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Abstract

Oceanic core complexes (OCCs) are upwards-convex areas of outcropping lower crustal or upper mantle rocks raised to
the seabed by normal faults, commonly associated with weak lithologies such as serpentinites. They are common adjacent
to transform valleys of slow-spreading ridges. In this paper, we analyse the September 2020, Mw 6.6 strike-slip earthquake
and its two-week long aftershock sequence within the Vernadsky transform valley, using recordings from regional seismic
stations. The aftershocks occurred in two phases. During the first four days, ~ 131 events occurred east and northeast of the
mainshock, overlapping an adjacent OCC complex along the northern flank of the transform valley. During the following
nine days, 20 aftershocks occurred, including a Mw 5.8 event close to the OCC. To refine the locations of aftershocks, the
spatial spread of the events (clustering) was refined by double-difference relocating 114 events, and five with teleseismic
relative relocation. Modeling of static Coulomb stresses was carried out, based on a mainshock rupture length compatible
with the 26-30 km horizontal extent of aftershocks. This revealed that the aftershocks occurred mainly in areas where
static Coulomb stresses decreased, not increased. Other researchers have suggested that changes in fault strength can arise
from dynamic stresses during major earthquakes, leading to seismicity in areas of decreased Coulomb stress. We explore
this idea in the context of OCCs.

Keywords Oceanic Mainshock-Aftershock Earthquake Sequence - Atlantic Ocean - Oceanic Core Complex -
Earthquake Rupture - Coulomb Stress Change

Introduction generally, serpentinite has been suggested to extend locally to

5 km depths (Minshull et al. 1998) or perhaps even to 15 km

Oceanic core complexes (OCCs) are sites at slow-spreading
mid-ocean ridges (MORs) where deeper crustal and mantle
rocks have been exposed at the seabed by large movements
on normal faults, commonly leaving a corrugated seabed mor-
phology (Cann et al. 1997; Blackman et al. 1998; Escartin et
al. 2001, 2017; Smith et al. 2006, 2008, 2014). OCCs can con-
tain rocks with weak minerals (e.g., serpentine and talc), sug-
gesting a potential ability to slip with shallow dips when they
were active (Blackman et al. 2002; Escartin et al. 2017). More
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to explain aseismicity (Schlindwein and Schmid 2016). The
presence of such weak minerals raises the question of whether
stress changes around older (now generally inactive) OCCs
can cause movements of their formative normal faults (reac-
tivation), create new faults in lithosphere around them or lead
to stress concentrations in the remaining unaltered lithosphere.
If such effects occur more generally, they may, in turn, have
implications for fluid circulation, the cooling of these local
areas of oceanic crust, and crust and mantle alteration.
Hydroacoustic and seismic records of earthquakes have
helped to reveal the pattern of deformation within active
detachment faults, and temporal changes in epicentral loca-
tions have been related to cycles of stress accumulation
and release (Collins et al. 2012; Parnell-Turner et al. 2017,
2021). As many OCCs have been identified in bathymetry
adjacent to transform valleys, this prompts the question of
how they and the lithosphere around them behave when
within the influence of active transform-fault earthquakes.
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Earthquakes of moment-magnitude Mw>6.5 are com-
mon in the transform valleys of the equatorial Atlantic. For
instance, the Romanche is a long strike-slip fault in which
earthquakes of Mw > 7.0 occurred in 1994 (Abercrombie and
Ekstrom 2001) and 2016 (Hicks et al. 2020). In such settings,
the aftershock distribution and other seismological tech-
niques show that oceanic strike-slip ruptures can extend over
60-100 km length (Hicks et al. 2020; Bao et al. 2022). Fur-
thermore, seismic activity is commonly observed in Atlantic
OCCs (Grevemeyer et al. 2013; Horning et al. 2017; Parnel-
Turner et al. 2017,2021). Strong earthquakes also cause stress
changes in areas surrounding their epicenters that can trig-
ger aftershocks. Modeling the changes in Coulomb stresses
has been used to study some oceanic strike-slip and normal
events to understand the temporal and spatial distribution of
their aftershocks (Matias et al. 2007; Rollins and Stein 2010).

