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Abstract: In 2018, two earthquake swarms occurred along spreading ridge segments of the ultra-slow
Southwest Indian Ridge (SWIR). The first swarm was located at the spreading-ridge intersection
with the Novara Fracture Zone, comprising 231 events (ISC catalogue) and spanning over 6 days
(10 July to 15 July). The second swarm was more of a cluster of events focusing near a discontinuity,
220 km west of the Rodrigues Triple Junction, composed of 92 events and spanning over 31 days
(27 September to 27 October). We examined these two swarms using hydroacoustic records from
the OHASISBIO network with seven to nine autonomous hydrophones moored on either side of the
SWIR. We detected 1109 hydroacoustic events spanning over 13 days (6 July to 18 July) in the first
swarm and 4880 events spanning over 33 days in the second swarm (25 September to 27 October).
The number of events per day was larger, and the hydroacoustic magnitude (source level) was,
on average, smaller during the second swarm than the first. The spatio-temporal distribution of
events from both swarms indicates a magmatic origin initiated by dike intrusions and followed by a
readjustment of stresses in the surrounding crust.
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1. Introduction

Seismic swarms are sequences of earthquakes with no major mainshock. They do not
have a well-defined temporal order in the magnitude of events and seismicity rate [1,2].
Seismic swarms at mid-ocean ridges have been investigated since the 1970s (e.g., [3-8]).
Swarms of volcanic and tectonic events along mid-ocean ridges are inherent to seafloor
spreading [9]. Because of the remoteness of most of the mid-ocean ridges and due to the
rapid attenuation of seismic waves in the solid Earth, land-based seismic networks lack
the low-level seismicity associated with seafloor spreading processes [10,11]. Since the late
1980s, local studies using ocean-bottom seismometers (OBS) (e.g., [12-14]) and regional
studies using autonomous underwater hydrophones (AuH) (e.g., [15-17]) have greatly
contributed to a detailed understanding of mid-ocean ridge seismicity [18-20]. This is
possible because seismic events produce low-frequency hydroacoustic waves, known as
T-waves, that are excited in the water column by earthquakes through the conversion of
seismic waves into acoustic waves at the solid-liquid interface (i.e., sea-bottom) [10,15,20]
and which propagate through the sound fixing and ranging (SOFAR) channel over long
distances with little attenuation [21-23].

The Southwest Indian Ridge (SWIR) is a major seafloor spreading ridge separating
Africa and Antarctica. It extends from the Bouvet Triple Junction in the southern Atlantic
Ocean to the Rodrigues Triple Junction (RT]) in the Indian Ocean [24-26]. The western end
of SWIR is older than its eastern end due to the lengthening and eastward propagation of
the ridge axis toward the RT]J [27,28]. The SWIR is among the world’s slowest spreading
ridges, with a full spreading rate of ~14 mm/a [24,29,30]. It is also characterized by
several large-offset transform faults that divide the ridge into spreading segments of
various lengths [31,32] with several magmatic and amagmatic ridge segments [33] and a
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deep axial valley bounded by ~3 km high ridges [26,28,32]. The cyclic nature of volcanic
construction and tectonic dismemberment across the SWIR is responsible for the ridge
crests and rugged morphology of this spreading ridge [32]. As shown in Figure 1, the SWIR
is mostly characterized by the obliquity of the ridge axis with respect to the main fracture
zone’s (FZ) orientation [34,35]. The section of the ridge between the Gallieni (52° E) and
Melville FZ (60° E) shows an obliquity of 40° and contains several long-lived transform
and non-transform discontinuities. The section between Melville FZ and RTJ (70° E) has an
obliquity of 25° and is continuous with minor discontinuities.
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Figure 1. Bathymetric map of the Southwest Indian Ridge, between 50° E and 70° E, showing the
geographic and temporal distribution of swarms reported in the ISC catalogue from 2010 to 2020.
The numbers next to the symbols refer to the number of teleseismic events in the ISC catalogue for
each individual swarm. The blue dots show the location of the two 2018 swarms investigated in
this paper.

Only a few seismic swarms have been reported along the SWIR based on teleseismic
observations (e.g., [36,37]), hydroacoustic observations (e.g., [38,39]) or local OBS surveys
(e.g., [40,41]). In a comprehensive study of teleseismic earthquakes between 1976 and 2010
at ultra-slow spreading ridges, Schlindwein [42] showed that earthquake swarms occur at
volcanic centers or segments with magmatic accretion that are separated by stretches of non-
volcanic seafloor. These swarms are mostly associated with diking events. In the western
part of the SWIR, based on regional and teleseismic earthquakes, Laderach et al. [43]
showed that earthquake swarms are associated with along-axis melt flow mechanisms.
Seismic swarms observed in local OBS studies in the eastern part of the SWIR are also
interpreted as the result of magma movement related to diking episodes [7,40,44].

From 2010 to 2020, in the International Seismological Centre catalogue [45], we found
only nine seismic swarms between 50° E and 70° E. We considered as swarms, the occur-
rence of at least five consecutive events within 15 days clustered in a grid of 3 x 3 degrees.
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Figure 1 shows their distribution: eight of them occurred west of Melville FZ and only one
east of it. Most of them count about 10 or less (teleseismic) events, except three swarms:
one in 2016 with 215 events and two in 2018 with 231 and 92 events. The latter two are
remarkable: the one west of Melville FZ included the most Mw > 5 events (7) compared
to the 2016 swarm (5); the one east of Melville FZ was the only one occurring in the
nearly 1000 km long continuous section of the SWIR and also included 6 My > 5 events.
Their occurrence only a few months apart in two distinct tectonic settings made a further
investigation worthwhile.

