732 x 107" Nm? kg2 is the gravitational constant
of Earth, p, &~ 1040 kgm™ is the water density, «(w) is the ocean
infragravity wavenumber, H the ocean depth, and /4, represents the
sea surface displacement determined from the pressure signal.

4.2 Compliance measurement

We calculate compliance using 35-min time windows. We estab-
lished criteria to select the optimal time windows for calculating the
compliance function. In order to minimize bias errors, we choose
windows that demonstrate a median coherency greater than 0.8 be-
tween pressure and processed vertical component in the compliance
frequency band. To filter out windows with anomalous spectra, we
also established two conditions based on the amplitude of the PSD.
These conditions dictate that, in the compliance frequency band,
the pressure PSD should fall between 10 and 50 dB (in units of
[Pa?/Hz]) and the PSD of vertical component in acceleration should
be within the range of —170 to —150 dB (in units of [(m/s*)? /Hz]).

Fig. 6 presents, for station RR52, the spectrogram of calibrated
pressure data, the processed vertical acceleration, the coherogram
between the two, and the average values of each in the compliance
frequency band.

The coherogram exhibits periodic behaviour in the compliance
frequency band, with an approximately 3.5-d cycle (Fig. 6f). This
pattern suggests a potential correlation with lunar phases, waxing
and waning, indicating that the Moon’s gravitational tidal forces
notably influence compliance measurement.

Coherence is generally maximum when the vertical acceleration
is at its minimum, indicating a direct correlation between these two
parameters, although there are also cases of high coherence when
the vertical acceleration is at its maximum. The high concentration
of selected windows when the vertical acceleration is at its minimum
probably occurs because there is less noise, allowing the compliance
component to be more apparent.

After identifying the optimal windows, we calculated compliance
using eq. (6). Fig. 7 shows PSDs, coherence and compliance for each
window (PSDs, coherence and compliance measurement. We use
the coherence function between the vertical acceleration and pres-
sure for the selected time windows (Fig. 7c) to define the frequency
limits of the compliance measurement: here, we use the range in
which the mean coherence exceeds a threshold value of 0.8 (vertical
dashed black lines). While the theoretical formula from Crawford
et al. (1991) provides a range for the maximum cut-off frequency of
infragravity wave-induced seafloor pressure, the coherence function
helps determine the precise frequency limits, typically at the upper
end of this range. We set threshold values based on the goal of ob-
taining at least 500 time windows per station to ensure statistically
significant results. At stations with lower data quality, a threshold of
0.8 allowed us to meet this target by including a sufficient number
of data points, despite some noise. For higher-quality stations, we
used a 0.9 threshold, enhancing data integrity while still achieving
the required 500 windows.

4.3 Shear velocity inversion using the
Metropolis—Hastings method

In this study, we invert the measured compliance to estimate the
Vs model of the ocean bottom subsurface using the Metropolis—
Hastings method, a robust nonlinear Bayesian inversion tech-
nique (Mosegaard & Tarantola 1995). This approach is not in-
fluenced by initial model assumptions and effectively handles the
non-convex nature of seismic inversion problems (Zha & Webb
2016). The inversion is executed by perturbing a previous model
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Figure 7. Selected time windows from station RR52, illustrating the PSD of seismic data with corrected vertical acceleration (a), PSDs of corrected pressure
data (b), the coherence function between vertical acceleration and pressure (c), and the final compliance measurement with error bars (d), Vertical dashed lines
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corresponds to 35 min of data, showcasing detailed intervals within the data set.

m;_; to propose a new model m;, with acceptance based on
the likelihood function L(m) which combines the misfit function

pred

2
obs _
x2(m) = + Iy <"i"'> , where N is the number of data,

and a roughness measure R(M) (Mosegaard & Tarantola 1995).
The likelihood function, L(m), is described as:

Lon) = exp (=31 0n) + aROn) ) (12

where « is a Lagrange multiplier adjusting the weight of the con-
straints, selected via the L-curve approach to balance smoothness
and fit. In our approach, the roughness measure R(M) is determined
by squaring and summing the second-order derivative, usually a
Laplacian, of the ¥ model to gauge curvature.

