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Highlights 19 

• Regional broad-band seismic records are used to locate earthquakes with small 20 
relative uncertainties. 21 

• Results for one swarm show events distributed on multiple faults across rift 22 
valley. 23 

• We estimate earthquake depths using water surface reflection and direct P-24 
wave arrival times. 25 

• Shallow earthquake depths derived from surface waveform modeling in the 26 
area are estimated to be between 5 and 8 km below seabed. 27 
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Abstract 34 

Uncertainties in epicentral locations and hypocentral depths often prevent 35 

earthquakes from being associated with individual or group of faults in bathymetric 36 

data, thus limiting the understanding of tectonic behavior.  Ocean bottom 37 

seismometers (OBSs) can overcome this problem, but they take significant efforts to 38 

build and deploy, so information from them covers only a minor part of the earthquake 39 

record of mid-ocean ridges. As an alternative, a combination of records from 40 

seismometers at regional distances and appropriate processing methods can yield 41 

location and depth estimates that are useful because they provide extensive data. We 42 

illustrate this with a study of of magnitudethe seismicity of the 4-5˚N Mid-Atlantic Ridge 43 

using data from seismometers in Brazil, Cape Verdes, and Africa coast. The seismicity 44 

occurred in swarms in 2012 (seven events), 2014 (five events), 2016 (62 events), and 45 

2019 (eight events). We compare the seismicity with features in bathymetric data 46 

collected with a multibeam sonars, which reveal two detachment fault surfaces 47 

("megamullions"),  one close to the modern rift valley floor but offset by ~10 km from 48 

it. The located seismicity is shallow (best estimate less than 8 km below seafloor). The 49 

swarms occurred over two segments of the ridge and, in the 2016 case, clearly 50 

involved movements on widely distributed multiple faults, including faults on both sides 51 

of the valley. Although the methods used produce epicenters and hypocenters with 52 

uncertainties that are still larger than those of OBS experiments, they could provide a 53 

way to study whether seismicity is systematically deep in certain parts of the ridge 54 

where megamullions are observed. 55 

 56 
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1.0. Introduction 64 

 Earthquake seismology has contributed to our knowledge of the tectonics of 65 

slow-spreading mid-ocean ridges (MORs) for many decades since it revealed that 66 

normal focal mechanisms occur in the median valleys (Sykes, 1967; Thatcher and Hill, 67 

1995; Solomon et al., 1988) and strike-slip mechanisms occur in or near transform 68 

faults (Sykes, 1967; Engeln et al., 1986; Wolfe et al., 1993).  Associating earthquakes 69 

with individual or groups of faults necessary for finer-scale seismotectonic analysis 70 

(Scholz, 2002) has relied on the deployment of ocean bottom seismometers (Cessaro 71 

and Hussong, 1986; Toomey et al., 1995; Barclay et al., 2001; Grevemeyer et al., 72 

2013; Parnell-Turner et al., 2017; Parnell-Turner et al., 2020).  Unfortunately, such 73 

deployments have been limited spatially and temporally due to their cost, logistics, and 74 

availability of suitable equipment.  In addition, data from ocean bottom seismometers 75 

(OBSs) also poorly constrain earthquakes located outside their deployed arrays (e.g., 76 

Grevemeyer et al., 2013). 77 

 Land seismometers and space geodesy allow seismotectonic studies  on parts 78 

of the ridge system lying above sea-level (Einarsson, 1991) and the Afar depression 79 

(e.g., Wright et al., 2006). However, tectonic activity in those areas of thickened crust 80 

may not represent that of MORs lying at typical ~2700 m depths.  In particular, slow-81 

spreading ridges have low-angle detachment faults (Escartín et al., 2008) described 82 

further below, which are not observed in Iceland.  Similar comments of unsuitability 83 

can be said of other spreading centers surrounded by land stations despite their 84 

suitable configurations for locating events, such as the Terceira Rift of the Azores 85 

(Vogt and Jung, 2004), as it lies on an oceanic plateau, or the Gulf of California rifts 86 



 

