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Abstract
The slow-spreading Mid-Atlantic Ridge is segmented and offset by transform faults. Among these, the St.

Paul Transform System (SPTS), located in the equatorial Mid-Atlantic Ridge, is a complex multi-fault
system with four transform faults (Transform A, B, C, and D) and three intra-transform spreading segments
with a cumulated offset of 630 km. The SPTS is seismically active, with strong strike-slip earthquakes
reaching moment magnitudes of 6.9. In this study, we have re-analyzed the focal depth of 35 earthquakes of
the Global Centroid Moment Tensor (GCMT) catalog with 5.3< My <6.9 occurring at Transform A, B, and
C since 2004, using regional surface waveform modelling. In addition, we derived a 3-dimensional half-
space cooling thermal structure along the transform system that relates the focal depths to the temperature
structure. Our results of focal depths indicated that the seismogenic zone of both Transform A, B, and C
reaches from 5 to 18 km below the seafloor, with the deepest earthquakes located at the center area of the
strike-slip segments, and shallower earthquakes occur towards the ridge-transform intersections. The
comparison with the half-space cooling indicates that the deepest earthquakes are located in a cooler
lithosphere located near the center of the transform segments, with their deformations reaching 600-900°C.
These observations challenge previous viscoplastic mantle geodynamic models that indicated a warm
temperature toward the center of a transform fault. The main features found at the SPTS are supported by
previous studies of focal depth in other transform faults in the Atlantic Ocean, supporting a global pattern

and the occurrence of a cooler mantle at the center of the oceanic transform faults.

Short summary

The St. Paul Transform System on the equatorial Mid-Atlantic Ridge is a seismically active multi-fault
system. This study re-examines the focal depths of 35 earthquakes (Mw 5.3-6.9) from Transforms A, B, and
C. The data suggest that the seismogenic zone ranges from 5 to 18 km deep, with the deepest occurring in
cooler lithosphere around the center of the transform segments. This challenges earlier hypotheses and

indicates a global pattern of cooler mantle in center of oceanic transform faults.
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1. Introduction

Transform faults in the equatorial Atlantic Ocean are among the largest and most complex in the world’s
oceans (e.g., Bonatti 1990). Among them, the St. Paul Transform System (SPTS) is a prominent multi-fault
transform zone composed of four transform faults (Figure 1) separated by short ridge segments. The SPTS
is seismically active, as evidenced by the high frequency of recorded events in seismological catalogs
(Francis et al. 1978, Wolfe et al. 1993, de Melo and Do Nascimento 2018, de Melo et al. 2021a; Parnell-
Turner et al. 2022) with moment magnitude reaching up 6.9 cataloged by the Global Centroid Moment
Tensor (GCMT, Ekstrom et al., 2012), with strike-slip faulting focal mechanism occurring along the
transform fault segments of the SPTS. In addition, some thrust faulting earthquakes were observed in the
vicinity of the St. Peter and St. Paul islands in the northernmost transform fault (Wolfe et al. 1993).
Unfortunately, GCMT solutions are subject to considerable epicentral uncertainties that can reach ~70 km in
distance from the appropriate tectonic features (Pan et al. 2002), limiting their reliability in detailed tectonic
analyses.

Characterizing the seismicity of oceanic transform faults is critical to understanding the physical
properties of the oceanic lithosphere, such as earthquake depths and their distribution along the transform
fault segments. Previous seismological studies of focal depth in oceanic transform faults found that the
maximum depth of the brittle-ductile transition zone occurs at the center of the transform fault where the
cooling is most pronounced, while shallower events are concentrated close to the ridge-transform
intersections (e.g. Bergman and Solomon 1988, Abercrombie and Ekstrom 2001). However, it has been
suggested that a viscous-plastic rheology approximates the behavior of the oceanic lithosphere best, resulting
into warmer temperatures toward the middle of the transform (Behn et 2007, Liu et al., 2023). For the Blanco
transform fault offsetting the intermediate spreading Juan de Fuca Ridge in the NW Pacific Ocean, Roland
et al. (2010) showed the numerical simulation introducing a viscous-plastic rheology are able to yield the
spatial distribution of earthquakes. Yet, earthquakes along the Blanco transform did not reveal a profound
increase of focal depth near the center of the transform segments (Ren et al. 2023) as found for transform