Here, we analyze the aftershock seismicity following a
Mw 6.6 earthquake (September 6, 2020) within the Verna-
dsky fault segment of the Doldrums transform system using
seismic records from regional stations (Fig. 1). The Mw
6.6 event lies within 5 km of a small ridge representing the
active transform fault observable in multibeam sonar data.
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Fig. 1 Bathymetric map of equatorial Atlantic Ocean. Location of the
Doldrums Transform System (white rectangle). Red triangles locates
the land and or island seismic stations providing regional data for our
study. White star shows the location of the 2020 Mw 6.6 Vernadsky
earthquake. Black circles are epicenters from the International Seis-
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We interpret this is the most likely site of the earthquake,
thus constraining latitudinal uncertainty. Teleseismic rela-
tive relocations of five aftershocks recorded by global cata-
logs and double-difference relocation of most the aftershock
sequence indicate that some of them may be related to an
old OCC interpretable from multibeam data. We further
explore, by modeling of Coulomb stress changes, how the
Mw 6.6 and other transform earthquakes changed long-term
stresses locally.

The 7.78°N oceanic core complex in the
Doldrums transform system

The Mid-Atlantic Ridge (MAR) 6.9-8.3°N is offset longitu-
dinally by 630 km over five fault segments of the Doldrums
transform system (DTS, Fig. 2a). Those segments (Dol-
drums, Vernadsky, double Pushcharovsky, and Bogdanov)
are separated by four intra-transform ridges (ITRs) ranging
in length from 77 km (Bogdanov) to 229 km (double Push-
charovsky). Around 7.5°N, the MAR has a spreading rate of
25-27 mm/year (DeMets et al. 2010), i.e., slow-spreading.
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mological Centre (ISC) earthquake catalog. Transform faults derived
from multibeam of Skolotnev et al. (2020) or bathymetric data of Ryan
et al. (2009) are plotted in red line, with the black lines presenting the
mid-ocean ridges from MAPRIDGES database (Sautter et al. 2024)
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Fig. 2 a) Shaded relief map of the Doldrums transform system (DTS,
dashed outline) derived from bathymetric data of Ryan et al. (2009)
and swath multibeam data acquired by Skolotnev et al. (2020). Trans-
form fault names are in white. Intra-transform ridges are marked
by white lines. Gray circles are epicenters (ISC-EWH catalog). b)
Mantle Bouguer anomalies calculated from the Sandwell et al. (2014)
satellite-derived free-air anomaly grid. ¢) Enlarged bathymetry of
the Vernadsky transform segment of the DTS. Stars denote historical

earthquakes with associated focal mechanisms from the GCMT. White
rectangle shows the area of (d). d) Bathymetry enlargement encom-
passing the 7.78°N OCC. Key numbers: 1, outlines of the three sug-
gested OCCs, 2, smooth ridge, 3, axis-parallel ridges, 4, high-angle
normal faults (a, OCC breakaway, b, other). The normal fault forming
the best developed OCC (segment B) would lie on its west side and dip
downwards to the west
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Multibeam data acquired during cruise 45 of R/V Akademik
Nikolaj Strakhov in 2019 (Ivanova et al. 2020) revealed the
existence of four OCCs within the active parts of the DTS
(Skolotnev et al. 2020). The Vernadsky transform valley
is ~ 145 km long west-east, 10—12 km wide, with a floor
at 4700-4900 m depth below sea level (Fig. 2c), and with
crustal ages 0-10 m.y. (Fig. S1; Seton et al. 2020). Focal
mechanisms (Mw 4.8-6.6) based on the Global Centroid
Moment Tensor (GCMT) catalog (Dziewonski et al. 1981,
Ekstrom et al. 2012) indicate N-S left-lateral or E-W right-
lateral strike-slip movements, and two oblique-slip normal
movements. A narrow, southward-slanting east-west ridge
lies within the floor of the transform valley from 37.1 to
37.6°W, where it merges with the southern valley margin
(Fig. 2c, d). Such ridges have typically been interpreted as
caused by push-up by strike-slip motion (Searle 2013), and
hence this feature likely overlies the principal transform
displacement zone (PTDZ). N-S aligned ridge-and-valley
morphology, orthogonal to the transform fault, is observed
between 36.7° and 37.2°W on the north flank of the Verna-
dsky transform valley (Fig. 2d). Following the geomorphol-
ogy of OCCs observed elsewhere (Bonnemains et al. 2017),
we interpret a region at ~7.78°N with E-W lineations and
upward-curved morphology at segment B in Fig. 2d as an
OCC. If correct, the normal fault that created this surface
would have lain on its west side (towards the modern ridge
axis) and dips westward. Two further segments (A and C in
Fig. 2d) also contain E-W trends, although these are more
ambiguous OCCs, as they could alternatively represent
hook faults (Searle et al. 1998) or landslides in the valley
wall. A broad ridge~8 km E-W and 20 km N-S separates
A and B. Its smooth surface contrasts with the lower and
more irregular valley relief between B and C, but both are
interpreted as due to axial volcanism (Peyve et al. 2022).
Age differences across the transform valley are ~8-9 m.y. at
these OCC segments (Fig. S1).