The probability of accepting the new model is:

1 if L(m;) < L(m;_1)
Pa= exp (M) otherwise (13)

We propose new models by randomly perturbing either the Vs or
the thickness of a random layer. During the inversion process, the
density and compressional velocity (prescribed from the CRUST1.0
model) are kept constant, as compliance is primarily sensitive to the

shear modulus. Consequently, variations in these parameters do not
influence the shape or amplitude of the compliance function.
Model parametrization involves adjusting hyperparameters like
a, Vs step size and layer thickness step size to optimize the model
while preventing overfitting. The parameters are determined through
a grid search aiming for an acceptance rate of 70 to 90 per cent, en-
suring efficient convergence (Goffin 1977; Roberts et al. 1997).
Uncertainties in the compliance measurement, such as noise in-
troduced during the recording and the post-correction, coherence
thresholds, and calibration variability, are incorporated into the in-
version through the likelihood function in the Metropolis—Hastings
algorithm. These uncertainties are reflected in the variability of the
Vs models, with broader compliance error bars leading to reduced
model resolution and confidence intervals, particularly at stations
with lower data quality (e.g. RR40). Prior knowledge and the geo-
logical context of each station, played a significant role in reducing
uncertainties in the resulting shear velocity models by filtering out
geophysically implausible results during the inversion process. The
model setup includes constraints on the number of layers, Moho
discontinuity depth, and permissible shear velocities for each layer,
derived from geological knowledge and prior studies (Pasyanos
et al. 2013). An estimate of the compliance uncertainty, € [|7(w)|],
is provided, where n4 represents the number of data windows used
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Figure 8. Logarithmic plot of normalized compliance functions for various stations. (a) Stations located on the Somali Plate. (b) Stations along the SWIR,
including RR40, which suffers from low data quality and limited measurements, leading to greater uncertainty in measurement and adversely affecting the

final estimation of the V5 model. (c) Stations situated on the RTJ and the CIR.

to compute the spectra and coherence (Bendat & Piersol 1993).
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Inversion model parametrization and constraints

The number of layers in our inversion models was determined
through an initial exploratory analysis, leveraging the CRUST 1.0
model (Laske et al. 2013). We adjusted the number of layers based
on station-specific data quality to enhance fit and resolution, em-
ploying an adaptive approach that refines the model in heteroge-
neous regions (Shapiro & Ritzwoller 2002). The inversion process
was conducted using models with 3, 6 and 9 layers, plus a half-
space. For stations located on sedimentary layers, we tested models
with 4, 7 and 10 layers, plus a half-space. In these cases, each non-
sedimentary layer from the CRUST1.0 model was subdivided into
2 or 3 layers to increase resolution and accommodate models with
a higher number of layers. Our analysis revealed that the models
with 6 layers for stations on the crust and 7 layers for stations on
sediments provided the best results, based on the evaluation of the
misfit function and the distribution of the final V; models. We aimed
for a Gaussian distribution in the final ¥, models, which served as a
desirable outcome to ensure the robustness of the inversion. While
our inversion strategy employs a stochastic sampling scheme with
adaptive model parameterization, the initial motivation to explore
varying layered models draws conceptual inspiration from earlier
minimum-structure compliance inversions based on Occam’s Inver-
sion (Constable ef al. 1987), though our inversion method differs
fundamentally in being probabilistic rather than deterministic.
Although the initial starting model does not inherently influence
the inversion process, we imposed constraints to guide the search
space effectively. These constraints were defined as percentage-
based boundaries relative to the starting model. For shallow struc-
tures, the lower limit was set to Vi = 0, and the upper limit was
+25 percent of the starting model values. For deeper structures,
the boundaries were set to V; = —100 and +25 percent of the
starting model. This approach ensured that the inversion process
was constrained to search within these pre-defined limits, provid-
ing realistic and geologically plausible solutions. The thickness of
each layer was constrained to be non-negative, meaning that layers
were never entirely removed from the process. A layer with zero
thickness remained in the model and could be iteratively adjusted,
ensuring its influence on the inversion process. Furthermore, the
crustal thickness and Moho depth were allowed to vary within a +1

km range, providing flexibility while maintaining realistic geologi-
cal constraints.