faults in the Atlantic Ocean (Bergman and Solomon 1988).
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In this paper, we report the focal depth of 35 earthquakes of the SPTS cataloged by the GCMT with
Mw>5.3, using regional seismic stations at the equatorial Atlantic. We use regional waveform modelling of
surface waves to relocate epicenters onto the appropriate surface trace of transform imaged in bathymetric
data (Maia et al. 2016). In addition, the procedure yields focal depth, and we observe that deeper earthquakes
are located mostly in the middle of the transform segments of the SPTS and centroids occur at temperatures
of 600 to 900°C. Therefore, our results of the focal depth solutions suggest that oceanic transform faults
generally present deeper earthquakes toward their central and cooler domains.

2. Study area
2.1. Tectonics of the St. Paul Transform System

The St. Paul Transform System is a complex multi-transform system composed of four transforms named
A, B, C, and D, that offset the axis of the Mid-Atlantic Ridge (MAR) by 303, 142, 88, and 53 km,
respectively (Schilling et al. 1995; Maia et al. 2016). Within this system, three short intra-transform ridge
(ITR) segments of the MAR axis have been identified (Maia et al. 2016). Transform A is slowly slipping
at a rate of 27.71 mm/year (DeMets et al 2010). A prominent topographic feature along transform A is the
Atoba Ridge, 200 km long and 30 km wide, that reaches the sea level at Saint Peter and Saint Paul
Archipelago (SPSPA; 0°55°N and 29°38°W) (Maia et al. 2016). SPSPA 1is a set of 6 islets and 4 rocks
composed of peridotite mylonite and alkaline ultramafic mantle rocks with different serpentinization
degrees (Melson et al. 1967, Hekinian et al. 2000; Campos et al. 2022). Samples obtained from the
submarine parts of the Atoba Ridge along the COLEMIA (COLd Mantle Exhumation and Intra-transform
Accretion) cruise (Maia et al. 2016), either by dredging or by submersible, were also predominately
serpentinized mantle rocks (Hekinian et al. 2000; Maia et al. 2016). Maia et al. (2016) constrained the age
offset along the transform system (Figure S1) and revealed a low-density layer (LDL; Figure S2) beneath
the SPTS, which is interpreted in terms of a layer of serpentinized mantle (limited at 500°C) as the nature
of the rock sampled at the seafloor suggests that the low density layer may represent serpentinized mantle
rather than magmatic crust. Transform A is highly segmented and composed of a diversity of restraining
bends and stepovers, which induce local transpression in the Atoba Ridge area resulting in the ridge uplift
and consequent exhumation of the mantle rocks (Maia et al. 2016). The present-day uplift rate is estimated
to be 1.5 mm/year (Campos et al. 2010). Bickert et al. (2023) showed that the fluid percolation in Transform
A causes a grain size reduction and weakens the local fault strength along the eastern part of the Atoba
Ridge. To the best of our knowledge, the Atoba Ridge is the largest known example of a push-up ridge in
the oceanic lithosphere and the only case studied so far.

Transform B extends between the ~27.6° and 26.4°W longitude range and is formed by a principal
transform displacement zone (PTDZ) slowly slipping at 27.77 mm/year (DeMets et al 2010), with a deep

valley reaching more than 5500 m beneath the sea level (bsl) close to the western ridge-transform
3
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intersection (RTI) with ~4,000 m bsl in its middle part. Transform C is slipping at 27.83 mm/year (DeMets
et al 2010), extending between the ~26.3° and 25.55°W longitude range, with a deep valley reaching more
than 5000 m bsl. Transform D is the shortest transform, occurring between ~25.5° and 25.05° W, with a
transform valley reaching approximately 4500 m bsl. Long-lived oceanic core complexes exhuming mantle
rocks have been mapped along the segment between Transforms C and D, suggesting colder spreading

contexts (Vincent et al 2023).