Based on the ISC catalogue, the first swarm (swarm-1) lasted for 6 days, from 10 July
to 15 July 2018 and the second swarm (swarm-2) lasted for 31 days from 27 September
to 27 October 2018 (Figure 2). Although locational uncertainties of the ISC catalogue
are large (~20 km) in this remote part of the ocean, the occurrence of dense teleseismic
events in a limited time period can be representative of seismic swarms [7]. Swarm-1 was
located along SWIR Segment 18 at 58°10" E (as numbered after Cannat et al. [35]) near the
spreading-ridge intersection with the Novara FZ and comprised 231 events (Figure 2b). It
started with a My = 4.9 event on 10 July at 03h55. Seven events with a My > 5.0 occurred
after this onset and their focal mechanisms express normal faulting with azimuths parallel
to the ridge axis. Swarm-2 occurred near a small axial discontinuity along SWIR Segment 4
at 67°40’ E, 220 km away from the RT] and comprising 92 events (Figure 2c), started with a
My = 4.2 event on 27 September at 13h58. Six events with My > 5.0 occurred afterward,
also with normal faulting focal mechanisms approximately parallel to the ridge axis. The
ISC catalogue events are more scattered in swarm-1 than in swarm-2.
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Figure 2. The locations of the two 2018 swarms along the Southwest Indian Ridge: (a) hydroacoustic events (red dots)

detected by the OHASISBIO network of hydrophones (blue stars); (b,c) enlarged sections for swarm-1 along ridge Segment

18 and swarm-2 along ridge Segment 4 with the hydroacoustic events (red dots), events from the land-based ISC catalogue
(green dots), and events with My > 5.0 (white dots) along with their focal mechanisms (GCMT catalogue [46]).
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To detect low-magnitude earthquakes associated with swarm-1 and swarm-2, lacking
from land-based catalogues (due to the fact of their detection threshold) and to better
understand whether these two swarms are tectonic or magmatic in origin, we examined hy-
droacoustic data (marine acoustic waves; T-waves) recorded by autonomous hydrophones
(AuHs) moored on either side of the SWIR from the OHASISBIO network [47]. The OHA-
SISBIO (Hydroacoustic Observatory of the Sismicity and Biodiversity in the Indian Ocean)
is a long-term hydroacoustic program for monitoring the seismic activity and the vocal
activity of large marine mammals in the southern Indian Ocean (e.g., [38,48]). The network
is maintained during the yearly voyages of RV Marion Dufresne to the French Southern
Islands. Since both swarms are located inside the OHASISBIO network, the observed
hydroacoustic events have a more accurate location than the events from ISC catalogue.
As the AuHs are also more sensitive to low-magnitude events, we detected 1109 hydroa-
coustic events for swarm-1 and 4880 events for swarm-2. There were thus five times more
hydroacoustic events than the ISC catalogue for swarm-1 and 53 times more events for
swarm-2. The analysis of this improved and dense catalogue of hydroacoustic events helps
to understand the nature of these two swarms and the spreading processes that govern
the SWIR.

2. Data and Methods

Because of the coherent nature of the propagation of sound waves in the ocean and the
permanence of a well-defined oceanic sound—-speed channel, hydrophone arrays provide a
significant improvement in the detection threshold [49,50] and location accuracy [10,51,52]
of earthquake events, relative to distant land-based seismic networks (as in the ISC cata-
logue). In this study, we analyzed data from an array of 9 hydrophones of the OHASISBIO
network (Figure 2) that are moored in the SOFAR channel axis at depths ranging from
1000 m to 1300 m (Table 1). The hydrophones are located at the south of La Réunion Island
(MAD-W and MAD-E), north-east and south-west of Amsterdam Islands (NE-AMS and
SW-AMS), off the Southeast and Southwest Indian Ridges (S-SEIR and S-SWIR), near RT]J,
west (WKER), and south-west (ELAN) of Kerguelen Island. They are set to record acoustic
waves continuously at a rate of 240 Hz on 3 byte long samples. Their high-precision
clocks are synchronized with a GPS clock before deployment and after recovery. The
data from these hydrophones are analyzed with software developed at the Pacific Marine
Environment Laboratory (PMEL) [10] and processed as described in Royer et al. [17].

Table 1. Locations and parameters of the autonomous hydrophones of the OHASISBIO network.

Sites RTJ NE-AMS S-SEIR SW-AMS ELAN WKER S-SWIR MAD-W MAD-E
La(tits‘;de 24.379 31.576 33.518 42,951 56.460 46.602 38.547 29.047 24.205
LOIE?E;‘de 72.372 83.242 70.866 74.598 62.976 60.548 52.929 54.258 63.010
Depth (m) 1109 1060 1280 1100 1020 960 1230 1288 1238
Sampling
240 240 240 240 240 240 240 240 240
rate (Hz)
Se“(f;g)“ty ~163.9 ~163.5 ~163.7 —1634 ~163.8 ~1633 —164.2 ~163.4 —163.5
11 13
- 5 February 8 February 31 January 16 January 19 January 9 January 6 January
Starttime  February 2018 2018 2018 2018 2018 2018 2018 February
2018 2018
10 23 3
. 30 January 30 January 23 January 29 July 14 January 21 July
End time February December November
. 2015 2019 5018 2019 2019 2018 2019 018 2018
c1(01§1};$1ft 0.0300 —0.2426 —0.2861 0.0048 ~0.0222 ~0.0348 0.0346 ~0.0010 ~0.7870