5 RESULTS

5.1 RHUM-RUM’s experiment compliance functions

We present the logarithmic plot of normalized compliance functions
for the stations of this study in Fig. 8. Horizontal compliance was
not observed at any of the stations in this region based on coherence
analysis between horizontal components and pressure gauges. The
data quality at RR40 is relatively poor (Fig. 8b), leading to sig-
nificant uncertainties affecting the reliability of its V; results. This
compromised data quality limits our ability to confidently interpret
the results. Given this, we must consider the possibility that RR40
might not reflect the same processes as other stations, or if it does,
that we cannot robustly ascertain it with the current dataset.

Seafloor compliance is sensitive to the shear modulus at depth,
which increases with the wavelength of infragravity waves (Craw-
ford et al. 1998). A low-velocity anomaly (LVA) typically creates
a peak in the compliance function, where the depth of the LVA is
inversely related to the peak’s frequency (Hulme e al. 2005). A
shallow LVA results in a broader peak in the compliance function;
however, the peaks that are caused by intermediate/deep LVAs may
be masked by the effects of shallow structures, such as thick sed-
imentary layers with intermediate shear velocities. The influence
of these sedimentary layers on the compliance function depends
on their thickness and shear velocity properties, which can obscure
the characteristic signature of the LVA (Willoughby & Edwards
2000; Wang et al. 2010). The ascending trend of each compliance
measurements confirms the increase in Vs with depth. Concave seg-
ments within the compliance measurement, as observed in Fig. 8,
are caused by velocity anomalies beneath the station.

5.2 Shear velocity profile

Using the robust inversion methodology detailed above, Fig. 9 syn-
thesizes the estimated V; models at all the stations. The variability
among the profiles reflects our method’s adaptability to the diverse
geological conditions at each station, supported by the rigorous
statistical framework of the Metropolis—Hastings inversion.

The V; profiles at intraplate station RR28 (Fig. 9a) show an
extremely low V; of 0.4 km s™! at the seafloor, which persists down
to 0.5 km below the seafloor (BSF). Beyond this, a sudden increase
to 2.7 km s~! is noted, followed by a strong gradient elevating V;
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to 3.5 km s7! at a depth of 1.2 km BSF. From 1.2 km to about
4.3 km BSF, the profile maintains a near-zero gradient at 3.5 kms~!.
Subsequent depths up to 7.5 km BSF reveal a steady increment to
4 km s~!, followed by a final surge to 4.2 km s~! at the maximum
depth resolved by the inversion.

The ¥ profiles at stations RR29 and RR34 (Figs 9b and c¢) exhibit
similar behaviours with variations in depth and gradient intensities.
At station RR29 (Fig. 9b), the V; profile starts at 2 km s~ at the
seafloor and shows a low gradient increase to 4 km s~! by 4 km
BSF, then remains constant at this velocity up to the maximum depth
resolved by the inversion. In contrast, at station RR34 (Fig. 9c), the
V; profile begins with a rapid velocity increase from less than 1 km
s~! at the seafloor to 3.5 km/s by 1 km BSF. This is followed
by a gradual increase to 4 km s~! by about 3 km BSF, which
then remains steady until a depth of 7.5 km BSFE, where there is a
notable jump to 4.2 km s~!, sustained up to the maximum depth of
the inversion.

The V profiles at two of the SWIR stations (RR36 and RR38)
and at the RTJ (RR50) are similar (Figs 9d, e and g): a low (RR36
and RR50) to zero (RR38) gradient in the upper crust with very low
Ve (2-2.4 km s~!) down to approximately 2 km BSF, followed by a
higher gradient down to 4—4.3 km BSF and ¥ values of 4 to 4.2 km
s~! that remain constant down to the maximum depth resolved by
the inversion, approximately 8 km. The ¥ profile at the CIR station
(RR52; Fig. 9h) is faster, featuring a 1 km-thick upper crustal lower
velocity layer (¥, 2.1 km s™!), then a strong gradient to 3.8 km s~!
at 1.5 km BSF, a near zero gradient down to 3 km BSF, and another
strong gradient to 4.25 km s~! at 3.5 km BSF. Station RR40 at
the SWIR, which has the lowest data quality (Fig. 91), yielded the
slowest near-seafloor S-wave velocities but also the fastest overall
Vs model (Fig. 9f): a strong upper crustal gradient from <1 km s~!
at the seafloor to 3.4 km s~ at 1 km BSF, then a low gradient to

3.5kms~!at 3.5 km BSF, and another strong gradient to 4—4.1 km
s~! at 4 km BSF,

Fig. S6 (Supporting Information) illustrates the sensitivity of the
compliance function in resolving the depth and thickness of LVAs
and the depth of the Moho, providing robust and reliable insights
into these key crustal features.