2.2. Seismotectonics of the St. Paul Transform System

At Transform A, the local micro-seismicity has been recorded by a local station installed at SPSPA
islets (de Melo and do Nascimento. 2018), revealing a seismically active setting. Fault plane motions
analyzed by the GCMT along the SPTS (Figure 1b; Figure S3) indicate that most of the solutions are strike-
slip, consistent with the main transform fault orientations. However, at Transform A, some solutions differ
from the expected transform fault kinematics, confirming complex fault geometry and segmentation.
Previous studies reported compressive mechanisms, uncommon for transform fault areas, near the SPSPA
islets in Transform A (e.g. Wolfe et al. 1993). Wolfe et al (1993) identified focal depths reaching up to 14
km below seafloor (bsf) in earthquakes that occurred at Transform A, while Engeln et al. (1986) found in
strike-slip solutions with a focal depth of 3-7 km bsf at the same transform segment. Francis et al (1978)
reported microseismicity with focal depth reaching up to 11 km bsf at Transform D. Wolfe et al. (1993)
suggested that additional factors may control the occurrence of compressive earthquakes in Transform A,
such as recent changes in plate motion, differential lithospheric cooling, or the development of a weakened
fault zone. More recently, Maia et al. (2016) favored a southward propagation of the MAR into the transform

domain as a possible mechanism generating the large stepovers and associated thrust faults.

3. Data

In this work, we use 35 regional earthquakes with moment magnitude (Mw)>5.3 reported by the
GCMT since 2004 over transforms A, B, and C. No earthquakes with My>5.3 were cataloged in transform
D over the same time. The dataset includes permanent 3-component broad brand seismometers belonging to
the Brazilian Seismographic Network (RSBR, Bianchi et al. 2018), the IRIS/IDA (Incorporated Research
Institutions for Seismology) network (Scripps Institution of Oceanography, 1986), and GEOSCOPE
(doi:10.18715/GEOSCOPE.G). These networks were chosen based on the epicentral distance to the
earthquakes and the data availability (see map and histograms in Figure S04). In addition, we also included
data from temporary stations installed by the BLSP2002 project (Feng et al. 2004) in North-Northeast Brazil
to analyze earthquakes that happened in 2004-2005.
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4. Methodology
4.1. Surface Waveform Modeling

We study the focal depth of the 35 earthquakes using a surface waveform model from records of 21
regional seismic stations at 1,000-3,050 km distance range (Figure 1b; Table S1; Figure S4). We only use
stations where the Rayleigh waves present a good signal-to-noise ratio after filtering by a low-frequency
filter (0.02-0.04 Hz). The waveform modeling was performed using an open-source MATLAB code
package called ISOLA (Sokos and Zahradnik 2008; Zahradnik and Sokos 2018). The regional earthquakes
used for modeling were chosen in the GCMT catalog based on two criteria: 1 — Data availability in
networks; 2 — A magnitude threshold of Mw 5.3, which from our experience (de Melo et al 2021; 2024),
provides signals with sufficiently high signal-to-noise ratio suitable for surface waveform model. All
epicenter-station ray paths are represented in Figure S04, with the operation time of the stations.

A simple 1D crustal velocity model obtained from the CRUST1.0 global model (Laske et al. 2013)
was used in ISOLA to model the surface waves in the oceanic crust (Table S2), with the model indicating
a seafloor located 5.1 km below sea level. The model process starts with applying a 4th-degree Butterworth
filter to remove the instrumental response and generate displacement waveforms in the frequency range of
0.02-0.04 Hz frequency range. In some cases, we modified the filter frequency range to 0.01-0.03 Hz for
the farthest stations (e.g. DBIC and MPG; see Figure 1a). Next, a synthetic displacement waveform is
generated for comparison, using the same filter frequency applied station by station. Green’s functions were
calculated using the AXITRA program (Coutant 1989), implemented in the ISOLA package. We used the
fixed point-source ISOLA inversion, which fixes the strike/dip/range angles, applying focal mechanism
angles provided by the GCMT catalog (Dziewonski et al. 1981; Ekstrom et al. 2012). ISOLA searches for
the best solution across a source grid spaced at 1 km intervals.

Large strike-slip earthquakes should rupture along the PTDZ (de Melo et al 2025). Instead, we
observed that the location of the GCMT epicenters are biased and occur sometimes several tens of
kilometers away from the transform valley at Transform B and C (Figure S3).  found that GCMT
epicenters can be located up to half a degree from the proper tectonic plate borders. Therefore, we modified
the epicentral coordinates, keeping the GCMT longitude, but moving the latitude onto the PTDZ mapped
in multibeam data (Maia et al 2016). The distance between GCMT epicenter and the new modified epicenter
vary from 0.44 to 20 km with average of 11.25 km (Figure 2). Recorded/synthetic waveform best-fitting
solutions are described by the focal depth, centroid-time (CT), seismic moment (M), moment magnitude
(Mw), CN (condition number which tells us whether the inversion problem is ill-posed, values <5 indicate
the moment-tensor which is relatively well resolved), the double-couple percentage (DC) and 95%