To locate each earthquake, we picked the highest energy arrivals in the T-wave spec-
trograms [53,54]. After the identification of T-waves on three or more hydrophones, the
source localization and origin time estimation were carried out by a non-linear least squares
minimization of the arrival times on each of the hydrophones [10]. The errors in the latitude,
longitude, and origin time were estimated from the covariance matrix of this least squares
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minimization, as modified by the mean square of the residuals. The distances and arrival
times on each hydrophone were calculated using sound velocities in the ocean based on
the Global Digital Environment Model (GDEM) and averaged along great circles joining
the sources to each of the receivers [55]. It must be noted that the location of acoustic events
actually corresponds to the location of the seismo-acoustic conversion on the seafloor.
For shallow earthquakes, such as in a young oceanic crust, this point generally matches
with the epicenter. However, in an area with high reliefs or near a seamount, the acoustic
“radiator” may not exactly coincide with the epicenter [56]. In addition, T-waves do not
provide any information about the depth of seismic events.

Acoustic events can be characterized by the acoustic magnitude or source level (SL) of
the T-waves. The SLs are derived from the received levels at each hydrophone, corrected
from the transmission loss between the event and the hydrophone locations. The received
level (RL), expressed in decibels with respect to 1 micro-Pascal (dB re pPa at 1 m, hereinafter
simply noted dB), corresponds to the maximum peak-to-peak amplitude in a 10 s time
window centered on the peak of energy in the acoustic signal, in the 3-110 Hz frequency
range, which closely resembles the definition of seismic amplitudes. The transmission
loss (TL) comes from: (1) the cylindrical sound-spreading between the event location
and the hydrophone; (2) the spherical sound-spreading in the water column between the
sea-bottom acoustic radiator and the sound channel axis.

The analysis of the data was iterated twice for each swarm. We constructed a first
hydroacoustic catalogue (OHA catalogue) containing event information such as the event
ID; its latitude, longitude, and SL; the number and names of hydrophones used to locate
the event; the calculated errors in the latitude, longitude, origin time, and SL. In a second
iteration, we used this event information to re-pick and re-locate the hydroacoustic events.
This step improved the catalogue by reducing the errors in latitude, longitude, and origin
time by ~10-fold. The median errors in latitude, longitude, and origin time for all events
from swarm-1 and swarm-2 (total 5989 events) were 0.33 km, 0.26 km, and 0.18 s, respec-
tively (Figure 3). In the first iteration, the median errors were 4.33 km in latitude, 3.60 km
in longitude, and 1.99 s in origin time; then, in the second iteration, the errors improved
(by ~10-fold) to 0.44 km, 0.35 km, and 0.19 s, respectively, for swarm-1 events (Figure S1).
Similarly, for swarm-2, the median errors improved (by ~11-fold) from 4.00 km to 0.33 km
in latitude, 2.89 km to 0.26 in longitude, and 1.92 s to 0.18 in origin time (Figure S2).

1200 1200

1000 Median=0.26 1000 Median=0.18
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600 600
400 400
200 200
0 : 0
2 3 0 1 2 3 0 0.5 1 1.5

Figure 3. Distribution of errors in the location (i.e., latitude and longitude) and origin time of all hydroacoustic events in

swarm-1 and swarm-2 after two iterations of detection and localization.

The detection threshold of an AuH array is defined by the SL of completeness (SL¢)
which is derived from the frequency-size distribution of the acoustic events [57]. It can be
compared to the magnitude completeness of seismic events from land-based catalogues.
Both are calculated by fitting a power—law relationship to the catalogue of events [58]:

log(N)=a — b SL
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where N is the cumulative number of events with a source-level greater or equal to SL, a
and b are constants determined with the maximum likelihood method [59].

For swarm-1, the ISC catalogue yielded a b-value of 2.96 (Figure 4a), much greater
than the expected value of 1 typical for seismically active regions. The magnitude (mb) and
SL of completeness of the ISC catalogue events were Mc(isc) = 3.9 mb and SLcgsc) = 218 dB,
respectively. For the OHA catalogue, the SLc was 6 dB lower and reached 212 dB, equiv-
alent to Mc(opa) = 3.4 mb. This improvement in the magnitude of completeness led to
~5 times more events in the OHA catalogue than in the ISC catalogue (1109 vs. 231).
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Figure 4. Completeness of the acoustic catalog based on the source levels (SLs) and ISC magnitude (mb) of all events from

(a) swarm-1 and (b) swarm-2. The correspondence between the SL and mb scales was based on matching the best-fitting

Gutenberg—Richter lines up to the completeness values outlined in green for the ISC catalogue and in red for the OHA
catalogue. The upper graph shows the histogram of the hydroacoustic events (gray) and the ISC catalogue events (green).
The lower left graph shows the cumulative number of events in the OHA catalogue (red) and ISC catalogue (green). The
vertical red and green line denotes the completeness values of the SLs and mb of the OHA and ISC catalogue, respectively.
The lower right graph shows the SL-to-mb relationship (and reciprocal) and trend line, obtained from the cumulative

number of events.