Bouguer anomalies were computed assuming a uniform
crustal thickness of 6 km with crustal and mantle densities
of 2700 and 3300 kg/m* (Blackman et al. 2008; Searle 2013;
Mallows and Searle 2012). A gravity anomaly of 0-20 mGal
associated with the 7.78°N OCC (Fig. 2b) implies thinner
crust relative to the surrounding crust or localized higher
density mantle.

Seismicity over the Vernadsky transform
fault segment

We analyzed seismographic records of the Mw 6.6 Verna-
dsky earthquake (2020/09/06) and aftershocks from regional
broad-band stations located at distances of 1200-2400 km.
These seismic records were obtained from the Incorporated
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Research Institutions for Seismology Data Management
Center (IRIS DMC) and the Brazilian Seismographic Net-
work (RSBR, Bianchi et al. 2018). The NBPA, NBPV,
NBPB, NBMO, NBPS and SACV were used for locating
most earthquakes with magnitude < 4.5. The MPG and SOK
data were used for magnitudes>4.5 (better signal/noise
ratio). Heliplots from NBMO station are shown in Figs. S2-
S13. We used the HYPO71 plugin of the SCOLV program
of the SeiscomP3 package (Lee and Valdes 1985; Hanka et
al. 2010) to locate the aftershocks with a 1D velocity model
based on CRUST1.0 (Table S1, Laske et al. 2013). After
applying a Butterworth 3—6 Hz bandpass filter to the seismo-
grams, the Pn phases were manually picked with estimated
time uncertainties of +0.5s for events body-wave magni-
tudes (mb)<4.0 and lower signal-to-noise ratio (Fig. 3).
The procedure followed that used to relocate swarms at
4-5°N on the Mid-Atlantic Ridge (de Melo et al. 2021).

The body-wave magnitudes (mb) range from 3.8 to
6.6, with most between 3.8 and 4.0 (Fig. 4a). The Mw
5.8 (GCMT) aftershock was represented by a weaker 5.6
magnitude on the mb scale (Table S2) (magnitudes com-
monly differ 0.1-0.6 units between mb and Mw scales in
the equatorial Atlantic (Kim et al. 2024). Random uncer-
tainties in epicenter location are 1-21 km decreasing with
increasing magnitude (Fig. 4b; Table S2). Most uncertain-
ties are <11 km (Fig. 4c; Table S2). Figure 4d shows that
~90% of the earthquakes located have a root mean square
(RMS) uncertainty of <0.3s (Table S2). Total RMS range
is0.1-1.9s.

The GCMT focal mechanisms (Ekstrom et al. 2012) sug-
gest that both the mainshock (Mw 6.6) and largest after-
shock (Mw 5.8) had strike-slip mechanisms (Fig. 5a). The
different global catalogs show different locations, most
likely reflecting different stations used, though with the Mw
6.6 mainshock locations nevertheless all inside the trans-
form valley. Three epicenter locations for the Mw 6.6 event
(Fig. 5a) lie within 5 km of the east-west ridge interpreted
as the PTDZ. The focal mechanisms of two of them are con-
sistent with right-lateral strike-slip movement on an E-W
fault. The outlying GCMT event also has an EW strike slip
mechanism. The ISC moment tensor solution suggests a
compressional focal mechanism (Fig. 5a), though no infor-
mation is available to explain the discrepancy with the other
mechanisms. As reverse faulting is incompatible with the
tectonic environment, the Mw 6.6 event is considered here
most likely to be strike-slip.

Aftershock activity declined rapidly with time (Fig. 5b).
Sixty-nine aftershocks occurred on the first day, with epi-
centers migrating eastward to the area with higher 8-9 m.y.
crustal age difference (Fig. S1; Fig. 5¢). Most of the epi-
centers were located within ~25 km of the mainshock, and
south of the 7.78°N segments (Fig. 5e¢). The daily numbers of
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Fig. 4 a) Body-wave magnitude (mb) distribution of the full main-
shock-aftershock sequence derived from the regional seismic record-
ings. b) Minimum-maximum horizontal uncertainty distribution of the

earthquakes decreased to 39 (September 7), 16 (September
8) and 10 (September 9—11). The seismicity rate increased
again with four events on September 13 (south of the OCC)
and two on both September 14 and 15 (on the northern
wall of the transform valley). On September 17, another
six events were recorded, including the Mw 5.8 event. Our
epicenter for the Mw 5.8 event is on the SW side of the
OCC segment B with position uncertainties overlapping the

@ Springer

RMS, s

data in (a). Bold circles highlight the Mw 6.6 and Mw 5.8 events.
¢) Distribution of horizontal uncertainties and d) root-mean square
(RMYS) distribution of located aftershock time uncertainties

suggested normal fault that formed the OCC. On Septem-
ber 18 and 19 three events were located in the same area
as September 17 (with estimated horizontal uncertainties of
815 km).

