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Highlights

e Regional broad-band seismic records are used to locate earthquakes with small
relative uncertainties.

¢ Results for one swarm show events distributed on multiple faults across rift
valley.

¢ We estimate earthquake depths using water surface reflection and direct P-
wave arrival times.

e Shallow earthquake depths derived from surface waveform modeling in the
area are estimated to be between 5 and 8 km below seabed.
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Abstract

Uncertainties in epicentral locations and hypocentral depths often prevent
earthquakes from being associated with individual or group of faults in bathymetric
data, thus Ilimiting the understanding of tectonic behavior. @ Ocean bottom
seismometers (OBSs) can overcome this problem, but they take significant efforts to
build and deploy, so information from them covers only a minor part of the earthquake
record of mid-ocean ridges. As an alternative, a combination of records from
seismometers at regional distances and appropriate processing methods can yield
location and depth estimates that are useful because they provide extensive data. We
illustrate this with a study of of magnitudethe seismicity of the 4-5°N Mid-Atlantic Ridge
using data from seismometers in Brazil, Cape Verdes, and Africa coast. The seismicity
occurred in swarms in 2012 (seven events), 2014 (five events), 2016 (62 events), and
2019 (eight events). We compare the seismicity with features in bathymetric data
collected with a multibeam sonars, which reveal two detachment fault surfaces
("megamullions"), one close to the modern rift valley floor but offset by ~10 km from
it. The located seismicity is shallow (best estimate less than 8 km below seafloor). The
swarms occurred over two segments of the ridge and, in the 2016 case, clearly
involved movements on widely distributed multiple faults, including faults on both sides
of the valley. Although the methods used produce epicenters and hypocenters with
uncertainties that are still larger than those of OBS experiments, they could provide a
way to study whether seismicity is systematically deep in certain parts of the ridge

where megamullions are observed.
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Seismic Swarms, Detachment Faults

1.0. Introduction

Earthquake seismology has contributed to our knowledge of the tectonics of
slow-spreading mid-ocean ridges (MORs) for many decades since it revealed that
normal focal mechanisms occur in the median valleys (Sykes, 1967; Thatcher and Hill,
1995; Solomon et al., 1988) and strike-slip mechanisms occur in or near transform
faults (Sykes, 1967; Engeln et al., 1986; Wolfe et al., 1993). Associating earthquakes
with individual or groups of faults necessary for finer-scale seismotectonic analysis
(Scholz, 2002) has relied on the deployment of ocean bottom seismometers (Cessaro
and Hussong, 1986; Toomey et al., 1995; Barclay et al., 2001; Grevemeyer et al.,
2013; Parnell-Turner et al., 2017; Parnell-Turner et al., 2020). Unfortunately, such
deployments have been limited spatially and temporally due to their cost, logistics, and
availability of suitable equipment. In addition, data from ocean bottom seismometers
(OBSs) also poorly constrain earthquakes located outside their deployed arrays (e.g.,
Grevemeyer et al., 2013).

Land seismometers and space geodesy allow seismotectonic studies on parts
of the ridge system lying above sea-level (Einarsson, 1991) and the Afar depression
(e.g., Wright et al., 2006). However, tectonic activity in those areas of thickened crust
may not represent that of MORs lying at typical ~2700 m depths. In particular, slow-
spreading ridges have low-angle detachment faults (Escartin et al., 2008) described
further below, which are not observed in Iceland. Similar comments of unsuitability
can be said of other spreading centers surrounded by land stations despite their
suitable configurations for locating events, such as the Terceira Rift of the Azores
(Vogt and Jung, 2004), as it lies on an oceanic plateau, or the Gulf of California rifts
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(Castro et al., 2017), which are highly oblique and sediment-covered. The use of
hydroacoustic sensors to locate seismic events from long-distance T-waves has
provided greater coverage of the Mid-Atlantic Ridge (MAR) spatially and towards lower
earthquake magnitudes (Smith et al., 2002; 2003; Goslin et al., 2005; Siméao et al.,
2010; Smith et al., 2012b). However, such deployments are unable to provide
hypocentral depths and focal mechanisms. Surface waves of earthquakes with
moderate (> 5.0 Mw) magnitudes (Cleveland and Ammon, 2013; Cleveland et al.,
2018; Howe et al.,, 2019) from land-based broadband seismometers at regional
distances can potentially provide both epicenters and hypocenter of events, and
hypocenters of oceanic seismicity. Due to uncertainties in global seismic velocity
structure, such data do not allow events associated with individual faults, which are
spaced only by ~1-10 km at MORs (Cowie, 1998). However, as we will show below,
they are accurate enough to resolve the spatial extent of seismicity, thus revealing the
degree to which multiple faults move during earthquake swarms. Additionally, land-
based sensors also allow hypocentral depths of the larger events to be determined.
Tectonic spreading (that is not occurring by the intrusion of dikes or other
magmatic bodies) was previously thought to involve mainly steeply dipping faults
(MacDonald et al., 1977; Shaw, 1992; Shaw and Lin., 1993; Thatcher and Hill, 1995),
but the discovery of megamullions (corrugated surfaces believed to have formed by
movement on detachment faults) in multibeam sonar data by Cann et al., (1997) led
to a rethinking of the underlying mechanism of seafloor spreading. Today geoscientists
accept that tectonic spreading occurs by a combination of high-angle and moderate
angle faulting, with some detachment faults rotating to low angles to leave
megamullions at the seabed (Blackman et al., 1998; Escartin et a., 2003; Smith et al.,
2006; Escartin et al., 2008; Smith et al., 2008; Tucholke et al., 2008; Escartin et al.,
2016). long-term deployment of OBSs around megamullions by Parnell-Turner et al.
(2017, 2020) demonstrated the plethora of information that can be obtained when
accurate hypocenters are available. The results showed changes with time in
seismicity around one of the detachments, suggesting that the faults undergo stress

accumulation and strain release cycles.