(Castro et al., 2017), which are highly oblique and sediment-covered. The use of 87 

hydroacoustic sensors to locate seismic events from long-distance T-waves has 88 

provided greater coverage of the Mid-Atlantic Ridge (MAR) spatially and towards lower 89 

earthquake magnitudes (Smith et al., 2002; 2003; Goslin et al., 2005; Simão et al., 90 

2010; Smith et al., 2012b). However, such deployments are unable to provide 91 

hypocentral depths and focal mechanisms. Surface waves of earthquakes with 92 

moderate (> 5.0 Mw) magnitudes (Cleveland and Ammon, 2013; Cleveland et al., 93 

2018; Howe et al., 2019) from land-based broadband seismometers at regional 94 

distances can potentially provide both epicenters and hypocenter of events, and 95 

hypocenters of oceanic seismicity. Due to uncertainties in global seismic velocity 96 

structure, such data do not allow events associated with individual faults, which are 97 

spaced only by ~1-10 km at MORs (Cowie, 1998).  However, as we will show below, 98 

they are accurate enough to resolve the spatial extent of seismicity, thus revealing the 99 

degree to which multiple faults move during earthquake swarms. Additionally, land-100 

based sensors also allow hypocentral depths of the larger events to be determined. 101 

 Tectonic spreading (that is not occurring by the intrusion of dikes or other 102 

magmatic bodies) was previously thought to involve mainly steeply dipping faults 103 

(MacDonald et al., 1977; Shaw, 1992; Shaw and Lin., 1993; Thatcher and Hill, 1995), 104 

but the discovery of megamullions (corrugated surfaces believed to have formed by 105 

movement on detachment faults) in multibeam sonar data by Cann et al., (1997) led 106 

to a rethinking of the underlying mechanism of seafloor spreading. Today geoscientists 107 

accept that tectonic spreading occurs by a combination of high-angle and moderate 108 

angle faulting, with some detachment faults rotating to low angles to leave 109 

megamullions at the seabed (Blackman et al., 1998; Escartin et a., 2003; Smith et al., 110 

2006; Escartin et al., 2008; Smith et al., 2008; Tucholke et al., 2008; Escartin et al., 111 

2016). long-term deployment of OBSs around megamullions by Parnell-Turner et al. 112 

(2017, 2020) demonstrated the plethora of information that can be obtained when 113 

accurate hypocenters are available.  The results showed changes with time in 114 

seismicity around one of the detachments, suggesting that the faults undergo stress 115 

accumulation and strain release cycles. 116 



 

 Here, we have studied seismicity occurring in three segments of the 4-5ºN MAR 117 

where previously collected multibeam and gravity data provide information on the 118 

tectonic and crustal structure.  The earthquakes (M>3.6) occurred in four swarms. We 119 

located their epicenters using waveforms recorded by regional seismographic stations 120 

from near the coasts of Brazil, Africa, and the Cape Verde’s islands (Figure 1). We 121 

used waveform modeling to identify the most likely focal depths of each swarm’s 122 

strongest events (Mw >5.4). Complementary to previous studies using surface waves 123 

recorded by regional networks, we have been able to use delays between water-124 

surface reflected (wpP) and direct arrivals (P) in more distant stations (35˚-95º 125 

distance) to constrain hypocentral depths.  The swarms appear to be tectonic rather 126 

than volcanic and occurred over the inner rift floor of the spreading segments, involving 127 

multiple normal faults. Some epicenters were situated on the side of a megamullion 128 

closest to the rift center or axis. The hypocenters are sufficiently reliable for us to 129 

compare event depths with those from the OBS studies. The study suggests that data 130 

from seismic stations at regional (>1,000 km) distances can be used  with other 131 

geophysical data to study seismotectonic of typical MOR spreading centers. 132 



 

 133 

Figure 1 – Distribution of ISC events from 1980 to 2020 along the 4-5ºN ridge 134 

segments studied here shown (a) with magnitude and calendar time and (b) map with 135 

the epicenters of the ISC coordinates in map of the ISC epicenters overlain on 136 

bathymetry (Ryan et al., 2009) shaded from the NE. (c) Locations (red triangles) of the 137 