confidence interval VR (1). We estimate the depth uncertainties using a computer code that expands the
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ISOLA package solutions (Dias et al. 2016), which applies several different frequency ranges in the
waveform inversion to reveal the stability and uncertainty of the solution of the aforementioned centroid
parameters considering a threshold (0.95) concerning the solution with the largest VR. Three waveform-
fitting examples of earthquakes with M 6.9, 5.9 and 5.7 are shown in Figures 3-5. We used 4-10 stations
during the analysis (Figure 6a; Table S3), depending on the data availability. The mean 95% confidence
interval for the earthquake waveform fitting shows VRs from 0.41 to 0.69, with most vertical components
often exceeding 0.90 (Figure 6b; Table S3). Most CN solutions of the earthquakes are <4.5 (Figure 6c;
Table S3), with the CTs obtained in analysis ranging from -0.2 to 4.8 s (Figure 6d; Table S3). Changes in
parameters like source-station orientation and velocity model provide new ISOLA solutions with higher
VR values. We used regional distance records, which makes it difficult to find an adequate single velocity
model to provide results with VRs close to 1.0 for all components (de Melo et al 2021; 2024). Nevertheless,
low values of VR do not necessarily signify that a solution is ill-posed once ISOLA considers fitted solutions

with VR of 0.4 or more (Zahradnik and Sokos 2018).

4.2. Thermal Structure Modeling

We employ the approach of the classical half-space cooling model to construct the thermal structure
of the SPTS. A geodynamic model can be found in Text S1 and Figure S5. The temperature field in the

cooling model is derived from the oceanic plate temperature formula (7Turcotte and Schubert 2014):

T:Ts+(Tm_Ts)

z
1—erfc (—2 Tx/u)

where T (0 °C) and T,,, are temperatures of the surface and mantle, respectively, z is the depth from 0 at the
seafloor down to 200 km, k is the thermal diffusivity (10® m?/yr), x is the distance from the ridge axis, and
u is the spreading rate (27.8 mm/year; DeMets et al 2010). Previous studies reported that the mantle
temperature in the equatorial Atlantic might be ~150°C lower than elsewhere in the Atlantic Ocean (Bonatti
1990; Bonatti et al. 1993, Schilling et al .1995; Hékinian et al. 2000, Le Voyer et al. 2015). Consequently,
we tested two different potential mantle temperatures of 1150 and 1300°C. To account for thermal
transitions across transform offsets, the temperature field beneath each transform segment is modified by
averaging the temperatures of the adjacent ridge segments on both sides.

To evaluate the impact of different thermal structures, we extracted the depths of the 500°C, 600°C,
and 900°C isotherms from both models across three transform segments (A, B, and C). The comparison
between the two mantle temperature scenarios reveals significant spatial variations. Transform A exhibits
systematically shallower isotherms in areas away from the ridge in the 1300°C model (Figure 7a), indicating

a hotter lithosphere compared to the central region of the transform fault segment. In Transform B and C
6



193 (Figure 7b,c), the 500°C and 600°C isotherms show minimal differences, whereas the 900°C isotherm given
194 by the 1300°C model is notably shallower than Transform A due to the shorter offset area.
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5. Results
The 35 events analyzed in Transforms A, B, and C show focal depths between 5+4 and 1842 km

bsf (Figure 8; Table S3). At Transform A, the magnitude of the 20 events ranges from 5.3 to 6.5 My. The
focal depths vary between 543 km and 1842 km bsf. Just two events were found in its western area of the
Transform A, rupturing between 30.5° and 29.8° W longitudes, with the two epicenters of My 6.3 and 6.5
located close to each other, and focal depths at 9+3 and 10+5 km bsf, with an average of 9.5 km. Nine
earthquakes are located beneath the Atoba Ridge between 29.6-28.6°W longitude, with focal depths
ranging from 9+2 to 18+2 km bsf and an average of 14.3 km, most of them situated in the flanks of the
Atoba Ridge, close to the mapped thrust faults. At the eastern end of Transform A between 28.5 to 27.75°W
longitudes, eight strike-slip earthquakes presented focal depths with an average of 9.4 km, ranging from
614 to 14+2 km bsf, and their epicenters located in a deep basin crossed by the PTDZ. The zone is more
linear and less segmented than the western and central areas of Transform A (Maia et al. 2016). Five
events with moment magnitudes ranging from My 5.3-6.9 were analyzed for Transform B, providing an
average of 7.8 km bsf. Two of the strike-slip earthquakes occur in the middle of the segment, with focal
depths of 10+4 and 944 km bsf. The other two events are in the eastern domain close to the spreading
segment separating the Transforms B and C, with focal depths of 6+3 km bsf for both earthquakes. Eight
focal depth estimates are available for Transform C, with an average of 7.4 km bsf. The best-fitting
waveforms show results with a 5-11 km depth range and a maximum uncertainty of 4 km, with most
epicenters located over the restraining bends.