117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Here, we have studied seismicity occurring in three segments of the 4-5°N MAR
where previously collected multibeam and gravity data provide information on the
tectonic and crustal structure. The earthquakes (M>3.6) occurred in four swarms. We
located their epicenters using waveforms recorded by regional seismographic stations
from near the coasts of Brazil, Africa, and the Cape Verde’s islands (Figure 1). We
used waveform modeling to identify the most likely focal depths of each swarm’s
strongest events (Mw >5.4). Complementary to previous studies using surface waves
recorded by regional networks, we have been able to use delays between water-
surface reflected (wpP) and direct arrivals (P) in more distant stations (35°-95°
distance) to constrain hypocentral depths. The swarms appear to be tectonic rather
than volcanic and occurred over the inner rift floor of the spreading segments, involving
multiple normal faults. Some epicenters were situated on the side of a megamullion
closest to the rift center or axis. The hypocenters are sufficiently reliable for us to
compare event depths with those from the OBS studies. The study suggests that data
from seismic stations at regional (>1,000 km) distances can be used with other

geophysical data to study seismotectonic of typical MOR spreading centers.
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134 Figure 1 — Distribution of ISC events from 1980 to 2020 along the 4-5°N ridge
135 segments studied here shown (a) with magnitude and calendar time and (b) map with
136 the epicenters of the ISC coordinates in map of the ISC epicenters overlain on
137 bathymetry (Ryan et al., 2009) shaded from the NE. (c) Locations (red triangles) of the

138 seismic stations used in our study. Small white represents the epicentral area of this

139 study.

140

141

142  2.0. The 4.0°-5.0°N Mid-Atlantic Ridge

143 The MAR is slowly spreading with ~25mm/year (DeMets et al., 2010). At 4°-

144  5°N, it contains three slow-spreading ridge segments (S1-S3 marked in Figure 2a)
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extending ~100 km north of the Strakhov Transform Valley. Each segment has an
axial valley floor at ~3,500 m depth containing a central ridge that we interpret as a
neovolcanic ridge. On either side of each valley, the seabed rises to depths shallower
than 2,000 m in broad crustal mountains (Figures 2a and 2b). Within the southernmost
segment (S3), a major seamount, Nadezhda Seamount, dominates the westerly
coastal mountains, rising to 852 m depth (Udintsev et al., 1995). We suspect this
feature has a volcanic origin from its shape in profile, elongation along-axis, and some
possible NW-SE features on its west side (Udintsev., 1991; Udintsev et al., 1995). In
contrast, Muratov Seamount on the east side contains east-west trends on its relatively
broad and flat summit ("striations" marked in Figure 2b). We interpret this as a
megamullion (M1) produced by a detachment fault (Escartin et al., 2008; Tucholke et
al., 2008; Parnell-Turner et al., 2017; 2020). Two out of four rock dredges on the
western escarpment E2 of this feature were reported to contain gabbros (Udintsev et
al., 1995). A second possible megamullion (M2) lies further north and is separated
from the axial valley by a small oblique basin.

Bouguer gravity anomalies broadly support these interpretations. In Figure 2c,
two high Bouguer anomalies overlap the suggested megamullion M2 and lie parallel
with the Strakhov Transform Valley. Anomalies reach 50 mGal or more above those
of the surrounding area to the north, like 30-40 mGal anomaly over the megamullion
of the Atlantis Massif (Canales et al., 2004; Blackman et al., 2008). Megamullion M2
is associated with a somewhat smaller deviation of anomalies of ~20-30 mGal,
possibly indicating that the crust has been thinned less at this feature than at M1.
Nadezhda Seamount, in contrast, is associated with only modest Bouguer anomalies
of ~10-20 mGal above those of its surrounding area. This could imply that the
seamount has formed by eruption off-axis and that its mass is supported by some plate
rigidity, rather than a thickened crust.

We interpret some high-angle normal faults bounding the axial valleys of S1-
S3 from the multibeam data. In Figure 2b, a set of faults forming like a flight of stairs
bounds the westerly wall (f1w), whereas a more significant flight of faults bounds the
easterly wall (f1e). The easterly fault set to their south includes several hook-shaped
faults similar to those observed elsewhere (Searle et al., 1998). A prominent west-
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dipping fault f2e bounds the easterly side of segment S2. To the south-southeast of
it, a series of >10 offset faults can be observed lying outside the valley floor. Within
segment S3, a broadly curved fault escarpment f3e can be observed, delimiting the
easterly side of the valley floor.

Megamullion M2 terminates at escarpment E1, and the high Bouguer
anomalies associated with M2 also do not extend west of E1. M2 is, therefore, likely
to be inactive. In contrast, megamullion M1 terminates at steep escarpment E2 only
10-15 km from the axis. As fault f3e extends across the westerly side of E2, we
suspect that it too is now inactive, or f3e may represent a fault of the megamullion
hanging wall and is still active. In that case, the N-S topographic fabric immediately
west of E2 overlies a block of original hanging wall material that has or is being uplifted

on the footwall.