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

study. 139 

 140 

 141 

2.0. The 4.0º-5.0ºN Mid-Atlantic Ridge  142 

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

5ºN, it contains three slow-spreading ridge segments (S1-S3 marked in Figure 2a) 144 



 

extending ~100 km north of the Strakhov Transform Valley. Each segment has an 145 

axial valley floor at ~3,500 m depth containing a central ridge that we interpret as a 146 

neovolcanic ridge.  On either side of each valley, the seabed rises to depths shallower 147 

than 2,000 m in broad crustal mountains (Figures 2a and 2b).  Within the southernmost 148 

segment (S3), a major seamount, Nadezhda Seamount, dominates the westerly 149 

coastal mountains, rising to 852 m depth (Udintsev et al., 1995).  We suspect this 150 

feature has a volcanic origin from its shape in profile, elongation along-axis, and some 151 

possible NW-SE features on its west side (Udintsev., 1991; Udintsev et al., 1995).  In 152 

contrast, Muratov Seamount on the east side contains east-west trends on its relatively 153 

broad and flat summit ("striations" marked in Figure 2b).  We interpret this as a 154 

megamullion (M1) produced by a detachment fault (Escartín et al., 2008; Tucholke et 155 

al., 2008; Parnell-Turner et al., 2017; 2020).  Two out of four rock dredges on the 156 

western escarpment E2 of this feature were reported to contain gabbros (Udintsev et 157 

al., 1995).  A second possible megamullion (M2) lies further north and is separated 158 

from the axial valley by a small oblique basin. 159 

 Bouguer gravity anomalies broadly support these interpretations.  In Figure 2c, 160 

two high Bouguer anomalies overlap the suggested megamullion M2 and lie parallel 161 

with the Strakhov Transform Valley.  Anomalies reach 50 mGal or more above those 162 

of the surrounding area to the north, like 30-40 mGal anomaly over the megamullion 163 

of the Atlantis Massif (Canales et al., 2004; Blackman et al., 2008).  Megamullion M2 164 

is associated with a somewhat smaller deviation of anomalies of ~20-30 mGal, 165 

possibly indicating that the crust has been thinned less at this feature than at M1. 166 

Nadezhda Seamount, in contrast, is associated with only modest Bouguer anomalies 167 

of ~10-20 mGal above those of its surrounding area. This could imply that the 168 

seamount has formed by eruption off-axis and that its mass is supported by some plate 169 

rigidity, rather than a thickened crust. 170 

 We interpret some high-angle normal faults bounding the axial valleys of S1-171 

S3 from the multibeam data.  In Figure 2b, a set of faults forming like a flight of stairs 172 

bounds the westerly wall (f1w), whereas a more significant flight of faults bounds the 173 

easterly wall (f1e).  The easterly fault set to their south includes several hook-shaped 174 

faults similar to those observed elsewhere (Searle et al., 1998).  A prominent west-175 



 

dipping fault f2e bounds the easterly side of segment S2.  To the south-southeast of 176 

it, a series of >10 offset faults can be observed lying outside the valley floor.  Within 177 

segment S3, a broadly curved fault escarpment f3e can be observed, delimiting the 178 

easterly side of the valley floor. 179 

 Megamullion M2 terminates at escarpment E1, and the high Bouguer 180 

anomalies associated with M2 also do not extend west of E1.  M2 is, therefore, likely 181 

to be inactive.  In contrast, megamullion M1 terminates at steep escarpment E2 only 182 

10-15 km from the axis.  As fault f3e extends across the westerly side of E2, we 183 

suspect that it too is now inactive, or f3e may represent a fault of the megamullion 184 

hanging wall and is still active.  In that case, the N-S topographic fabric immediately 185 

west of E2 overlies a block of original hanging wall material that has or is being uplifted 186 

on the footwall. 187 

 The study area thus contains some features of interest, which might be tackled 188 

with seismological data.  Such data could potentially help address questions such as: 189 

are megamullions M1 and M2 still active? is there seismicity associated with 190 

Nadezhda Seamount? are the high-angle faults active. Additionally, is seismicity on 191 

the floor of the MAR typical of tectonic or volcanic swarms?  The southern spreading 192 

segment abuts a major transform fault: does this lead to deeper seismicity associated 193 

with colder lithosphere? 194 

 195 

 196 

 197 



 