In general, our results from waveform modeling shows that the thickness of the seismogenic zone
varies along the three transform segments (A, B, and C), with a maximum focal depth of 18 km. Wolfe et
al. (1993) previously analyzed six earthquakes at Transform A, revealing focal depths of 8-14 km bsf. Our
depth estimates are at least 3.5 km shallower than the depth reported in the GCMT catalog (Figure 7),
which its common since GCMT does not consider the water layer in the depth analysis (Ekstrom et al.
2012). In our case, we assume the depth already removing the 5.1 km water layer of the CRUST1.0 (see
de Melo et al. 2021). Just one earthquake that occurred in 2004-10-25 displayed focal depth deeper than
those of the GCMT, which can be due to the poor seismographic network coverage during that period

(Figure 1).
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6. Discussion

6.1. Epicenter distribution along the transform faults A, B, and C

Oceanic transform faults may suffer from significant water percolation, thus inducing mantle rocks
alteration (Bonatti 1976; Francis et al. 1978; Detrick et al. 1993; Roland et al. 2010). Serpentinization
consistently reduces the bulk density and influences the strength and the tectonic style of the slow-spreading
oceanic lithosphere (Escartin et al. 1997; Escartin et al. 2001). Bickert et al. (2023), for example,
demonstrated that fluid-rock interactions take place under the Atoba Ridge, altering the rheology at
Transform A. These effects govern the deformation and subsequently the activity in the Transform A
region. Recent study have used teleseismic relative relocation to compare the earthquake distribution along
globally oceanic transform faults, indicating that ~68% of the SPTS aseismically (Shi et al 2021). However,
the author did not address transform segmentation along the St. Paul transform fault system, nor did he
compare it to the local structure features offered by high resolution bathymetry.

We compared the new location of the earthquakes with the local structure presented by the
multibeam data at Transform B and C. At Transform B, the five epicenters cover the PTDZ from its eastern
RTI towards the center, indicating that a total of ~45% of the PTDZ is seismically active. Although we are
using only five earthquakes, the same seismic coupling proportion apply compared to the entire GCMT
catalog since 1990 (Figure S3). However, that proportion increase compared to nine earthquakes analyzed
at Transform C, with the PTDZ seismically active for ~75% of the whole PTDZ extension. Additionally,
the active area of the Transform C can increase to ~80% if we consider the whole GCMT catalog,
suggesting that at least ~45% of the Transform B and ~75-80% of the Transform C extension are seismically
active, contradicting the aseismic proportion provided by previous results (Shi et al 2021). Locals features

such as a cold upper mantle could explain a different strength along the Transform A and B.

6.2. The focal depth distribution along the transform faults A, B, and C

The maximum depth of seismic faulting is controlled by the brittle to ductile transition which is
itself a function of temperature. Early studies suggested that earthquakes along Atlantic transforms occur
at shallow depth of ~4 km with no events occurring deeper than 7 km (Engeln et al., 1986). However,
waveform inversion for focal mechanisms and focal depth, mostly based on teleseismic recordings, showed
that these very shallow focal depths and little depth variation along a transform fault might not be correct.