We relocated the earthquake catalog using the double-
difference HYPODD software (Waldhauser and Ellsworth
2000). HYPODD has been used to relocate earthquakes
from the differential arrival times of P and/or S waves at
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both local, regional, and teleseismic distances (Wald-
hauser and Schaff 2007). We mainly used the P-wave travel
times obtained using HYPO71, with full weight, whereas
S-waves, available for some events, were given half that
weight. We tested different values of damping factors
to adjust and maintain a stable inversion, until the initial
damping factor values resulted in unstable inversions with
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large condition numbers (Waldhauser and Schaff 2007). We
used the velocity model of Henig et al. (2012), previously
used in the Atlantis Massif (Fig. 6a) to relocate the events.
A total of 114 events were relocated (Table S3) with
uncertainties of 0.1-9.7 km (east-west) and 0.1-4.6 km
(north-south). The other 36 earthquakes did not converge
within the location constraints. The resulting epicenters
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(Fig. 6¢) are more spatially focused than those obtained ini-
tially with HYPO71 (Fig. 6b). The epicentral displacements
from the inversion (Fig. 6d, e,f) are 1.94 km (east-west) and
2.13 km (north-south) (mean standard deviations).

Accuracy in epicenter relocation
The Mw 6.6 mainshock located using HYPO71 lies 4.8 km
north of the PTDZ (Fig. 5a), which we suggest is the most

likely site of the earthquake rupture. The latitude of this

P velocity, km/s
1 2 3 éll ? (IS 7 8 9

location is similar to the GCMT, IPGP, NEIC, and ISC
epicenters. The proximity of our Mw 6.6 mainshock to the
PTDZ suggests that the event is located well in latitude
(i.e., the bias is only 4.8 km due to regional mantle veloc-
ity variations not represented in the Earth velocity model).
Similarly, globally detected events recorded in local ocean
bottom seismometer networks have also been found to coin-
cide (Hicks et al. 2020; McGuire et al. 2012), suggesting
that epicenter bias is modest. Considering the uncertainties
after relocation with HypoDD (Fig. 6), along with the above
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Fig. 6 Results of double-difference relocations of aftershock seismic-
ity using the HypoDD package. a) Velocity profiles of the CRUST1.0
and Henig et al. (2012) models used in the relocations. b,c) Relatively
relocated epicenters using the CRUST1.0 and Henig (2012) models,
respectively (colored circles). White squares show the epicenters ini-
tially located using HYPO71 with CRUST1.0. d) to f) distribution
of vertical, horizontal, and spatial epicenter displacements following
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012345678910
Horizontal displacement, km

012345678910
Spatial displacement, km

relative relocation (using the Henig (2012) velocities). g) Final epicen-
ters after applying a 4.8 km southward shift in latitude of the HypoDD
catalog to account for the bias in the Mw 6.6 epicenter interpreted
to have ruptured the PTDZ (the Mw 6.6 location is shown without
this southward correction). White line shows the approximate extent
of epicenters
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4.8-km proximity of the Mw 6.6 event to the PTDZ, most
of the relocated aftershock epicenters are confined mainly to
the south side of the OCC segments. If the 4.8-km separa-
tion of Mw 6.6 event from the PTDZ represents a general
bias, the aftershocks in Fig. 6¢ lay 4.8 km south of where
shown. The event locations adjusted for this bias are shown
in Fig. 6g. Therefore, the aftershocks lay within the trans-
form valley floor and wall, including the OCC segment B.

Waldhauser and Schaff (2007) argued that epicenters of
double-difference relocations can differ by more than 10 km
from locations obtained from global recordings in the Inter-
national Seismological Centre (ISC) catalog. Cleveland
et al. (2018) also observed that relocated epicenters from
regional recordings can differ by up to 11 km, even after
using surface waves (earthquake magnitudes 4-6). Relo-
cations of smaller earthquakes should be larger (Pan and
Dziewonski 2005). Our suggested 4.8 km bias in HypoDD
relocated epicenters is compatible with the uncertainties
found in these other studies.