For swarm-2, the ISC catalogue yielded a b-value of 2.11 (Figure 4b), with a
Mcgsc) = 3.9 mb and an SLc(sc) = 220 dB, which are quite similar to swarm-1. How-
ever, the distribution of the SLs was very different, as they ranged from 207 to 225 dB and
was bimodal with a sharp peak at 209 dB and a broad one centered on 220 dB (Figure 4b).
Furthermore, swarm-2 had ~53 times more acoustic events than the ISC events (4880 vs. 92),
with, among them, an unusually high number of low magnitude events yielding to an
SLc(ona) on the order of 209 dB. As a result, the cumulative log(N) curve was not straight
and clearly departed from a characteristic power-law distribution for an SL <231 dB.
Comparing the completeness of the AuH records for both swarms was therefore not mean-
ingful. Regardless, the improvement in the magnitude of the completeness of the OHA
catalogue over the ISC catalogue demonstrated that hydrophone arrays provide more com-
plete information about the seismicity along distant mid-oceanic ridges over land-based
catalogues.
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3. Results
3.1. Seismicity of Swarm-1

The iterative analysis of hydroacoustic records from the nine available AuHs starting
from 6 July to 18 July 2018, yielded a total of 1137 events. This number was reduced to 1112
after selecting events with origin time-errors less than 10 s. We also excluded three events
occurring at less than 40 s from the preceding event. Out of the remaining 1109 events
(compared to 231 events in the ISC catalogue), 26 events (2%) were located with four
hydrophones, 241 events (22%) with five AuHs, 445 events (40%) with six AuHs, 242 events
(22%) with seven AuHs, 125 events (11%) with eight AuHs, and 30 events (3%) with nine
AuHs. Only 325 events are discernible in the S-SWIR hydrophone records because of the
high seasonal noise, and only 571 events in the ELAN hydrophone due to the fact of its
long distance from the swarm (~2000 km).

Between 6 July at 04h54 and the first strong event (10 July at 03h55, My = 4.9), we
found a total of 41 hydroacoustic events (Figure 5), representing very mild seismic activity.
Starting 10 July at 03h55, 265 events occurred on 10 July and contributed to a sharp increase
in the cumulative number (CN) of the events. Local changes in the seismic activity of the
swarm are marked by black arrows in Figure 5a; they correspond to the times when there
were local (short-term) changes in the event count (either an increase or a decrease) as seen
in Figure 5c. At the swarm onset, the seismicity rose up to ~13 events per hour till 10 July
at 16h00, after which it continued at a steady rate of ~10 events per hour for two days
(Figure 5c). Between 10 July and the end of 12 July, the CN slope averaged ~250 events per
day. Then, after 13 July, the seismic activity began to decline. The CN slope again changed
on 14 July and 16 July due to the slight increase in the number of events. After 16 July, the
CN curve was nearly flat until the last detected event of the swarm (18 July).

Changes in the CN slope on 12 July, 14 July, and 16 July coincided with the occurrence
of a temporal cluster of impulsive events (blue dots/gray ellipses in Figure 5b). Those
events were energetic and of short duration (<10 s) compared to the ~100 s duration of
strong events (such as the events from the ISC catalogue; Figure 6). The short duration
of the impulsive events may indicate that they were H-waves, meaning that the energy
was released directly in the water and did not travel in the solid crust. Such impulsive
events have previously been observed by Chadwick et al. [60] and Wilcock et al. [61,62] as
associated with active and fresh lava flows at different underwater volcanoes. Clustered
impulsive events have even been linked to isolated magma lenses [63]. Here, we detected
69 impulsive events. Three distinct temporal clusters of these impulsive events were
observed: seven events on 12 July, 10 events on 14 July, and nine events on 16 July. These
three temporal clusters coincided with noticeable changes in the CN slope; they resulted in
a change in the seismic activity and an increase in the number of events for a short time
(Figure 5c).

The SLs of the swarm-1 events ranged between 201.23 dB and 236.08 dB with a median
of 212.20 dB. Ten events with an SL > 230 dB, thus highly energetic, were observed after
the swarm onset (Figure 5b). These energetic events did not change the rate of seismic
activity, and there was no dominating event with a higher SL. Out of these ten events, eight
occurred on 10 and 11 July (green circles in Figure 5b) and the remaining two on 12 and 13
July (Table S1 in the Supplementary Materials). The median SL (SLy) of all 231 events from
the ISC catalogue was 218.43 dB and 215.39 dB of all 69 impulsive events. The overall SL of
the events before the swarm onset (6 July at 04h54 to 10 July at 03h51) was low with an SLy
of 211.72 dB (thick black line in Figure 5b). The SL increased after the swarm onset, 10 July
at 03h55, with the occurrence of abundant strong events, and remained near this level till
10 July at 16h00 with an SLy; of 217.50 dB. After this, the SLs decreased together with the
seismicity rate. After 10 July at 16h00, the SLy; decreased to 214.66 dB till occurrence of
the first cluster of impulsive events (12 July at 11h14) with SLy; of 214.96 dB. Between
12 July at 11h14 and 13 July at 13h55 (time between the cluster of impulsive events and
decreasing seismic activity), SLys of events reduces to 213.95 dB. From then on to the next
cluster of impulsive events on 14 July at 12h55, the SLy; decreased to 213.39 dB and then to
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213.09 dB until 16 July at 17h17 (next two clusters of impulsive events), and finally down
to 211.93 dB, till 18 July at 12h54 (end of the swarm). Though SLs do not directly represent
seismic magnitudes, they follow the same pattern as the magnitude of events from the ISC
catalogue, particularly at swarm onset.
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Figure 5. Temporal distribution of Swarm-1 events: (a) Cumulative number (CN) of events vs. time since the origin of the
time axis. Black arrows point to changes in the CN slope. (b) Source level distribution of all hydroacoustic events (red dot),
impulsive events (blue dot), and events reported in the ISC catalogue (green circles). Thick black lines define the median SL
(SLam) for events occurring between two consecutive black arrows in (a). The gray colored ellipses denote the cluster of
impulsive events. (¢) Number of events per 3 h in a moving window shifted by intervals of 30 min. The black arrows point
to local changes in the event count.
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Figure 6. Four-minute-long waveform and corresponding spectrogram of (a) a strong event on 10 July at 03h55 and (b) an
impulsive event on 11 July at 16h11 on all nine hydrophones of the OHASISBIO network. The signal for strong event lasts
for ~100 s vs. ~10 s for impulsive event. Due to the presence of seasonal noise in the S-SWIR records, the signal was weak
for the strong event and absent for the impulsive event.
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3.2. Seismicity of Swarm-2