Instead, focal depth may vary profoundly along oceanic transform faults, with shallower earthquake
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occurrence near ridge-transform intersections and deeper earthquakes in the center of segments. For
example, Bergman and Solomon (1988) found that at the Charlie-Gibbs and Vema transform faults focal
depths increase towards the center, deepening from 4-5 km near transform-ridge intersections (RTI) and
reaching a maximum depths of 14-20 km bsf in the center of the transforms. Similar patterns are found by
Fang and Abercrombie (2023) at the Chain transform in the equatorial Atlantic, revealing that earthquakes
ruptured at~20-25 km near its center, while the shallower earthquakes clustered at 5-10 km near the RTIs.
Abercrombie and Ekstrém (2001) also observed for the Chain transform focal depths of ~8-10 km near the
RTI and ~12-16 km depth for earthquakes occurring away from both RTIs. At the Romanche transform,
the longest transform fault in the equatorial Atlantic, they found identical pattern, though focal depth
reached with 8-12 km and ~12-21 km somewhat deeper into the lithosphere at both RTIs and near its center,
respectively.

The focal depths examined in our study are based on regional waveforms instead of teleseismic data
and range from 5 to 18 km bsf along the transforms A, B, and C of the St. Paul transform system. At
Transform A, earthquakes in its central area and beneath the Atoba Ridge reach 9-18 km bsf, earthquakes
closest to the western RTI reach 9-10 km bsf, and earthquakes near to the eastern RTI have a focal depth
of 5-14 km bsf (Figure 8). We see focal depths of earthquakes ranging from 6 to 10 km along Transform
B, with the deeper ones situated in the center (Figure 8). Earthquakes at Transform C display focal depths
5-11 km bsf (Figure 8). Therefore, our observations, in concert with previous investigations from
teleseismic data (e.g., Bergman and Solomon, 1988; Abercrombie and Ekstrom, 2001; Fang and
Abercrombie, 2023), provide a comprehensive understanding of how focal depths are distributed along
transform faults revealing a systematic change of focal depths with deeper earthquakes occurring in the

central area of transforms and shallow events near the RTIs.

6.3. Focal depth and thermal structure

Early seismic studies of oceanic transform faults found rather shallow focal depth, suggesting that
earthquakes may occur at a similar thermal range (50-300°C) as those along continental faults (Burr and
Solomon, 1978). The distribution of seismicity along both Chain and Romanche transform faults matches
plate cooling thermal models, demonstrating the importance of temperature in determining focal depth and
suggesting that most earthquakes occur with maximum depth related to the 600°C isotherm (4bercrombie
and Ekstrom 2001). However, other studies suggested that some earthquakes may rupture at a higher

temperature. For example, Bergman and Solomon (1988) suggested from their thermal models that

10
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seismicity is limited to the thickness of the lithosphere (~900°C isotherm).

Morgan and Forsyth (1988) developed a 3-dimensional numerical model to explain seismicity
patterns in the mid-ocean ridge system with transform offsets, including the increase in earthquake
occurrence away from the RTIs towards the transform center. Their model, however, introduces an
isoviscous rheology, whereas modern geodynamic model studies favor nonlinear viscoplastic rheology,
which provides a better approximation of the mantle dynamics (Behn et al., 2007; Liu et al., 2023).
However, these models predict a strain localization that causes warm mantle upwelling beneath the
transform fault, which contradicts observations of deeper seismicity toward transform centers. One
potential explanation might be that active hydrothermal circulation along transform faults may dissipate
heat at their centers. Nevertheless, without independent evidence for the amount of hydrothermal mining
of heat, we instead use a 3-dimensional half-space cooling model to study the relationship between thermal
state and seismogenesis.

Our thermal model considers two thermal scenarios: a standard mantle temperature of 1300°C
commonly used in the literature and a colder mantle (1150°C) based on previous studies indicating a lower
mantle temperature in the equatorial Atlantic (Bonatti 1990; Bonatti et al. 1993, Schilling et al .1995;
Hékinian et al. 2000, Le Voyer et al. 2015). The model results show that the depth of the 600°C isotherm,
corresponding to the maximum depth of the brittle deformation (4bercrombie and Ekstrom 2001), increase
with transform offset length (Figure 9a,b). Transform A present the maximum depths, ~11 and 13 km bsf,
for 1300°C and 1150°C models, respectively (Figure 8). At Transform B, the 600°C isotherm is located at
depths of 7.9 and 9 km, and at Transform C, the isotherm reaches 6 and 7 km (Figure 8). For both thermal
scenarios, the deeper earthquakes are located above isotherms of 780-880°C at the center of the Transform
A, 660-750°C in Transform B, and 850-960°C in Transform C. Across all transforms, the depth of the
earthquakes increases with the modelled mantle temperature (Figure 9bc). Similarly, recent examinations
of focal depths using ocean-bottom seismometer data along the Chain transform fault revealed that the
seismogenic zone is deeper than the fault's maximum predicted depths in the center (Leptokaropoulos et al.
2023; Schlaphorst et al. 2023). These results suggest that the focal depth distribution compared with model
temperatures indicate that the seismic deformation occur inside a general range from ~600 to 900°C along
the length of the fault, reinforcing the idea that the center of transform faults is cooler than RTIs. In addition,
the half-space results assuming a colder mantle temperature (1150°C) fits better with observed focal depths
(Figure 8).