Surface wave relative relocation of the aftershocks
of mb>4.5

Five aftershocks with mb>4.5 (GCMT Mw >4.9), including
the Mw 5.8 event, have been recorded by stations at teleseis-
mic distance and included in the GCMT catalog. These were:
Sept.7 11:03:20 Mw 5.1; Sept.7 21:19:05 Mw 4.9; Sept.7
21:22:46 Mw 4.9; Sept.1022:26:40 Mw 5.0; Sept.17 03:00:23
Mw 5.8. We used the epicenter and origin times obtained with
HYPO71 as the initial parameters for relative relocation. The
relative relocation procedure (McGuire 2008) relocated the
five earthquakes using teleseismic records of surface waves.
The procedure uses the difference in surface-wave travel time
from the cross-correlation between two events to obtain the
new relative position of the second event, using the coordi-
nates of the first event as a reference (master). Before run-
ning the procedure, the surface wave records were bandpass
filtered (0.02-0.04 Hz). The methodology assumes that the
two paired earthquakes have similar focal mechanisms. Other
similar procedures have been applied to investigate epicenter
of oceanic seismicity using teleseismic records (Howe et al.
2019; Cleveland et al. 2018). We analyzed only those earth-
quakes with good teleseismic records and teleseismic station
coverage (Fig. 7), using the HYPO71-derived epicenter of the
Mw 6.6 earthquake as the master.

In the results (Fig. 7, Table 1), two events being the Sept.
7 Mw 5.1 (Fig. 7) and Sept.10 Mw (Fig. S14; Fig. 7) were
relocated to east close to the Mw 6.6 mainshock, with separa-
ton distance of 1.64+2.9 and 3.8+1.7 km away from the main-
shock. These two events may have occurred on or near the
rupture of the mainshock at PTDZ. However, the two Sept.7
earthquakes with Mw 4.9 (Figs. S15, S16; Fig. 7), and Sept.

17 Mw 5.8 (Fig. S17; Fig. 7), were relocated to the north walls
of the transform valley, with separation distance of 14.2+1.5,
14.5+1.5, and 8.2+1.2 km away of the mainshock. These three
aftershocks were relocated to the smooth surface ridge, with
the easterly of them near the edge of the OCC (segment B),
where we suggest the normal fault that formed the OCC lies.

Focal depths of the Mw 6.6 mainshock and Mw 5.8
aftershock

Analysis of recordings from ocean bottom seismometers
over active OCCs elsewhere have located seismic activity
3-12 km below seafloor (Craig and Parnell-Turner 2017).
For a better constraint of seismicity in our case, we mod-
eled surface waveforms using the ISOLA package (Sokos
and Zahradnik 2008; Zahradnik and Sokos 2018) to derive
the earthquake hypocenters for the Mw 6.6 and 5.8 events.
The procedure (de Melo et al. 2021) used data from six sta-
tions (ITTB, NBMO, MPG, SOK, SACV, SMTB) at 1100—
2900 km distance (Fig. 1; Fig. 8). The data were also those
obtained from the IRIS DMC and RSBR. Prior to the inver-
sion, the data was corrected for instrumental response and
bandpass filtered (0.02-0.04 Hz). Two Brazilian land sta-
tions exhibited higher signal-to-noise ratio (0.01-0.03 Hz).
The strike/dip/rake angles and location from the GCMT
catalog (Dziewonski et al. 1981; Ekstrom et al. 2012) were
fixed, so that only hypocentral depth was varied. A 1D veloc-
ity model from CRUST1.0 (Laske et al. 2013) was used.

The Mw 6.6 event was first modeled using the surface
waveform approach. Its epicenter was located at 7.79°N,
37.18°W. The 5.8 Mw event was subsequently located fur-
ther northeast at 7.80°N, 37.14°W near the B section of the
7.78° OCC. Based on the the GCMT database, strike-slip
focal mechanisms with nodal planes of 273°/89°/-173° were
observed for the Mw 6.6 event and 274°/86°/-171° for the
Mw 5.8 event.

For the Mw 6.6 mainshock, the best-fitting waveforms
suggest a hypocenter at 6+/-2 km depth below seafloor
and centroid time+ 1.2 s (Fig. 8; Table 2). For the Mw 5.8
aftershock, the best-fit hypocenter lies at 8+/-2 km depth
and centroid time at +0.4 s (Fig. S18; Table 2). The vari-
ance reductions of the correlation between observed and
synthetic waveforms were 0.41 and 0.52 for the two earth-
quakes, respectively, with condition numbers (CN) of 7.7
and 9.0 (good inversions have CN < 10 (Sokos and Zahrad-
nik 2008). In the GCMT inversions, the sea water layer is
ignored (Ekstrom et al. 2012). Ekstrom et al. (2012) argued
that the GCMT inversion is unstable for shallow oceanic
earthquakes, hence they are mostly fixed at 12—13 km depth.
Our modeled hypocenters are 6.0 and 10.3 km, shallower
than the GCMT solutions, but as expected considering the
local 4.2 km water depth (de Melo et al. 2021, 2024a).
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Fig.7 Relative relocation from surface
wave cross-correlation. Upper side:
Global distribution of the seismic sta-
tions used in analysis, and map with

the changes in location of five events of
magnitude>4.9 in the GCMT catalogue
with relative relocation (no 4.8-km

bias correction has been applied).