The study area thus contains some features of interest, which might be tackled
with seismological data. Such data could potentially help address questions such as:
are megamullions M1 and M2 still active? is there seismicity associated with
Nadezhda Seamount? are the high-angle faults active. Additionally, is seismicity on
the floor of the MAR typical of tectonic or volcanic swarms? The southern spreading
segment abuts a major transform fault: does this lead to deeper seismicity associated
with colder lithosphere?
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Figure 2 - a) Bathymetry color-coded with annotation a1-a3: multibeam artifacts, S1-
S3: spreading segments, R: neovolcanic ridge, M1, M2: megamullion structures, E1,
E2: megamullion escarpments, flw etc.: valley wall faults. Bathymetry data were
collected on the RV Akademic Nikolay Strakhov in 1988 and 1990 (Udintsev et al.,
1995) and by one transit of RV Atlantis with a Kongsberg EM122 in 2012 (Parnell-
Turner et al., 2012; Smith et al., 2012) running SE to NW across the area. The
bathymetry data are the ETOPO1 grid (https://www.ngdc.noaa.gov/, last accessed
September 2020). b) As (a) without color-coding. Circle highlights example hook
faults. Arrow in SE of map marks the orientations of megamullion stations. Solid
circles mark our interpreted limit of those striations towards younger crust. c) Bouguer
gravity anomalies from the WGMZ2012 global model (Balmino et al., 2011; Bonvalot et
al., 2012) overlain with bathymetry contours derived from the multibeam data
(annotated in km). The Bouguer anomaly version of WGM2012 is a grid in which free-



216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

air anomaly data derived from satellite altimetry were corrected for terrain effects using
2,670 kg/m? as the seabed density, and a 1'x1’ bathymetry grid (ETOPO1), which
includes the RV Strakhov bathymetry data. Annotation: NS, Nadejda Seamount and
MS, Muratov Seamount (Udintsev et al, 1996).
2.0. Seismological data

The International Seismological Centre (ISC) catalogue contains 181
earthquakes occurring here (4.0°-5.0°N, 32°-33°W) from 1980 to 2019 with
magnitudes ranging from mb=3.5 to Mw=5.8. Figs. 1a and 1b show the temporal
evolution of the ISC events along with their locations. Among these events, 66 of them
occurred in four brief swarms on 28 July 2012, 3 November 2014, 20-28 February
2016, and 25 February 2019. A total of 50 focal mechanisms has been provided by
the Global Centroid Moment Tensor catalogue for this time interval and area (GCMT,
available at https://www.globalcmt.org/, last accessed September 2020). Half of the

GCMT solutions occurred during these four swarms, and the four strongest events in
these swarms had Mw=5.4 (2012/7/28), Mw=5.5 (2014/11/3), Mw=5.5 (2016/2/21) and
Mw=5.5 (2019/2/25).

Figure 1c shows the seismic stations providing the data used in this paper.
Since 2011, a broad-band national seismographic network has been operating in
Brazil (Rede Sismografica Brasileira — RSBR, Bianchi et al., 2018). Several regional
sources contributed with data for the waveform analysis. These included five Brazilian
stations closest to the Atlantic coast (NBPV, NBPA, NBCL, NBMO, ROSB, TMAB),
SACV of the IRIS/IDA (Incorporated Research Institutions for Seismology) seismic
network (Scripps Institution of Oceanography, 1986) installed in the Cape Verde
archipelago and two broad-band stations in French Guiana (MPG) and Senegal
(MBO), which are part of the GEOSCOPE global network (Romanowicz et al., 1984).
We also used data from two temporary broad-band stations deployed in 2012 on two
islands of the Cape Verde archipelago (BRBL and SACO; Faria and Fonseca, 2014).
Data from a broad-band station located in St. Peter and St. Paul Archipelago (ASPSP)
(de Melo and do Nascimento, 2018) were also used in the epicenter relocation and
depth analysis.
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4.0.Methodology and analysis
4.1.Epicentral locations

Initially, we reviewed the waveform data from two days before the first event of
each swarm until the second day after the last swarm event. We used SCOLV program
of the SeiscomP3 package (Hanka et al., 2010) to carry out the analysis. A Butterworth
bandpass filter with corner frequencies of 2 and 8 Hz was applied to the waveforms to
increase the signal-to-noise ratio (SNR). Then, we used LOCSAT program to locate
the epicenters of 24 events not cataloged by the ISC in the 2016 swarm but recorded
by the regional stations. The locations were based on the IASP91 velocity model
(Kennett and Engdahl, 1991), and the magnitudes of events were estimated to be
mb=3.7-4.0. The visual inspection of the seismograms allowed the identification of the
Pn waves, though they commonly had amplitudes higher than the recorded noise
level. We selected Pn waves for pickings based on the clarity of their onsets for events
with mb = 4.5. The maximum time uncertainty of those onsets is +0.2 s. In contrast,
those onsets for the weaker earthquakes (mb<4.5) with lower SNR have uncertainties
reaching +0.5s. Fig.S17 reflects this variation, in which smaller events have greater
epicenter location uncertainties.

For the mb<3.9 events absent in the ISC catalogue, locations were found using
ISC epicentral coordinates of the strongest events in each swarm, i.e., initial locations
during the search. A better SNR was possible in earthquakes with mb=3.8-3.9
recorded by SACV, MBO, NBPV, NBPA, NBCL, NBMO, ROSB, TMAB. ISC events of
mb=3.6-3.7 were not readily identifiable in the seismograms due to their low
amplitudes relative to background noise. Pn waves for that magnitude range were
observed only in the SACV, NBPV, NBPA, NBCL, NBMO, and ROSB records.
Earthquakes with mb=4.0-4.4 presented clear Pn and Sn phases in at least the SACV,
MBO, NBPV, NBPA, NBCL, NBMO, ROSB, TMAB records.
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We relocated the ISC catalogue events and the additional 24 identified by our
regional stations using the HYPO71PC plugin of the SeiscomP3 package (Lee and
Valdes., 1985). Due to the long distance between the epicentral region and each
station, we fixed the depth at 0 km. The location software of Lee and Valdes (1985)
also estimates horizontal and vertical location uncertainties. For the horizontal
uncertainty, a single radial uncertainty is computed, which is turned into latitude and
longitude uncertainties by dividing by the square root of two. As the distribution of
recording stations suggests that event longitudes will be better constrained than their
latitudes, these uncertainties will over- and under-estimate longitude and latitude
uncertainties, respectively. Finally, we computed the epicenter locations using those
stations at which the Pn arrivals were interpretable. Relocation employed a 1D velocity
model profile extracted from CRUST1.0 for the equatorial Atlantic (Table 1; Laske et
al., 2013). Figure 3 shows typical earthquake seismograms.