The swarm-2 analysis was based on hydroacoustic records from only seven AuHs
(MAD-E and WKER AuHs recorded no data in the period of interest) and from 25 Septem-
ber to 27 October; this analysis led to the location of 5099 events. This number decreased
to 5031 after selecting events with origin time-errors less than 10 s. We then removed all
events within 40 s of the preceding one, yielding a catalogue of 4954 events (compared with
92 events in the ISC catalogue). After re-picking this first catalogue, 4880 events were relo-
cated of which 782 events (16%) were located using four hydrophones, 2997 events (61.5%)
using five, 1039 events (21%) using six, and 62 events (1.5%) using seven hydrophones.
Only 2999 events were discernible in the S-SWIR records because of the high seasonal noise
in the data and only 2039 events in ELAN data due to the fact of its remoteness from the
swarm (~2500 km).

Only 17 events were detected between 25 September at 21h42 and 27 September at
13h58 (Figure 7), after which the seismicity slightly increased with one impulsive event and
several small events, representing mild seismic activity. Similar to Figure 5, black arrows
mark the time of changes in the CN slope (either an increase or a decrease in event count
per unit of time). Starting from 28 September at 06h21, the swarm abruptly became active
with the occurrence of a cluster of ten impulsive events (Figure 7a), leading to a sharp
increase in the CN slope. The slope rose up again on 29 September. Seismicity became even
more intense with 448 events on 1 October, among which the ISC catalogue lists a short
duration temporal cluster. This intense seismic activity continued till 7 October with an
average of ~414 events per day. During this period, the number of events increased per
day, meaning the seismic activity intensified over time (Figure 7c). The CN slope slightly
flattened at the start of 8 October, reflecting an abrupt decrease in seismic activity. The slope
rose again on 10 October, with a cluster of ten impulsive events followed by short-time
episodes of impulsive events. On 14 October, three strong events (SL > 230 dB) marked an
increase in the event count (Figure 7c) with a cluster of five impulsive events at the end of
15 October. This activity declined after 18 October (SL > 230 dB) and remained even until
the last detected event for this swarm (27 October).

In swarm-2, SLs ranged between 196.08 dB and 240.33 dB with a median of 217.70 dB
(5.5 dB higher than for swarm-1), with 24 SLs > 230 dB (Figure 7b). Out of these 24 events,
only seven are reported in the ISC catalogue (Table 52 in Supplementary Materials). The
SLy of the 92 events in the ISC catalogue is 221.12 dB (2.69 dB higher than for swarm-1)
and 221.16 for all 58 impulsive events (5.64 dB higher than that of swarm-1). Before the
swarm onset, the SLy was 220.19 dB (25 September at 21h42 to 27 September at 13h58). It
then decreased to 213.75 dB between the swarm onset and abrupt activation of the swarm
(27 September at 13h58 to 28 September at 06h21), and at the end of 28 September, the SLy;
increased to 216.91 dB. Between 29 September and before the seismicity became intense
(1 October at 01h36), the SLys decreased to 215.44 dB. During the period of intense seismic
activity (1 to 7 October), the SLy; increased to 216.94 dB and then to 220.63 dB during 8
to 10 October (before the occurrence of a cluster of impulsive events). It then attained the
value of 222.09 dB till 14 October at 12h46 (matching a change in the CN slope) and then
222.69 dB till 15 October at 23h51 (occurrence of another cluster of impulsive events).

Before the occurrence of a strong event on 18 October at 22h53 (SL = 237.07 dB), the
SLy decreased to 220.66 dB. In the end, the SLy; decreased to 216.82 dB, as most of the
detected events become sparser (constant slope in CN). Here, also, the SL of hydroacoustic
events followed the same pattern as the magnitude of events in the ISC catalogue. The
results relative to swarm-1 and -2 are summarized in Table 2.
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Figure 7. Temporal distribution of Swarm-2 events: (a) cumulative number (CN) of events vs. time since the origin of the

time axis. Black arrows point to changes in the CN slope; (b) source level distribution of all hydroacoustic events (red dot),

impulsive events (blue dot), and events reported in the ISC catalogue (green circles). Thick black lines define the median SL

(SLy) for events occurring between two consecutive black arrows in (a). The gray colored ellipses denote the cluster of

impulsive events; (c) Number of events per 3 h in a moving window shifted by intervals of 30 min. Black arrows point to

local changes in the event count.

Table 2. Summary of the analyses of the hydroacoustic data from the OHASISBIO AuH network.