Blue squares: epicenters located using
HYPOT71, red circles: the teleseismic
relatively relocated epicenters. Blue star
locates the epicenter of the mainshock
used as the master (original location
with HYPO71). Bottom side: Wave-
forms from the mainshock Mw 6.6
(shown in blue) are crosscorrelated with
seismograms from the time of the Sept.
7 at 11:03, Mw 5.1 (shown in red). The
relative location is defined using the
differential arrival times (bottom panel,
blue circles), which are fitted using a
grid search to minimize the L1 norm
(black line and red dots). In this case,
the new location of the Mw 5.1 event
occurred at coordinates 7.7311 latitude
and -37.1185, which locates 1.6+/-2.9
km away from the mainshock

Discussion
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to the region north and east of the Mw 6.6 event, with no
events to the west, implying an asymmetric response to

The Mw 6.6 Vernadsky transform valley earthquake has  stress changes following the mainshock. We seek to explain
been located within 4.8 km of the PTDZ (Fig. 5a), with  these features below by constraining the extent of the first
aftershocks relatively relocated near to section B of the  rupture and gain insight by modelling associated Coulomb
7.78° OCC. The earthquake swarm was confined mostly  stress changes.
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Table 1 Our estimations of the new epicenter obtained by relative Table 2 Focal depths obtained in this study
relocation for earthquakes Mw > 5.9, using teleseismic surface wave Date Magnitude Depth Centroid  Station
records. We include the separation distance between the mainshock time
(master) and relocated epicenter of the other five paired earthquakes (MM DD, (Mw_GCMT) (km) (relative
Date Magnitude Origin Lat. (°) Long. (°) Distance YYYY) B to origin
MM Mw_GCMT) time (rela-  (rela- (km) time)
DD, (HYPOT71 tively tively Sep. 6, 6.6 6.0+2 +12s  NBMO,
YYYY) location) relo-  relo- 2020 SACV. MPG
cated) cated) SMTB’ SOK,
Sep. 7, 5.1 11:03:20  7.7310 -37.1185 0.6+2.9 ITTB
2020 Sep.17, 5.8 8.0+2 +04s  NBMO,
Sep.7, 4.9 21:19:05 7.7732 -36.9827 14.2+1.5 2020 SACV, MPG,
2020 SMTB, SOK,
Sep.7, 4.9 21:22:46  7.7609 -36.9766 14.5+1.5 ITTB
2020
Sep. 5.0 22:26:40 7.710  -37.1318 3.8+1.7
10, Rupture length of the Mw 6.6 event
2020
Sep. 5.8 03:00:23  7.7745 -37.0430 8.3+1.2 Strong oceanic transform earthquakes produce ruptures that
;(7)’20 enlarge rapidly in horizontal extent with increasing moment
magnitude (Boettcher and Jordan 2004). Rupture areas have
been estimated based on aftershock distributions (Roland and
McGuire 2009; McGuire et al. 2012). From the W-E extent of
epicenters (Fig. 5d), the rupture likely extended for ~ 2630 km.
Although some earthquakes rupture asymmetrically (Scholz
Fig. 8 Synthetic waveform fitting
of observed waveforms (black) to
resolve focal depth of the main-
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2019), the lack of seismicity to the west of the main shock sug-
gests that this rupture length is an under-estimate if the fault rup-
tured more symmetrically about the epicenter (low-magnitude
aftershocks to the west may have remained undetected). Wells
and Coppersmith (1994) produced an empirical relationship
for the fault rupture lengths of strike-slip earthquakes (Fig. 9).
Our 26-30 km rupture length overlaps with the 31.5 km length
predicted by the Wells and Coppersmith (1994) relationship.
Source time function (STF) analysis of the SCARDEC data-
base (Vallée and Douet 2016; http://scardec.projects.sismo.
ipgp.fi/) shows that the transform fault movement lasted ~9s
during the event. If we assume an average oceanic rupture
velocity of 3.0-4.5 km/s (Abercrombie and Ekstrom 2001), the
SFT event duration suggests a rupture length of ~37-40.5 km.
Results obtained from hydroacoustic records suggest that the
transform ruptured eastward ~50+8 km during the Mw 6.6
event (de Melo et al. 2024b). These various estimates suggest
that our 26-30 km aftershock-based rupture length may be an
under-estimate, compared with several other oceanic transform
faults (Fig. 9) presenting rupture lengths higher than the rela-
tionship of Wells and Coppersmith (1994).