Depth of layer top (km) P-wave (km/s) S-wave (km/s)
0.00 1.89 0.43
0.95 5.00 2.70
1.64 6.50 3.70
3.16 7.10 4.05
7.87 8.11 4.50

Table. 1 — Velocity model used in this study derived from Laske et al. (2013)

4.2 .Focal depths
4.2.1.Waveform modeling

Source depths for events of Mw ~5.4 on the MAR were estimated using
waveform modeling. Stations on the two sides of the Atlantic are 1,200-2,200 km from
the study area, so modeling is well justified in the low-frequency range, e.g., 0.01-0.03
Hz, where many station records have a reasonable signal-to-noise ratio. In this

frequency range, it is dominated by the fundamental mode of Rayleigh waves, and
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simple 1D velocity models may approximate the oceanic crust. Here, we use the model
parameters of Table 1 obtained from CRUST1.0.

The modeling was performed using ISOLA (Sokos and Zahradnik, 2008, 2013;
Zahradnik and Sokos, 2018). A causal, fourth order Butterworth filter was used to
remove the instrumental responses and to obtain displacement waveforms in the 0.01-
0.03 Hz range. We processed the Synthetic displacements with the same filter.
Green’s functions were calculated using program AXITRA based on a discrete—
wavenumber and matrix method (Countant, 1989) implemented in the ISOLA
package. We fixed the point-source mechanisms with pure-shear moment tensors
using the strike/dip/rake angles taken from the GCMT catalog (Dziewonski et al., 1981;
Ekstrom et al., 2012). Although our tests indicated the possibility of obtaining similar
mechanisms (i.e., normal-faulting) as reported in the GCMT for the studied events
(Table 2), we identified from deviatoric inversion (Sokos and Zahradnik, 2008) that,
because the station distribution is not uniform, our own moment-tensor inversion is not
optimally conditioned and thus full moment-tensor inversion was not performed. We
instead inverted for solutions with pure double-couple focal mechanisms. The centroid
position was also fixed horizontally at the GCMT epicenter location. This choice left
the vertical position of the centroid unknown, and hence the analysis was used to
constrain the depth.

The seismic moment rate of each event was assumed to be a delta function
because the source durations of the analyzed events were shorter than the minimum
considered period (33 s). The best-fitting solution is described by the optimal depth (or
the depth range), scalar moment (Mo), moment magnitude (Mw), and variance
reduction VR (<=1). A 95% confidence interval to VR was numerically estimated using
an extended frequency range 0.01-0.04 Hz. ISOLA was run for several frequencies
and, for each run, solutions were saved with a new focal depth (Dias et al., 2016). A
spurious, rapid drop of the correlation between real and synthetic seismograms was
identified for trial source depths shallower than 4 km, caused by numerical problems
in the Green'’s functions calculations. Therefore, the inversion was applied using depth
trials ranging from 4 until 20 km were performed.



340
341
342
343
344
345
346
347

Epicentral distance, km

Origin Long Strike |[Dip Rake (DC
Date Time Lat (°) [ (°) Mw |(°) (°) (°) (%)
2012/7/28 |16:01:16.3 |4.61 [-32.58 |54 (195 45 -79 92
2014/11/3 |08:24:00.3 |4.86 |-32.60 |5.5 |351 45 -103 93
2016/2/21 |01:26:04.6 |4.79 |[-32.56 |5.5 (360 44 -92 80
2016/2/27 |02:41:48.0 |4.64 [-32.59 |54 |[355 44 -99 90
2019/2/25 (15:05:35.5 |4.30 |-32.57 [5.5 [169 45 -98 94

Table. 2 — GCMT parameters of the earthquakes used in this study (Ekstrom et al.,

2012). In the GCMT analysis, all centroid depths were fixed at 12 km.

4.2.2.Modeling depth-phase wpP

The four strongest events with magnitude Mw > 5.4 were also recorded by

some teleseismic stations located in North America, Europe, Middle East, and Africa.

In these data, the water surface reflection phase (wpP) was typically well recorded in

stations located >30° distance from the epicenters. Focal depths were computed from
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the wpP-P time differences and the P-wave velocity profile (Table 1) using the method
of Assumpcdo (1998) and Assumpgdo et al. (2011). This involves applying the

.0
2hjcosi

equation for the time delay wpP — P = Z’}:l< ) where h; is the thickness of each

layer in velocity model, i* the incidence angle of the ray in the layer and v;the P-wave
velocity of that layer. The incidence angle is obtained from i* = sin™! (;—’
ap

), in which 1,
is the apparent velocity obtained from the pP ray parameter. We used the TauP travel
time calculator (Crotwell et al., 1999) to estimate the ray parameter from the IASP91

global model (Kennett & Engdahl., 1991).
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Figure 3 — Typical earthquake waveforms used in this study. Seismograms are plotted
with a 4-9 Hz Butterworth filter. (a) Event mb 3.9 of 02/20/2016 at 13:00:58. (b)
Earthquake of 11/03/2014 at 06:25:14 and magnitude mb 4.5. (b) One of strongest
events of the 2014 swarm, of 02/27/2016 at 02:41:47, Mw 5.4. Inverted triangle marks
the identifiable Pn arrival times.