Key Points Swarm 1 Swarm 2
Date span in 2018 6 July to 18 July 25 September to 27 October
Duration in days 13 33
Number of ISC catalogue events 231 92
Number of hydroacoustic events 1109 4880
Average number of events per hour (over whole duration) 4 8
Number of impulsive events 69 58
Number of AuH stations used 9 7
Most events located with 6 stations (40%) 5 stations (62%)
Median error in latitude (km) 0.44 0.33
Median error in longitude (km) 0.35 0.26
Median error in origin time (s) 0.19 0.18
Range of source level (dB) 201.23-236.08 196.08-240.33
Number of events with SL > 230 dB 10 24
Number of events with SL < 200 dB 0 142
SL of completeness of OHA catalogue 212 dB 209 dB
SL of completeness of ISC catalogue (Figure 4) 218 dB 223 dB
Magnitude completeness of ISC catalogue (mb) 3.9 3.9
Magnitude completeness of OHA catalogue (mb, Figure 4) 34 3.1
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In the case of swarm-1, we observed that the seismic activity (i.e., changes in CN slope)
was governed by the occurrence of clusters of impulsive events. Whereas in swarm-2, the
seismic activity changed after strong events, with the SL > 230 dB (e.g., on 28 September
and 14 and 18 October). We interpreted the normal fault event on 28 September at 7 h 6 min
(Mw = 5.6 or SL = 239.4 dB at 26°55’ S, 67°44’ E) as a mainshock, because it was followed
by 30 events over the next ~3.5 h within a distance of ~100 km (Figure S3), of which 22
were closely spaced in the vicinity of the mainshock (<40 km). Although these potential
aftershocks had lower SLs, they did not follow a modified Omori law [64]. Similarly, the
event on 14 October at 12h32 (SL = 240.79 dB; not reported in the ISC catalogue) was
followed by 51 events within the next ~4.5 h and in a ~90 km radius (Figure S4). Here,
also, subsequent events had lower SLs than the initial event, but did not follow a modified
Omori law. Hence, these two sequences were not classical mainshock-aftershock sequences.
The strong event on 18 October at 22h53 was also not followed by a pronounced increase
in the seismic activity after its occurrence (i.e., the CN slope remains constant after). So,
irrespective of the presence of relatively higher magnitude (or SL) events in swarm-2, there
was no long exponential decay over several days in the aftershocks as in typical tectonic
mainshock-aftershock sequences.

4. Discussion
4.1. Seismic Activity Rate

As expected from the large difference in the number of events and in their duration,
the two swarms had very different seismic activity rates. Before the onset of swarm-1
(before 10 July at 03h55), there was only ~1 event per 2.5 h. After the swarm initiation,
there were ~11 events per hour (E/H) for the first three days (10 to 12 July), then ~7 E/H
between 12 and 14 July. It decreased to ~2 E/H from 14 to 16 July and then to just ~1 E/H
till the end of the swarm. For swarm-2, there were ~1 E/H before the swarm onset. Then,
~6 and ~10 E/H from 27 to 28 September and from 29 September to 1 October, respectively.
During the period of intense swarm activity (1 to 7 October), the rate increased to ~17 E/H,
after which it progressively decreased to ~7 E/H between 8 and 10 October, to ~4 E/H
between 10 and 16 October, to ~3 E/H till 18 October and down to ~1 event per 2 h from 18
October until the end of the swarm.

If we assume a uniform temporal distribution of events, the seismic activity rates were
~4 and ~8 E/H for swarm-1 and swarm-2 which span over 13 and 33 days, respectively;
this shows that SWIR Segment 4 near the RTJ] was seismically far more active than Segment
18 near the Novara FZ. This is indicative of different spreading processes likely due to
the different thermal structures between a short ridge segment bounded by a high FZ
wall and steep ridge flanks and a long continuous ridge segment. The latter, Segment 4,
established ~10 Ma ago, as the result of the continuous eastward propagation of the SWIR,
whereas the former, Segment 18, bounded by two large-offset fracture zones (Atlantis II
and Novara FZs), is a long-lived spreading segment since ~55 Ma [27,28]. In comparison
to the western part of the SWIR, the ridge section between the Melville FZ and the RTJ
has no significant fracture zone offsets, transform or major discontinuities, and the axial
valley is nearly continuous. Its depth is up to 2 km deeper than expected from Parsons
and Sclater’s [65] plate cooling model. Seamount abundance is also lower than west of the
Melville FZ [31]. Mantle S-wave velocities are higher [66]. These observations indicate that
the subaxial crust and mantle temperatures are lower near Segment 4 than they are west of
the Melville FZ, i.e., near Segment 18. This results in lower partial melting, less magma
supply to the ridge axis, and thinner crust near Segment 4 [35]. This cooler mantle beneath
Segment 4 will result in a higher lithospheric strength and thicker brittle layer more prone
to accommodating numerous earthquake events. Indeed, large and low magnitude events
are both clustered in a small area at Segment 18; in Segment 4, large magnitude events
are clustered as well in the axial area, but the low magnitude events are spread over a
wider area. The off-axis lithosphere of Segment 18 might therefore be less prone to tectonic
seismicity than that of Segment 4 [18].
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4.2. Temporal and Geographical Distribution of Events