 198 

 199 



 

 200 

 201 

 202 

Figure 2 - a) Bathymetry color-coded with annotation a1-a3: multibeam artifacts, S1-203 

S3: spreading segments, R: neovolcanic ridge, M1, M2: megamullion structures, E1, 204 

E2: megamullion escarpments, f1w etc.: valley wall faults. Bathymetry data were 205 

collected on the RV Akademic Nikolay Strakhov in 1988 and 1990 (Udintsev et al., 206 

1995) and by one transit of RV Atlantis with a Kongsberg EM122 in 2012 (Parnell-207 

Turner et al., 2012; Smith et al., 2012) running SE to NW across the area. The	208 

bathymetry	 data	 are	 the	 ETOPO1	 grid	 (https://www.ngdc.noaa.gov/,	 last	 accessed	209 

September	 2020). b) As (a) without color-coding.  Circle highlights example hook 210 

faults.  Arrow in SE of map marks the orientations of megamullion stations.  Solid 211 

circles mark our interpreted limit of those striations towards younger crust. c)  Bouguer 212 

gravity anomalies from the WGM2012 global model (Balmino et al., 2011; Bonvalot et 213 

al., 2012) overlain with bathymetry contours derived from the multibeam data 214 

(annotated in km).  The Bouguer anomaly version of WGM2012 is a grid in which free-215 



 

air anomaly data derived from satellite altimetry were corrected for terrain effects using 216 

2,670 kg/m3 as the seabed density, and a 1’x1’ bathymetry grid (ETOPO1), which 217 

includes the RV Strakhov bathymetry data.  Annotation: NS, Nadejda Seamount and 218 

MS, Muratov Seamount (Udintsev et al, 1996).  219 

2.0. Seismological data 220 

 The International Seismological Centre (ISC) catalogue contains 181 221 

earthquakes occurring here (4.0º-5.0ºN, 32º-33ºW) from 1980 to 2019 with 222 

magnitudes ranging from mb=3.5 to Mw=5.8. Figs. 1a and 1b show the temporal 223 

evolution of the ISC events along with their locations.  Among these events, 66 of them 224 

occurred in four brief swarms on 28 July 2012, 3 November 2014, 20-28 February 225 

2016, and 25 February 2019. A total of 50 focal mechanisms has been provided by 226 

the Global Centroid Moment Tensor catalogue for this time interval and area (GCMT, 227 

available at https://www.globalcmt.org/,  last accessed September 2020). Half of the 228 

GCMT solutions occurred during these four swarms, and the four strongest events in 229 

these swarms had Mw=5.4 (2012/7/28), Mw=5.5 (2014/11/3), Mw=5.5 (2016/2/21) and 230 

Mw=5.5 (2019/2/25). 231 

 Figure 1c shows the seismic stations providing the data used in this paper. 232 

Since 2011, a broad-band national seismographic network has been operating in 233 

Brazil (Rede Sismográfica Brasileira – RSBR, Bianchi et al., 2018). Several regional 234 

sources contributed with data for the  waveform analysis. These included five Brazilian 235 

stations closest to the Atlantic coast (NBPV, NBPA, NBCL, NBMO, ROSB, TMAB), 236 

SACV of the IRIS/IDA (Incorporated Research Institutions for Seismology) seismic 237 

network (Scripps Institution of Oceanography, 1986) installed in the Cape Verde 238 

archipelago and two broad-band stations in French Guiana (MPG) and Senegal 239 

(MBO), which are part of the GEOSCOPE global network (Romanowicz et al., 1984). 240 