5.0.Results
5.1.Seismicity
5.1.1.The 2012 micro swarm

The 2012 swarm was short with eight ridge axis 4.05°-4.2°N events (Figure 4;
Table S1). The swarm began at 15:20:17 GMT July 28 and ended at 16:18:46 GMT
on the same day. Magnitudes ranged from mb 3.7 to Mw 5.4 (Figure 5a). The root-
mean-square residual (RMS) was 0.2-0.8s (Figure 5e). The horizontal uncertainties
were 1-7 km (Figure 5i), with most of them < 6 km. The relocated epicenters were
situated near the ridge-transform intersection (4.05°-4.2°N, 32.6°-32.5°W). Two
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epicenters were located on the inner floor of the median valley (4.18°4.2°N), and
another six epicenters were in the eastern valley wall (4.05°-4.2°N).
5.1.2.The 2014 micro swarm

2014 swarm was also of short duration, with only five earthquakes cataloged
by the ISC, and situated at 4.7°-4.9°N in the axis, north of the 2012 events (Figure 4;
Table S2). They began at 06:25:09 GMT on November 3 and ended at 08:27:06 GMT
on November 3. They had a magnitude range of 4.3-5.4 (Figure 5b). Three events
occurred on the inner floor (4.8°-4.9°N) and the other under the median valley wall
(4.7°-4.8°N). The relocated results had RMS 0.1-0.8s (Figure 5f), and three had RMS
<0.2 s. The horizontal uncertainties of the relocations were 1-4 km (Figure 5j).

5.1.3.The 2016 swarm

The 2016 swarm had more events (Figure 4; Table S3), with 62 events
recorded over a few days with magnitudes of 3.6-5.5 (Figure 5c). RMS uncertainties
were 0.1-1.3s, with 53 of them having <0.6s (Figure 5g). Horizontal location
uncertainties were 1-11 km, with 46 earthquakes having <8 km (Figure 5k). The
seismicity occurred in two stages and moved over an entire segment of approximately
42 km in length. The first stage with 45 earthquakes started with a mb 3.7 event at
05:00:10 GMT on February 20. The activity continued until 14:19:06 GMT on February
22, and most of the events occurred in the first three hours of February 20. The event
frequency then declined gradually (Figure 6a). After five days, an earthquake
(02:41:45 GMT on February 27) started the second sequence of 17 events until
18:38:56 GMT on February 28. However, despite the gap between the two stages,
one cannot rule out the possibility that the seismicity was continuous, with weak
activity between the stages not being detected by the regional stations.

Figure 6b illustrates the spatial-temporal behavior of the 2016 swarm. Initially,
on February 20, 32 earthquakes were asymmetrically scattered over a latitude range
(4.4-4.8°N). Most epicenters were situated on the inner floor of the median valley.
Eleven events occurred in the west valley wall and another five in the east wall. On
February 21, the seismicity was also spatially irregular but comprised only 13 events.
On February 27, the epicenters were also distributed asymmetrically in the second
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swarm stage, but over a seismic zone 25 km in length (4.5-4.68°N). Five other events
occurred on the inner floor of the valley, and more than five events occurred over the
east valley wall. The remaining seven seismic events had epicentral solutions off-axis.
5.1.4.The 2019 micro swarm

The 2019 swarm comprised only eight earthquakes over 4.2°-4.35°N (Figure 4;
Table S4). This swarm started at 15:05:09 GMT and ended at 21:10:48 GMT.
Magnitudes ranged from 3.6 to 5.5 (Figure 5c). Relocations had RMS errors of 0.1-
1.2s, with seven events with <0.3s (Figure 5h). Horizontal uncertainties were 2-8 km
(Figure 5i). All epicenters lay outside the media valley floor and around Nadezhda
Seamount, with only two events in the median valley wall (right side of Figure 4).

Figure 4 — a) Epicenter locations (color circles) of the earthquakes obtained from ISC
catalog and the events cataloged in this study (black square symbols). b) Epicenters
relocated using HYPO71 of the SeiscomP3 package. The GCMT focal mechanisms
of 5 events (Table 2) are also shown. White circles with red line are epicenters
recorded by the OBSs array deployed during the 11th cruise of the RV Akademik
Nikolai Strakhov in 1988 (Udintsev et al., 1996).
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5.2.Focal depths
5.2.1.Surface-wave inversion results

The processing for depths, as detailed in section 4.2.1, was applied to the five
large events given in Table 3. The first event (from the 7/28/2012 swarm) occurred at
16:01:22 GMT. It had a relocated epicenter in the eastern valley wall (4.147°N,
32.520°W). Using the GCMT strike 192°, dip 45°, and rake -79°, we obtained the best
variance solution with a depth of 8 km and centroid time (CT) of +4.8s relative to origin
time, with Mo=1.91 x 10" Nm, Mw=5.46, and VR=0.66. Figure S1 illustrates the
acceptable waveform fit using the 8 km centroid depth. Figure S2 shows the waveform
correlation as a function of trial depth. The complete E-W components from the
available stations have a waveform quality with a low signal-to-noise ratio.

Similarly, only the MPG station N-S component was used in the analysis, and
parts of the record horizontal components were not used in the inversion. Nonetheless,
all vertical components had good quality. The depth obtained is relatively well resolved
because the major wave groups, formed by Rayleigh surface waves, are sensitive to
the depth.