Our results suggest that the depth of seismogenic zone beneath transforms A, B, and C agree with

11
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expected maximum deformation presented by previous structural, geochemical, and seismological analyses
(Wolfe et al 1993, Roland et al. 2010; Bardo et al 2020, Prigent et al. 2020; Bickert et al. 2023). However,
these results challenge the brittle weakening with viscoplastic mantle rheology done by Behn et al (2007),
in which predicted warmer temperatures toward the middle of the transform caused by mantle upwelling
and cooling toward the ridge segments (Behn et al. 2007). Instead, our observations support a cooler
transform center, potentially influenced by hydrothermal activity and lower ambient mantle temperatures

in the equatorial Atlantic.

Conclusion
We relocated earthquakes along the St. Paul transform fault system to the active fault using regional
waveform modelling of surface waves and bathymetric data. From our analysis of focal depths and thermal

modelling we conclude that

1.The strike-slip segments of the SPTS are strongly segmented revealing a considerable variation in seismic

coupling, showing that between 45-80% of the mapped fault are seismically active.

2.The horizontal distribution of focal depths along Transforms A, B, and C reveals that the epicenters of
the deepest earthquakes occur near the center zone of the PTDZs, whereas shallower focal depths are found
near RTIs. These findings indicate that the horizontal distribution of seismic behavior at the St. Paul
transform system is consistent with previous studies conducted on other transform faults such as Charlie-

Gibbs, Vema, Romanche, and Chain.
3.Compared with the thermal model, the deepest earthquakes at the center zone of Transforms A, B, and
C, are in colder area with lower temperatures along the PTDZ, contrary of the shallower earthquakes

locating in hotter areas close to the RTI. These results support the existence of a colder upper mantle at