Coulomb stress changes during of the Mw
6.6 earthquake and their relationship to the
aftershocks

During an earthquake, two types of stresses are generated:
dynamic stress, which occurs during the propagation of

seismic waves, and static stress, which is the general coseis-
mic impact in the local epicentral region along the fault dis-
placement created by the earthquake (Jin and Fialko 2020).
The static stress changes was modeled using the Coulomb3
package (Toda et al. 2011), which predicts the static changes
in Coulomb stress resulting from fault slips. Results are sen-
sitive to model assumptions, hypocenter and faulting geom-
etry (Harris and Simpson 2002).

For a single fault, Coulomb fault stress change
ACFS = A7 gpear + 0 (A7, + A P), where AT shear is
the shear stress change along the slip direction, # is the
static friction coefficient, A7 » is the normal stress change
across the fault plane, and 4P is the change in pore pres-
sure at the fault (Byerlee 1978; Jaeger et al. 2009). 4 signi-
fies moderate changes in these quantities. If pore pressures
around the fault increase due to compaction, effective stress
decreases and may cause a fault to slip. Serpentinites can
deform non-dilatantly, thus leading to increased pore pres-
sures further promoting deformation (Escartin et al. 1997).
Additionally, if CFS is reduced due to thermo-chemical
alteration, such as serpentinization, this will also favor slip.
Typically, # values of basaltic rocks are 0.59-0.78 (Gia-
comel et al. 2021). Serpentinite rocks have been found in
the transform valley walls on the west side of the Verna-
dsky transform valley (Skolotnev et al. 2020). We, there-
fore, ran the model with physical properties appropriate for
serpentinities. Serpentinites have a friction coefficients of
~0.3 (Escartin et al. 1997; Reinen et al. 1994) and Poisson’s

Fig. 9 Empirical relationship
between rupture length and
moment magnitude. Red curve
is the relationship of Wells and
Coppersmith (1994). Vertical
brown line shows the rupture
length estimate for the Mw6.6
event based on the aftershock
distribution. Also shown are
estimates for one strong earth-
quake (2016 Mw 7.1) on the
Romanche transform fault (Bao
et al. 2022; Hicks et al. 2020),
three earthquakes (1967 Ms 6.5;
1974 Ms 6.9; 2015 Mw 7.1) in
the Charlie-Gibbs transform
system (Kanamori and Stewart
1976; Aderhold and Abercrombie
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ratios of 0.25-0.35, depending on volume percent of olivine
alteration (Christensen 2004). We estimated A C'F'S using
a friction coefficient of 0.3, assuming a focal depth below
seabed of 6 km (from the Mw 6.6-event waveform model-
ling). We assume a rupture from seabed to 12 km depth, i.e.,
symmetrical about the earthquake focus (Fig. S19 shows
the grid used in modeling in plan view; Fig. S20 shows
other model examples using 8 and 10 km). A 31.5 km rup-
ture length from the Wells and Coppersmith (1994) relation
was used. The lateral extent of inelastic movement (fault
zone) was set to 1 km either side of each fault (“normal”
abyssal hills near to the PTDZ appear undeformed (see
immediately NW of the Mw 6.6 epicenter in Fig. 5a), sug-
gesting that earthquakes generally do not shear the adjacent
lithosphere). Young’s modulus of 6.5x 10* MPa was used.
Coulomb stress changes caused by both the Mw 6.6 and
Mw 5.8 events were predicted using the same strike/dip/slip

-37.2°

7.9° BTy - T =
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u
)
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Isg

7.8° "]
"}
“ ¢ .
g A
o s 9
7.7° -
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Fig. 10 Coulomb stress changes (see main text for model parameters).
(a) Effect of the Mw 6.6 mainshock. (b) Effect of the Mw 5.8 after-
shock in addition to the Mw 6.6 mainshock. Solid circles in both pan-

parameters as used in focal depth analysis (Section “Rela-
tive relocation of the aftershocks M>4.5"). To check the
calculations, static Coulomb stress changes were modeled
also using the DIS3D code of Fialko and Rubin (1999) with
similar parameters (Fig. S21).