The swarm-1 events are mostly clustered between three seamounts: T1 at 32°00" S,
58°00" E (south seamount), T2 at 31°20’ S, 58°10" E (north seamount), and T3 at 31°30’ S,
58°45’ E (high FZ crest to the East; Figures 8a and S5a). Just after the onset of swarm-1 on
10 July, events seem to propagate in the east direction (Figures 8a and S6). Before 10 July at
12 h, statistically, most of the events were located in the region between T1 and T2 (flanks of
the N-S axial valley at 58°15’ E), and then between 10 July and 11 July at 00h, they occurred
next to T3 (ridge-transform intersection). After 11 July at 00h, their distribution became
random until the end of the swarm (lacking any spatial pattern; Figure 56). Gridding
the number of hydroacoustic events every 1/4th degree in both latitude and longitude
(dashed line grid in Figure 8b) shows that 55% of them were located between T1, T2,
and T3 (highlighted in white), and were more numerous in the axial valley than in the
transform valley. Also, most of the impulsive events clustered on the southern wall of
the T2 seamount (the wall facing the axial valley at 31°35’ S, 58°12' E). The decreasing
number of events across the valley (west to east), the clustering of events between the three
bathymetric highs, the initial eastward propagation pattern of events, and the absence of a
relatively stronger event initiating the swarm suggest a magmatic origin. The swarm would
have initiated with the propagation of several dikes from a same source which connect the
seamounts, followed by the readjustment of stresses in the surrounding crust [50,67,68].
The stress readjustment rapidly fades away from the dike locus. The occurrence of three
temporal clusters of impulsive events on 12 July, 14 July and 16 July on the southern wall of
T2 (31°35' S, 58°12 E), followed by a minor increase in the event count (Figures 5c and 8b)
may represent the initiation and propagation of dikes from a source near T2. The T2
bathymetric high was more active compared to T1 and could represent an active volcanic
center. The ridge T3, located across the transform, was located on an, at least, 10 Ma old
oceanic crust and thus a priori inactive; however, the high and steep wall bounding of this
elevated ridge constitutes an ideal radiator for T-waves. The apparent acoustic seismicity
surrounding the summit of T3 is thus likely due to the fact of this artefact.
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Figure 8. (a) Temporal distribution of location of events between 10 July at 00h and 11 July at 00h. T1, T2, and T3 are local
bathymetric highs in the swarm-1 region. The black line shows the axial valley in Segment 18. The gray color scale denotes

the origin time of events from 10 July at 00h to 11 July at 00h. (b) Location of all impulsive events (blue dots). Numbers in

grid squares are the total event count in each %th grid of latitude and longitude for the entire swarm duration; the highest

counts among the seamounts are highlighted in white.
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In the case of swarm-2, the events appeared to cluster between two bathymetric
highs, T4 and T5, respectively at 26°52' S, 67°38' E, and 26°29’ S, 67°21" E (T5 is NW
of T4; Figures 9a and S5b). The mean location of hydroacoustic events per 12 h from 26
September at 00h00 to 27 October at 12h00 (Figure 9a) was primarily concentrated near T4
before 20 October and then concentrated near T5 till the end of the swarm. It also spreads
along the NE-SW bathymetric low separating T4 and T5. The spatio-temporal distribution
of these averaged locations suggests an episodic cross-feeding of magma between T4 and
T5 by a potential dike propagation [7,37]. It was also observed that the impulsive events
were spatially located in the region surrounding T4 and T5 (Figure 9b). They were more
clustered near T4 than T5 and, hence, T4 could represent the potential source of magma
extrusion or dike initiation (volcanic center). The number of hydroacoustic events per
1/4th degree squares (dashed grid in Figure 9b) shows that 75% of the events were located
near T4 and T5 (highlighted in white), a majority of events (2413 out of 4880) near T4,
which again shows that it was more active. The decreasing number of events away from
the two bathymetric highs supports the idea of a stress readjustment in the surrounding
crust [50]. Moreover, the location of events reported in the ISC catalogue tends to align
along a line joining these two seamounts (Figure 2c). This observation together with the
focused impulsive events and the event temporal distribution also point for a magmatic
origin for swarm-2, initiating with dike propagation from a source near T4.
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Figure 9. (a) Temporal distribution of mean location (as mean latitude and mean longitude) of swarm-2 events over the bin

size of 12 h (gray color scale). T4 and T5 are local bathymetric highs in swarm-2 region. (b) Location of all impulsive events

blue dots). They were mostly clustered towards T4. Numbers in grid squares are the total event count in each 1th erid of
y y g q thg

latitude and longitude for the entire swarm duration; the highest counts around T4 and T5 seamounts are highlighted in

white. The black line shows the location of axial valley in Segment 4.

If we compare the number and time distribution of events in swarm-1 and swarm-2,
T4 was far more active than T2. Abundant numbers of impulsive events around T2 and T4
also suggest that fresh lava flows were exposed directly on the seafloor at the ridge crest.
T2 and T4 seamounts were considered as isolated and shallow volcanic centers. The T2
volcanic center was in an area bounded with long-lived discontinuities (ridge—transform
intersection), while T4 was in a region with relatively smoother topography, which would
explain the wider spread of events in swarm-2 compared with that in swarm-1. The long
distance and 4-month delay between these two swarms is representative of the behavior of
a ultra-slow spreading ridge with episodic, distant, and focused magmatic supplies [33,69].
The spatio-temporal distribution of events in both swarms, together with the presence of
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volcanic centers, suggests a diking episode accompanied with magma movement, similar
to that observed in Segment 7 [7,44].

4.3. Source Level of Earthquake Events

Although the geometrical spread of the ISC catalogue events was larger for swarm-1
than for swarm-2, that of the OHA catalogue events was smaller for swarm-1 (Figure 2).
This observation might be explained by the fact that Segment 18 (locus of swarm-1) was
already intensively fractured and might therefore be less prone to small-scale readjustment
to local stress perturbation than Segment 4 (locus of swarm-2). The absence of weak
(SL < 200 dB) events in the region of swarm-1 and their abundant number in swarm-2 (142
in total) indicates that Segment 4 is more brittle and, thus, more prone to stress readjustment
after a local perturbation caused by strong events. The strong (SL > 230 dB) events are
also more abundant (24 in total) in swarm-2 than swarm-1 (10 in total), suggesting that
Segment 4 is more prone to tectonic fracturing than segment 18 [43]. After the onset of
swarm-1, the progressive decrease of SLy; (Figure 5b) reflects weaker stress readjustments
over time until they stopped after 11 July. In swarm-2, the SLy; of events first increased till
16 October after its strong activation on 28 September and then progressively decreased
until no event became detectable. This gradual decrease in activity was interspersed with
few strong events (Figure 7), which may represent renewed tectonic fracturing or dike
intrusions, followed by further stress readjustments. After 16 October, the number of event
detections drastically decreased, marking to termination of swarm-2.