Origin Depth
Date Time Lat(°) |Long (°) | Mw CT (km) VR
2012/7/28 | 16:01:22 415 -32.52 5.5 +4.8 8.0 0.66
2014/11/3 | 08:23:58 4.85 -32.71 5.5 +3.2 7.0 0.65
2016/2/21 | 01:26:03 4.76 -32.73 5.4 +3.6 6.0 0.67
2016/2/27 | 02:41:47 4.64 -32.59 5.4 +2.5 5.0 0.71
2019/2/25 | 15:05:37 4.25 -32.76 5.4 +4.2 5.0 0.68

Table. 3 — Moment magnitudes Mw, centroid times CT and focal depths obtained in
this study for the five strongest earthquakes reported by the GCMT. Origin Time,
Latitude, and Longitude coordinates reported in this table were obtained from the
relocated earthquake catalog. Also shown is variance reduction of the waveform
modeling (VR).
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The strongest earthquake of the 11/3/2014 swarm (08:23:58 GMT) was
relocated (4.848°N, 32.711°W) in the inner floor of the median valley. The inversion
indicated a depth of 7 km and CT of +3.2s, with Mo 2.42 x 10" Nm, Mw 5.52, and VR
0.65. The best waveform fit is shown in Figure S4 and Figure S5. N-S and E-W
displacements in the ASPSP and SACYV station data were not used for this inversion
because of their large noise levels. Instead, all other components of the available
stations were applied in the inversion.

For the 2/21/2016 earthquake (01:26:03 GMT), the epicenter was relocated
(4.758°N, 32.730°W) to the inner floor of the median valley. The inversion resolved a
depth of 6 km (VR 0.67, CT +3.6s), with a moment magnitude of 5.43 and Mo 1.76 x
10" Nm. N-S sensor components of SACV, MBO, and MPG stations were not used
because of noise. ASPSP station did not record this or later events due to technical
and logistic issues. The best model is shown in Figure 7, and all trial depths in Figure
S7.

The second strongest event of the 2016 swarm of 2/27/2016 (02:41:47 GMT)
was relocated (4.631°N, 32.652°W). The inversion resolved a shallower depth of 5 km,
with VR 0.71 and centroid time +2.5s, with moment 1.48 x 10"7 Nm and Mw 5.38.
Because of the high noise levels, several sensor components were not used in the
inversion (N-S for SACV, MBO, and MPG and E-W for SACV, ROSB, and TMAB). All
vertical components were used in the inversion, however. The results of waveform
modeling and the trial depths are shown in Figure S9 and Figure S10.

The last event, 2/25/2019 (15:05:37 GMT) was relocated outside the ridge axis
in shallower bathymetry (4.254°N, 32.766°W). Hypocentral inversion suggested a
depth of 5 km and moment-magnitude of 5.42, with Mo 1.76 x 10" Nm, VR 0.68, and
CT +4.2s. Due to noise, N-S sensor components were used only from NBMO, NBPV,
and ROSB, and E-W components from only ROSB, SACV, TMAB, and MPG. The
ROSB vertical component was also not used because of a technical problem with the
equipment. The results of the best solution can be observed in Figure S12 and Figure
S13.
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5.2.2. Depths from wpP-P phases

We derived focal depth for the Mw 5.4 earthquake of 2/27/2016 (02:41:47)
using the time difference between the wpP and P phases. We used records from 19
IRIS stations (Table S5), with azimuthal gaps over 130-170° and 230-290°. The
stations were chosen where seismograms revealed separate wpP and P phases.
Trends with epicentral distance were fitted to downward motions of the first P-phases
as shown in Figure 8. The wpP phase can be clearly seen with a large peak ~5.3-5.9s
after P. Using the method of section 4.2.2 and our velocity model of Table1, we
interpret the observed wpP-P time differences as indicating a hypocenter depth of
5.1+0.1 km, which is close to the depth of 5 km estimated with the ISOLA waveform
inversion. From the consistency of the wpP-P time difference among the stations, the
depth is well constrained (Figure 9). In Fig. 9, we also compare the result with five
hypocenter depths (5, 6, 7, 8, and 9 km) estimated using the theoretical pP-P phases
of the IASP91 global velocity model, corrected with a water layer. This approach yields
a hypocentral depth of 7 km. We speculate that this ~2-km difference between the
estimated wpP-P and IASP91 depth arises because the IASP91 travel time table was
derived using events located primarily on the continental crust (Kennett and Engdahl,
1991).

The success of depth estimations from the wpP and P waves leaves open the
question of why the bpP phases are so weak. Large amplitudes of water-reflected P
waves, wpP, have also been reported also for other phases, as such PKP waves
recorded in OBSs (Blackman et al.,1995). Strong reflections have also been inferred
for events recorded passing over the South America continental shelf (Assumpgéo,
1997; Assumpgao et al., 2011). Relatively small amplitudes of bpP phases have been
explained by the smaller impedance contrast at the seabed than on the ocean surface
(Shearer and Orcutt, 1987). We suggest that the effect is even more severe for remote
recordings of events originating at the 4-5°N MAR axis because the oceanic basement
is exceptionally rugged (Figure 2), leading to scattering and loss of coherence of the
basement-reflected P wave.
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Figure 7 - Waveforms (black) and their models (red) obtained with the best-fitting
source position in the 2/21/2016 swarm. The model has a 6-km depth, VR=0.67, fixed

GCMT mechanism. Data plotted in gray were not used in the inversion due to noise.