6 DISCUSSION

Our study investigates a geologically intricate region marked by the
intersection of three tectonic plates: the Somali Plate, the Australian
Plate and the Antarctic Plate. Specifically, stations RR28, RR29 and
RR34 are situated on the normal oceanic crust of the Somali Plate.
The crust at RR28 and RR29 was formed by the CIR, while the crust
at RR34 originated from the SWIR. This complex area also features
two significant mid-oceanic ridges: the SWIR, with stations RR36,
RR38 and RR40 located on its ultraslow spreading segment, and
the CIR, home to station RR52. The SWIR exhibits unique mor-
phological and geological characteristics (Sauter & Cannat 2010;
Dick et al. 2019), such as a rugged seafloor, large fault blocks,
deep rift valleys, and the common exposure of mantle-derived peri-
dotites, which are emplaced into the crust by large offset normal
faults.

Station RR50 is located at the RTJ, where the SWIR, CIR, and
SEIR intersect, creating a complex geodynamic setting at a ridge-
ridge-ridge boundary shaped by the interaction of three diverging
tectonic plates.

Intraplate observations from the stations on the Somali Plate
(RR28, RR29 and RR34 on Fig. 1) reveal notable variations in
shallow Vg, as depicted in Fig. 10a). These variations in V correlate
with differences in the thickness of the sedimentary layers, which
may be influenced by sediment transport processes originating from
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La Réunion Island (Sisavath et al. 2012; Babonneau et al. 2013,
2016), whose impact on the thickness and V of the oceanic crust’s
sedimentary layers diminishes with increased distance from the
island (Laske et al. 2013; Straume et al. 2019).

Furthermore, At RR29 and RR34, higher sedimentary shear ve-
locities compare to RR28 (Fig. 10a) suggest a more consolidated
sediment layer, whereas the lower sedimentary ¥ at RR28 could
suggest an unconsolidated sediment layer. However, other factors,
such as lithology, pore fluid content, and burial history, may also
contribute to these variations. This distinction is influenced by the
proximity to La Réunion Island and the degree of consolidation and
composition of the sediment layers.

Station RR34 exhibits a potential LVA at depths ranging from
approximately 2 to 3.5 km, as illustrated in Fig. 9(c). Despite this
anomaly, the overall average V at RR34 is comparable to that ob-
served at RR29, suggesting similar crustal structures, as detailed in
Fig. 10(a). Importantly, these findings confirm the CRUST1 model
but with enhanced resolution in the upper crust. Our result reveal
a pronounced V gradient in layer 2, which contrasts starkly with
the relatively small gradient observed in layer 3. This observation
is critical as it underscores a distinct transition between these layers
at approximately 3 km BSF across the three stations. Such high-
resolution intraplate result not only corroborate but also refine the
layered model proposed by CRUSTI, highlighting our ability to
capture subtle yet significant structural variations within the crust
that were previously unresolved.

Stations on SWIR and CIR exhibit significant shallow LVAs ex-
tending down to 3 km beneath the seafloor, as shown in Fig. 10(b).
These anomalies are most likely associated with processes such
as serpentinization, magmatism and varying porosity within the
oceanic crust, triggered by the specific tectonic and thermal regimes

of these spreading centres (e.g. Miller & Christensen 1997; Cannat
et al. 2006; Searle 2013).