We also used data from two temporary broad-band stations deployed in 2012 on two 241 

islands of the Cape Verde archipelago (BRBL and SACO; Faria and Fonseca, 2014). 242 

Data from a broad-band station located in St. Peter and St. Paul Archipelago (ASPSP) 243 

(de Melo and do Nascimento, 2018) were also used in the epicenter relocation and 244 

depth analysis. 245 

 246 



 

 247 

 248 

 249 

 250 

 251 

4.0.Methodology and analysis 252 

4.1.Epicentral locations 253 

Initially, we reviewed the waveform data  from two days before the first event of 254 

each swarm until the second day after the last swarm event. We used SCOLV program 255 

of the SeiscomP3 package (Hanka et al., 2010) to carry out the analysis. A Butterworth 256 

bandpass filter with corner frequencies of 2 and 8 Hz was applied to the waveforms to 257 

increase the signal-to-noise ratio (SNR). Then, we used LOCSAT program to locate 258 

the epicenters of 24 events not cataloged by the ISC in the 2016 swarm but recorded 259 

by the regional stations. The locations were based on the IASP91 velocity model 260 

(Kennett and Engdahl, 1991), and the magnitudes of events were estimated to be 261 

mb=3.7-4.0. The visual inspection of the seismograms allowed the identification of the 262 

Pn waves, though they commonly had amplitudes higher than the recorded noise 263 

level. We selected Pn waves for pickings based on the clarity of their onsets for events 264 

with mb ≥ 4.5. The maximum time uncertainty of those onsets is ±0.2 s. In contrast, 265 

those onsets for the weaker earthquakes (mb<4.5) with lower SNR have uncertainties 266 

reaching ±0.5s. Fig.S17 reflects this variation, in which smaller events have greater 267 

epicenter location uncertainties. 268 

For the mb<3.9 events absent in the ISC catalogue, locations were found using 269 

ISC epicentral coordinates of the strongest events in each swarm, i.e., initial locations 270 

during the search.  A better SNR was possible in earthquakes with mb=3.8-3.9 271 

recorded by SACV, MBO, NBPV, NBPA, NBCL, NBMO, ROSB, TMAB. ISC events of 272 

mb=3.6-3.7 were not readily identifiable in the seismograms due to their low 273 

amplitudes relative to background noise. Pn waves for that magnitude range were 274 

observed only in the SACV, NBPV, NBPA, NBCL, NBMO, and ROSB records. 275 

Earthquakes with mb=4.0-4.4 presented clear Pn and Sn phases in at least the SACV, 276 

MBO, NBPV, NBPA, NBCL, NBMO, ROSB, TMAB records. 277 



 

We relocated the ISC catalogue events and the additional 24 identified by our 278 

regional stations using the HYPO71PC plugin of the SeiscomP3 package (Lee and 279 

Valdes., 1985).  Due to the long distance between the epicentral region and each 280 

station, we fixed the depth at 0 km. The location software of Lee and Valdes (1985) 281 

also estimates horizontal and vertical location uncertainties.  For the horizontal 282 

uncertainty, a single radial uncertainty is computed, which is turned into latitude and 283 

longitude uncertainties by dividing by the square root of two.  As the distribution of 284 

recording stations suggests that event longitudes will be better constrained than their 285 

latitudes, these uncertainties will over- and under-estimate longitude and latitude 286 

uncertainties, respectively. Finally, we computed the epicenter locations using those 287 

stations at which the Pn arrivals were interpretable. Relocation employed a 1D velocity 288 

model profile extracted from CRUST1.0 for the equatorial Atlantic (Table 1; Laske et 289 

al., 2013). Figure 3 shows typical earthquake seismograms. 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

Table. 1 – Velocity model used in this study derived from Laske et al. (2013) 300 

 301 

4.2.Focal depths  302 

4.2.1.Waveform modeling 303 

 Source depths for events of Mw ~5.4 on the MAR were estimated using 304 

waveform modeling. Stations on the two sides of the Atlantic are 1,200-2,200 km from 305 

the study area, so modeling is well justified in the low-frequency range, e.g., 0.01-0.03 306 