Numbers at the top-right corner of each panel are the variance reduction for a

particular component.
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Figure 8 -

Example of
P and wpP phases on teleseismic records, after removing instrument response from
WWSSN short-period instruments for Mw 5.4 strike-slip event on 27 February 2016
(GCMT). Continuous and dashed white line locate the interpreted P and wpP phases.
Solid black lines present the theoretical IASP91 bpP phase, and wpP is estimated
using the time delay due to the water depth at the epicenter. Seismogram colors
present the specific station used in the analysis, with their locations shown in the short
spherical globe in the inferior right corner.
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Figure 9 — Fit to the wpP-P time differences read from seismograms shown in Figure
5. Data are shown by squares and vertical bars their uncertainties. The bold line
presents the best-fitting trend for the 5.1 km depth. Color circles are theoretical time
differences calculated using the IASP91 tables of pP phase for the 5, 6, 7, 8, and 9
km depths, corrected for the water layer.

6.0. Discussion
We compare our results to see if they are compatible with those of other studies
and then assess how the methods could be used more effectively to tackle problems

of the tectonics of mid-ocean ridges.

6.1. Seismic behavior at the 4°-5°N ridge axis

Earthquakes have been associated with dike intrusions at MORs, most
identified with axial volcanoes. Such intrusions occur less frequently at slow-
spreading ridges, where they occur globally on average only every five years
(Bohnenstiehl and Dziak, 2009). Over 2000-2010, only two dike intrusions were
detected on the MAR, both at the Lucky Strike segment in 2001 and 2010 (Dziak et
al., 2004; Giusti et al.,, 2018). During those intrusions, seismicity occurred over
distances of ~55 km in 2001 and ~70 km in 2010 (Dziak et al., 2004; Giusti et al.,
2018). Dike intrusions involve seismicity propagating in the direction of intrusion
associated with deformation at the dyke tip (Einarsson and Brandsdottir., 1980; Dziak
et al., 1995; Dziak and Fox, 1999). Such time progressions were not identified for the
2016 swarm. In contrast, tectonic swarms in the MAR typically occur in a seismogenic

zone of mainly extensional deformation that is 10-20 km across-axis, with most
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epicenters located within the inner median valley (Toomey et al., 1985; Bergman and
Solomon, 1990). Bergman and Solomon (1990) also suggest that strong events of
magnitude >5.4 frequently occur at the boundary faults of the inner floor of the median
valley, with a maximum distance of 10-15 km from the axis of accretion.

Even allowing for the significant epicenter location uncertainties, the 2016
swarm at 4.0°-5.0°N was spread out over the axial valley, so it was more like a tectonic
swarm than a volcanic swarm. Most epicenters were located within the axial valley or
at most 15 km from the inner floor of the valley. Similar results with earthquakes
occurring over the inner floor and valley wall have been reported by Toomey et al
(1988) at the MAR near 23°N. Klein et al. (1977) suggested that movements on
multiple faults can be identified in data from a swarm seismic zone on the Reykjanes
Peninsula. The seismicity behavior with the time of the four short swarms could be
part of a continuous tectonic cycle, expected from the thermoelastic stress changes
caused by rapid cooling (Bergman and Solomon, 1984).

High Gutenberg-Richter b-values can occur in oceanic swarms where a large
proportion of microearthquakes are generated by volcanic activity (e.g., on Hawaii and
Iceland), with values reaching 2.5 (Lay and Wallace, 1995). However, according to
Cessaro and Hussong (1986), smaller b-values are more associated with uniform and
high-stress regimes that cause tectonic earthquakes. This may explain the lower b-
values of 0.75-1.05 found in swarms of the slow-spreading MAR 0.5°-45°N (Lilwall et
al., 1977; Francis, 1978; Cessaro and Hussong., 1986; Toomey et al., 1988; Kong et
al., 1992; Wolfe et al., 1995; Barclay et al., 2001). Figure 10 shows a Guttenberg-
Richter graph for the 2016 swarm, suggesting an approximate b-value of 0.88,

consistent with a tectonic rather than a volcanic swarm.



623
624
625
626
627
628

629

630

631

632

633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650

b=0.88 L

0.8

Log10(N)
o
D
|

0.4

0.2

0.0 : : : :

mb
Figure 10 — Gutenberg-Richter graphic of earthquakes from the 2016 swarm. Number
of earthquakes for each magnitude are presented in blue circles. The b-value shown
is the slope of the best fitting regression (red line).

6.2. Comparing earthquake depth with cross-axis relief

Cross-axis topographic relief is the variation in elevation from the rift valley floor
to crestal mountains, which is thought to represent the strength and thickness of the
lithosphere underling continuous tectonic necking (Tapponier and Francheteau,
1978). Several authors have observed an apparent correlation between the maximum
hypocenter depth with cross-axis relief of the MAR (Kong et al., 1992; Barclay et al.,
2001; Tilmann et al., 2004). We have computed similar measures of topographic relief
to see if our hypocenter depths are consistent with this correlation. Figure 11 shows
hypocenter depths of the four strongest earthquakes analyzed of 2012, 2014, and
2016. In Figure 11, epicenters are shown versus the cross-axis relief along with other
measurements from the MAR at 35°N (Barclay et al., 2001), 29°N (Wolfe et al., 1995),
26°N (Kong et al., 1992), 23°N (Tommey et al., 1988), 17.5°N (Cleveland et al., 2018),
16.5°N (Cleveland et al., 2018), 15.5°N (Cleveland et al., 2018), 13.5°N (Parnell-
Turner et al., 2017), 5°S (Tilmann et al., 2004), 7.2°S (Grevemeyer et al., 2013), and
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7.8°S (Grevemeyer et al., 2013). The focal depth results obtained in this work lie within

the same graph-space as previous studies and therefore appear consistent with them.
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Figure 11 — Relation between cross-axis topographic relief and maximum depth of
each swarm, revealing a tendency for the deepest earthquakes to be deeper with
increasing relief up to ~1400 m. Cross-axis relief was determined in a manner similar
to the earlier studies by averaging the relief from the inner valley floors using
bathymetry cross-sections obtained with GeoMapApp software in the vicinity of the
earthquake epicenters (method following Barclay et al. (1996)). Data from 35°N, 29°N,
26°N and 23°N are from Barclay et al. (1996).