The 3 SWIR stations (RR36, RR38 and RR40) are located in
oblique sections of the ridge (Fig. S2, Supporting Information),
featuring deep axial valleys and a crust that is likely extensively
faulted and composed significantly of variably serpentinized peri-
dotite (Dick ez al. 2003, 2019; Cannat et al. 2006). This may also be
the case in the deep axial valley at the RTJ (RR50), where oceanic
crust, formed at the intermediate-spreading the CIR and SEIR, is
rifted by the ultraslow SWIR. With the exception of RR40, which
has significantly lower quality data and therefore a less reliable V
model (Fig. 8f), V profiles at these locations are indeed similar and
significantly slower than the Crust 1 model predicts for these loca-
tions (Fig. 9). The most likely explanation for these lower velocities
is that the upper 4 km of the oceanic lithosphere at these stations
comprises a significant proportion of serpentinized peridotites and
is more tectonized than the fully magmatic (composed of solidified
melt from the mantle, typically basaltic in composition) CRUST1
reference model. This interpretation is consistent with studies from
other locations along the same ridge, where similar serpentiniza-
tion and tectonization patterns have been observed (e.g. Rouméjon
& Cannat 2014; Rouméjon et al. 2015; Karpoft ef al. 2017). P and
S wave velocities in peridotites decrease linearly with the degree
of serpentinization (from V; 4.2-4.35 km s~! in pristine peridotites
to Vs 2.1-2.3 km s~! in fully serpentinized peridotites (Miller &
Christensen 1997). The very low V; (2-2.4 km s~!) modelled in
the upper 2 km BSF could therefore indicate near 100 percent
serpentinization, which is often associated with increased fracture
porosity, though the extent of this porosity may vary. The higher
Vs gradient between 2 and 4 km BSF could then be interpreted
as a progressive decrease in the degree of serpentinization down to
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pristine or near-pristine mantle (Fig. 10c). This interpretation was
proposed by Sarvandani ez al. (2021) to explain similarly low crustal
Vs values revealed by ambient seismic noise tomography/imaging
at 64°30'E at the SWIR.

The faster-spreading CIR at station RR52 features more subdued
relief, and available ship bathymetry (Fig. S2, Supporting Informa-
tion) indicates regularly spaced abyssal hills typical of ridges with
a fully or nearly fully magmatic crust (Sauter et al. 2011). The V;
profile at this station is close to the fully magmatic and little tec-
tonized CRUST1 model (Fig. 9h), except in the uppermost 1 km
of the crust, which has very low V; ( 2.1 km s~'). We propose
that these low uppermost crust V; values are due to porosity (from
fractures and voids in and between piled lava flows). The V; pro-
file obtained here for nearby station RR40 (SWIR 63.3°F) is, by
contrast, very similar to the predicted fully magmatic and little tec-
tonized CRUST1 model (Fig. 9f), yet the geological setting of this
station, in an oblique, deep axial valley section of the ridge (Fig. S2,
Supporting Information), suggests extensive faulting and variably
serpentinized peridotites in the crust.

It is difficult, if not impossible, to distinguish between
heat/magmatization and serpentinization as the source of low ve-
locities based on single, isolated measurements, although it seems
more likely that serpentinization would be responsible for LVAs that
extend up to the seafloor. These stations were located to optimize
a large-scale tomographic survey, not to study mid-ocean ridge dy-
namics. They serve, however, as a first look at the fascinating V
structure on and near the SWIR and CIR axes, as well as at the
RTJ, and they indicate that temporary local networks of compliance
measurements could significantly contribute to our knowledge of
the magmatism and serpentinization of these accretionary features.

7 CONCLUSION

This study represents the first constraints on subsurface Vj structures
in the Indian Ocean through compliance function analysis. Our rig-
orous data processing methodology minimizes noise and optimizes
window selection for compliance measurement, including dynamic
tilt effect correction on an hourly basis and documenting the post-
deployment settling of stations. We present a specialized software,
named ‘ComPy,” designed to automate the processing steps required
for this study, enhancing efficiency and accuracy in seafloor com-
pliance analysis.

The inversion of the compliance function using the Metropolis—
Hastings method allows for precise modeling of shear velocities,
adeptly handling the non-convex nature of seismic data and vari-
ability across stations. Our study leverages data from eight BBOBS
from the RHUM-RUM experiment conducted in 2012. The result-
ing Vs models, reaching depths of up to 8 km, highlight significant
variations in V anomalies, particularly in regions associated with
intraplate settings and ultraslow to intermediate spreading ridges.
Intraplate shallow V profiles reflect the presence of sedimentary
layers with varying degrees of consolidation. Conversely, anoma-
lies at mid-ocean ridges likely indicate the presence of serpentinized
peridotites and other lithological variations. These findings are es-
sential for understanding the geodynamic processes occurring at
mid-ocean ridges.
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