4.4. Magmatic Nature of the Swarms

In swarm-1, during its apex from 10 July to 13 July, source levels were fairly homoge-
neous as the count of event per hour (Figure 5b,c), with no obvious mainshock-aftershock
tectonic sequences. In swarm-2, there are three above average events on 28 September at
07h06, 14 October at 12h32, and 18 October at 22h53. However, none of them showed sub-
sequent series of lesser events exceeding few hours; in addition, the source level dropped
relative to the initial event was smaller than expected in mainshock-aftershock sequences
(e.g., [1,70]). The strong events in swarm-2 do not resemble that found in tectonic swarms
on other segments of the SWIR [43] or on other mid-oceanic ridges (e.g., [4,57,71]). The
initial propagation of seismicity may indicate a magmatic intrusion, as observed from OBS
data in SWIR Segment 7 [44]. Both swarms may therefore be mainly of magmatic nature,
which, however, does not preclude the occurrence of normal faulting events [70]. The
distribution of events with My > 5 (white circles in Figure 2b,c), across Segments 4 and
18, could then represent the pathway for magma transport from a volcanic source to the
neighboring seamounts [42,72,73]. We observed that the seismicity rate fluctuates over the
time for both the swarms and that the normal fault events in the GCMT catalogue occurred
later than the swarm onsets. Their later triggering probably reflects the stress-load histories
of Segments 4 and 18 [42,74,75]. The observed initiation of magmatic activity and the
occurrence of few large magnitude normal faulting events are consistent with the volcanic
spreading events along the ultra-slow spreading Gakkel ridge [5,40,42]. The overall analy-
sis of both the swarms suggest that they are both magmatic in origin, possibly triggered
by dike intrusions and followed by stress readjustments in their vicinity as observed in
Segment 7 [44]. The difference in duration, number, and SL range of events between the
two swarms would reflect different lithospheric strength and stress load related to their
different tectonic setting and heritage.

5. Conclusions

Due to the remoteness of the Southwest Indian Ridge, most of its seismicity is known
from teleseismic records over several decades but limited to magnitudes larger than mb =
4.5. In situ seismicity recordings with ocean bottom seismometers are rare and limited in
time (e.g., [7,41]). Long-term seismic monitoring with autonomous hydrophone networks
bridges this gap by capturing lower magnitude (down to mb = 3.2) and transient events.



Geosciences 2021, 11, 225

15 0of 18

Here, we analyzed the hydroacoustic activity associated with two swarms that occurred
in 2018 along the SWIR, using data from the OHASISBIO hydrophone array. These two
swarms occurred in contrasting tectonic contexts: swarm-1 on SWIR Segment 18, bounded
by two large offset transform faults (Atlantis Il and Novara FZ), swarm-2 on SWIR Segment
4, at a ridge discontinuity 200 km from the Rodrigues Triple Junction. The main findings of
this study are:

1. Swarm-1 lasted for 13 days and counted 1109 events and occurred at a long-lived
ridge segment of the SWIR, whereas swarm-2 lasted for 33 days, counted 4880 events,
and occurred at a younger ridge segment that resulted from the eastward propagation
of the SWIR.

2. The detection of events over two iterations reduced the uncertainties in location
(latitude and longitude) and origin time by ~10-fold in swarm-1 and ~11-fold in
swarm-2. For both swarms, they were better than 1 km in latitude and longitude and
0.5 s in origin time.

3. Inboth swarms, we detected series of short duration (<10 s) impulsive events. Most
of them focused on the slope of a local bathymetric high. We interpreted them as
thermal explosions resulting from direct magma supply on the seafloor. The origin of
dike intrusions may be located at their apex.

4.  Several observations, common to both swarms, pointed to a magmatic origin. The
large events, detected on land (ISC; Mw > 5), and all hydroacoustic events occurred
in an area bounded by or in the vicinity of bathymetric highs. Both showed an initial
propagation, followed by spatio-temporal clusters and widespread stress readjust-
ments. Finally, the absence of clear tectonic mainshock-aftershock sequences and a
high seismicity rate are common signatures of a magmatic episode, and they lasted
nearly two weeks in Segment 18 (swarm-1) and a month in Segment 4 (swarm-2).

5. The abundance of weak (SL < 200 dB) and strong (SL > 230 dB) events in Segment 4
(locus of swarm-2) suggests that this end of the SWIR is more prone to small-scale
readjustments to stress perturbations, here, dike intrusions, and to tectonic fracturing
than long-lived, fracture zone bounded sections of the SWIR, such as Segment 18.
The difference in the geometrical spread of small events, greater in swarm-2 than in
swarm-1, is probably indicative of different lithospheric strengths.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ geosciences11060225/s1: Tables S1 and S2: Lists of the strongest acoustic events for both
swarms (SL > 230 dB); Figures S1 and S2: Error distribution improvements in the picking iterations
of the two swarms; Figures S3 and S4: Analysis of swarm-2 events after 28 September at 07h06 and
14 October at 12h32, 2018 events (respectively); Figure S5: Detailed bathymetric maps of the swarm
areas: (a) For swarm-1; T1, T2 and T3 are three main local seamounts. (b) For swarm-2; T4 and T5
shows two local seamounts on either side of the rift valley; Figure S6: Distribution of swarm-1 events
with respect to a reference point at west of it (showing an initial eastward propagation).
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