The 2012 event occurred at 8+3 km depth and was located in the eastern valley wall
near megamullion M1, where there is nearly 2,150-2,200 m of cross-axis relief. Thus,
it lies within a similar area to that of deeper events of Cleveland et al (2018) for 15.5°N.
From the hypocenter depth uncertainty bars, the 2012 event also overlaps with the
event of 13.5°N, where seismicity is linked to detachment fault (Craig and Parnell-

Turner, 2017; Parnell-Turner et al., 2017). However, that depth does not continue the
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trend of increasing maximum depth of seismicity with cross-axis relief in Figure 11;
rather it is shallower. Parnell-Turner et al. (2020) demonstrated using the
microearthquake data recorded in two OBS deployments at 13.2°N that deformation
around detachment faults occurs in cycles, leading to variations in earthquake location
over time. Therefore, the shallower maximum depth of the 2012 event could either
represent a shallow seismicity stage of a cycle associated with megamullion M1, or
alternatively, M1 is no longer active, and the seismicity was due to other, perhaps

steeply dipping faults.

6.3. Epicentral and hypocentral uncertainties

To put our study in perspective and consider the potential utility of our methods,
we review uncertainties here. Epicenters of mid-ocean ridge earthquakes have varied
uncertainties, depending on the method used, data characteristics, distance to
instruments, and uncertainties in velocity of the mantle or other intervening medium.
for example, epicenters recorded by teleseismic stations can have horizontal location
uncertainties ranging from 5 to 50 km (Bergman and Solomon., 1984; Cleveland et al.,
2018). In contrast, regional hydrophone networks can record many more earthquakes
of lower magnitude with epicenter uncertainties in some cases less than 4 km (Fox et
al., 2001; Smith et al., 2004; Goslin et al., 2012; Giusti et al., 2018), but occasionally
reaching 75 km (Cleveland et al., 2018). Recordings from OBS arrays can locate
epicenters within only 0.9 km (Parnell-Turner et al., 2020), but such data are typically
recorded only over a short period (months to a year) for each deployment. Leaving
aside the problem of potential bias due to global model velocity errors, the precisions
of our epicenters derived using regional records are 1-12 km range and mostly < 8 km
(Fig 5, i-). Hence, the resolved horizontal spread of seismicity in and between the
swarms compares well against the global teleseismic data and the locations derived
from hydrophone arrays. Although the results shown here are not as accurate as the
OBS results, the methods offer the potential advantages of longer observation duration
and practicality.

Hypocenters are effectively not resolved in global catalogs to a necessary
resolution for studies regarding faulting at mid-ocean ridges. Hypocenters resolved
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using OBS records have uncertainties of 1-2 km (Figure 12), which allow deeper
detachment fault movements to be distinguished from fault movements in the
shallower crust (Parnell-Turner et al., 2017; 2020). Craig and Parnell-Turner (2017)
noted a lack of seismicity in their experiment in the shallow crust and speculated that
this might arise if the fault there was locked, implying that, longer-term, large events
occur in the shallow crust. Depth estimates are needed to see if this applies more
generally. Modeling long-period seismograms can provide depth estimates, though
usually with uncertainties still greater than 1-2 km (Bergman and Solomon, 1984;
Huang et al., 1986). Although depth uncertainties arising from our method (~2-4 km;
Figure 12) are greater and our methods do not resolve individual deep events well,
repeating the exercise for many events could resolve whether seismicity is
systematically deep at locations where detachment faults appear to be active from
sonar data (i.e., resolve whether the means of the depth distributions vary
systematically). This analysis could be carried out by studying seismicity at MOR

locations for longer durations or by studying seismicity from many locations.
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7.0. Conclusion
From our analysis of four earthquake swarms along the Mid-Atlantic Ridge axis
at 4-5°N:

1. The spatial extents of epicenters of four swarm have been resolved using data from
broad-band seismic stations located at regional distances. The depths of their largest
events were determined using waveform modeling and wpP-P travel time constraints,
with the deepest event (2012, Mw 5.5) lying at 8£3 km below the seabed.
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2. Because their epicenters did not progress systematically along-axis, the swarms
studied appear to be tectonic rather than volcanic. The 2016 results imply coincident
activity on many minor faults in the inner floor of the median valley across a region
that is ~25 km east-west and ~35 km north-south. Some activity of 2012 may be
associated with a detachment fault east of the median valley, although considering the
3 km uncertainties, the 8 km depth of the largest event also overlaps with shallow
seismicity of expected more steeply dipping faults.

3. The maximum depths of these swarms are similar to those of seismicity in other
parts of the Mid-Atlantic Ridge recorded with OBSs, when considered with associated
cross-axis relief. Although earthquake depths were not resolved in our study well
enough to address whether the southerly megamullion was active, our methods could
be used in the future to study whether seismicity in parts of the ridges is systematically
deeper, e.g., where megamullions appear in bathymetry data. In such an approach,
many such analyses could be carried out so that the uncertainties of average
maximum depth are reduced simply by averaging.
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