The Coulomb stress changes predicted for the Mw 6.6
event (Fig. 10a) are negative where most of the aftershocks
occurred up until the Mw 5.8 aftershock, in contrast with
models for other strike-slip earthquakes, which predict
aftershocks in areas of positive change (King et al. 1994). In
the model including the further effects of the Mw 5.8 after-
shock, some of the area that had positive stress change from
the mainshock (36.8-36.9°W, 7.7°N, Fig. 10a) also become
negative (Fig. 10b). The aftershocks occurring after the Mw
5.8 event lay in the north walls and floor of the transform
valley in areas of both positive and negative stress, though

-36.8°

%

-37.0° -36.8°

els are the aftershocks relocated using HYPODD. Those occurring

before the Mw 5.8 aftershock have grey outlines, those occurring after
it have white outlines
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mostly near their boundary, similar to the Hector Mine
earthquake.

Although unexpected (King et al. 1994), aftershocks in
areas of negative Coulomb stresses have been identified
for some continental strike-slip earthquakes. For example,
the 1968 Borrego Mountain earthquake (magnitude 6.4)
caused slip of the San Andreas transform where a negative
static Coulomb was expected (Allen et al. 1972). Several
events of the 1999 Hector Mine sequence occurred in areas
of negative Coulomb stress change generated by the M 7.2
1992 Landers earthquake (Toda et al. 2005; Freed 2005).
The Hector Mine hypocenter was located near the border
between positive and negative stress changes (Freed 2005;
Harris and Simpson 2002). Stresses change during the prop-
agation of earthquakes (called dynamic stresses). Although
lasting only seconds, dynamic stresses are an order of mag-
nitude larger than static Coulomb stress changes and have
been suggested to cause aftershocks for many months fol-
lowing major earthquakes, by somehow modifying fault
properties (Kilb et al. 2000).

A few features of the lithosphere encompassing the Ver-
nadsky aftershocks are also noteworthy. During rapid com-
pression of rock during seismic wave propagation, pore
waters become compressed causing increased pore fluid
pressure and decreased effective stresses. If serpentinites
underlie the OCC segment B and other areas, this may be
especially relevant given the low permeability of serpen-
tinite and tendency for non-dilatant failure (Escartin et al.
2001). Furthermore, geological models of OCC develop-
ment suggest that the upper crust and mantle in these areas
could be highly heterogenous lithologically (Escartin et al.
2017) and serpentinization may be limited to the upper 5 km
(Minshull et al. 1998). We therefore speculate that stress
concentration or spatially varied damage from dynamic
stresses may be possible, ultimately revealed by aftershocks
occuring in areas of reduced Coulomb stresses.

Conclusion

Earthquake recordings from regional seismic data have
been used to relocate aftershocks associated with the
Mw 6.6 Vernadsky earthquake (a strike-slip event). From
waveform modeling, the earthquake occurred 6 km below
seafloor. Based on the aftershock distribution, the rup-
ture length extended over 26-30 km, which is shorter than
other estimates from teleseismic or hydroacoustic methods.
This suggests that rupture lengths of oceanic transform
fault earthquakes may be poorly estimated from such low-
magnitude earthquakes recorded at regional distances. Bet-
ter rupture constraints are provided by other records (e.g.
hydroacoustic signals).

@ Springer

The Mw 6.6 mainshock was located only 4.8 km north
of an E-W ridge within the transform valley, which likely
represents the principal transform displacement zone (a
geological constraint). The relocated aftershocks occur
both along the transform valley floor and over an oceanic
core complex in its north wall. Three aftershocks (including
the Mw 5.8 aftershock) were relatively relocated by cross-
correlation of surface waves. Those relocated epicenters lie
close to the oceanic core complex.

Aftershocks for continental strike-slip earthquakes
typically occur where long-term static Coulomb stresses
increase, but numerical modeling here suggests that the
aftershocks of the Mw 6.6 mainshock occurred in areas of
decreased stress. The later Mw 5.8 event caused further mod-
est Coulomb stress changes and some aftershocks occurred
at boundaries between positive and negative changes.

Previous studies have shown that even with negative
static stress, the dynamic stress generated by the earth-
quakes can modify the strength of local faults. Most of these
aftershocks seem to have been generated by such dynamic
stress modifications of fault strengths. Modification of pore
pressure by the mainshock may have modified the rocks
strength locally (e.g. serpentinite), reactivating preexisting
faults around the OCC. Future more detailed local studies
with ocean bottom seismometers or hydrophone arrays, if
rapidly deployed after events like the Mw 6.6 mainshock,
could help us to improve understanding of the dynamic
behavior of lithosphere surrounding them.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11001-
024-09558-z.
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