center of the oceanic transform faults, challenging features issued by viscoplastic mantle rheology models.
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Figure 1: a) Geographical location of the area in study along the equatorial Atlantic Ocean. b) Regional bathymetric
map of the equatorial Atlantic. Oceanic transform faults are presented by red lines, while the mid-ocean ridges are
shown in black lines (Sautter et al. 2024). The white box refers to the Saint Paul Transform System (SPTS, Maia et
al. 2016), shown in c). White circles represent the epicentral catalog of the International Seismological Centre
between 1990 and 2022 (Weston et al, 2018). Black triangles indicates the seismic stations used in this study (more
detail in Data chapter and Figure So4). Earthquakes with Mw >5.3 occurred since 1990 cataloged by the GCMT and
analyzed in this study are shown in red stars. b) Bathymetric map of the St. Paul Transform System. The GCMT
events with Mw >5.3 used in this study are presented by the red beachballs, while the black beach balls refer to the
whole GCMT Mw >5.3 since 1990. Gray beach balls refer to the events analyzed by Wolfe et al (1993). White lines
refer to the transform fault segments along the SPTS, while the red lines refer to the intra-transform ridge axis (Maia
et al. 2016). The continuous white dashed lines refer to the fracture zones.
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Figure 2: Bathymetric map of the moved epicenters. White lines show the transform faults, while the intra-transform
ridges are shown in red lines (Maia et al. 2016). Squares are the initial GCMT epicenter, with the moved location used
on the waveform model presented by the circle symbols. The arrows connect the GCMT locations to the final
locations, with a mislocation average of 11.25 km away.
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Figure 3: Focal depth analysis in SPTS of the Mw 6.9 earthquake occurred at Transform B in 09/18/2020. Left figure:
Waveforms (gray) and their models (black) obtained with the best-fitting source position at 8 km depth. Middle upper
figure: epicentral location map with their specified source-data ray paths for the respective seismic stations used on
ISOLA analysis. Downright figure: Correlation vs Depth for the earthquake. The best solutions referent to each of the
two earthquakes were fitted with higher correlation at 8+2 km depth.
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Figure 4: Focal depth analysis in SPTS of the Mw 5.9 earthquake occurred at Transform A in 07/24/2016. Left figure:
Waveforms (gray) and their models (black) obtained with the best-fitting source position at 18 km depth. Middle
upper figure: epicentral location map with their specified source-data ray paths for the respective seismic stations
used on ISOLA analysis. Downright figure: Correlation vs Depth for the earthquake. The best solutions referent to
each of the two earthquakes were fitted with higher correlation at 18+2 km depth.
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Figure 5: Focal depth analysis in SPTS of the Mw 5.7 earthquake occurred at Transform A in 01/27/2016. Left figure:
Waveforms (gray) and their models (black) obtained with the best-fitting source position at 12 km depth. Middle
upper figure: epicentral location map with their specified source-data ray paths for the respective seismic stations
used on ISOLA analysis. Downright figure: Correlation vs Depth for the earthquake. The best solutions referent to
each of the two earthquakes were fitted with higher correlation at 12+3 km depth.
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Figure 6: Comparison of the focal depth analyzed in SPTS using regional records versus GCMT depth. a) Comparison
with the number of stations used in the analysis, presented by the symbol colors. Most of the earthquake had a
minimum of six stations used in analysis, with most of the solutions presenting a synthetic/real waveform fitting with
VR>0.5 (b). ¢) Symbol color showing the variation of the condition number (CN) of the ISOLA solution referent to
each earthquake. Most solutions had CN<5. d) Comparison with the centroid-time (CT) obtained in waveform fitting,
with most events presenting CT>o0, indicating the existence of a difference between the origin time of the moment
tensor solutions of the GCMT with the CT obtained using the regional stations.
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Figure 77: Half-space cooling model (HSCM) referent to Transform A, B, and C (a/b/c). Black lines refer to the model
calculated assuming a mantle temperature of 1150°C, referent to the respective maximum serpentinization depth at
transform segments (500°C, Maia et al 2016); the 600°C referent to the expected maximum brittle-ductile transition
(Abercrombie and Ekstrom 2001); and the limitation of the deep fluid-rock interaction with influence in deformation
expected to occur until 900°C (Prigent et al. 2020; Bickert et al. 2023). White lines indicate the results obtained for
the same isotherms, but assuming the 1300°C mantle temperature on HSCM. Due to the long-offset difference
between the three transform segments, we can observe a considerable variation between the depth of the isotherms.
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Figure 8: Earthquake focal depth distribution along the St. Paul transform system. Upper panel: Bathymetric map
of the transform segments A, B, C. White lines refer to the transform faults, while red lines show the mid-ocean
ridges tectonic plate boundaries mapped by Maia et al (2016). White dashed lines indicate the fracture zones. Black
dashed lines show the crustal age variation in the St. Paul transform system (see Figure So1), calculated by Maia et
al (2016). The epicenter locations of the 32 events of the GCMT catalog with Mw >5.3 are presented by the black
beachballs. Gray beach balls refer to the earthquakes reported by Wolfe et al (1993) with a magnitude of 5.1<mb<5.9
(5.2< Mw <6.0; Kim et al. 2024). Bottom panel: cross-section of the Transform A, B, and C segments following the
map longitude range, with the vertical distribution of the 32 earthquakes analyzed in this study (black beachballs)
and the five earthquakes reported by Wolfe et al (1993). Vertical uncertainties of the focal depths varying from 2 to
5 km are presented by the thinner vertical black lines. The gray isotherms lines indicate the thermal structure for
temperatures of 600, and 900°C beneath the SPTS assuming the mantle temperature of 1300°C, while the dashed
gray lines refer to the mantle temperature of 1150°C. In both two models, at least 18 earthquakes are located at
depths deeper than the 600°C isotherm, the predicted brittle-ductile transition beneath the oceanic transform faults
(Abercrombie and Ekstrom. 2001).
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Figure 9: a/b Comparison of the focal depth with the offset length of the Transform A, B, C (Ren et al 2021) and
calculated temperatures, respectively. A mantle temperature of 1150°C was assumed for results presented in both
a/b. Results obtained using a hotter mantle temperature of 1300°Cis shown in ¢/d. We can observe a gradual increase
of the maximum focal depth with the increase of the offset length, which is expected to occur along the half-space
cooling.
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