Hz, where many station records have a reasonable signal-to-noise ratio. In this 307 

frequency range, it is dominated by the fundamental mode of Rayleigh waves, and 308 



 

simple 1D velocity models may approximate the oceanic crust. Here, we use the model 309 

parameters of Table 1 obtained from CRUST1.0. 310 

The modeling was performed using ISOLA (Sokos and Zahradník, 2008, 2013; 311 

Zahradník and Sokos, 2018). A causal, fourth order Butterworth filter was used to 312 

remove the instrumental responses and to obtain displacement waveforms in the 0.01-313 

0.03 Hz range. We processed the Synthetic displacements with the same filter. 314 

Green’s functions were calculated using program AXITRA based on a discrete–315 

wavenumber and matrix method (Countant, 1989) implemented in the ISOLA 316 

package. We fixed the point-source mechanisms with pure-shear moment tensors 317 

using the strike/dip/rake angles taken from the GCMT catalog (Dziewoński et al., 1981; 318 

Ekström et al., 2012). Although our tests indicated the possibility of obtaining similar 319 

mechanisms (i.e., normal-faulting) as reported in the GCMT for the studied events 320 

(Table 2), we identified from deviatoric inversion (Sokos and Zahradník, 2008) that, 321 

because the station distribution is not uniform, our own moment-tensor inversion is not 322 

optimally conditioned and thus full moment-tensor inversion was not performed.  We 323 

instead inverted for solutions with pure double-couple focal mechanisms. The centroid 324 

position was also fixed horizontally at the GCMT epicenter location.  This choice left 325 

the vertical position of the centroid unknown, and hence the analysis was used to 326 

constrain the depth. 327 

 The seismic moment rate of each event was assumed to be a delta function 328 

because the source durations of the analyzed events were shorter than the minimum 329 

considered period (33 s). The best-fitting solution is described by the optimal depth (or 330 

the depth range), scalar moment (Mo), moment magnitude (Mw), and variance 331 

reduction VR (<=1). A 95% confidence interval to VR was numerically estimated using 332 

an extended frequency range 0.01-0.04 Hz. ISOLA was run for several frequencies 333 

and, for each run, solutions were saved with a new focal depth (Dias et al., 2016). A 334 

spurious, rapid drop of the correlation between real and synthetic seismograms was 335 

identified for trial source depths shallower than 4 km, caused by numerical problems 336 

in the Green’s functions calculations. Therefore, the inversion was applied using depth 337 

trials ranging from 4 until 20 km were performed.  338 

 339 



 

Date 
Origin 
Time Lat (º) 

Long 
(º) Mw 

Strike 
(º) 

Dip 
(º) 

Rake 
(º) 

DC 
(%) 

2012/7/28 16:01:16.3 4.61 -32.58 5.4 195 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 5.4 355 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 (Ekström et al., 340 

2012). In the GCMT analysis, all centroid depths were fixed at 12 km. 341 

 342 

4.2.2.Modeling depth-phase wpP 343 

The four strongest events with magnitude Mw > 5.4 were also recorded by 344 

some teleseismic stations located in North America, Europe, Middle East, and Africa. 345 

In these data, the water surface reflection phase (wpP) was typically well recorded in 346 

stations located >30º distance from the epicenters. Focal depths were computed from 347 



 

the wpP-P time differences and the P-wave velocity profile (Table 1) using the method 348 

of Assumpção (1998) and Assumpção et al. (2011). This involves applying the 349 

equation for the time delay 𝑤𝑝𝑃 − 𝑃 = ∑ '()*+,-.
º

01
23

456  where ℎ. is the thickness of each 350 

layer in velocity model, 𝑖º the incidence angle of the ray in the layer and 𝑉4the P-wave 351 

velocity of that layer. The incidence angle is obtained from 𝑖º = 𝑠𝑖𝑛<6 ' 01
0=>
2, in which 𝑉?@ 352 

is the apparent velocity obtained from the pP ray parameter. We used the TauP travel 353 

time calculator (Crotwell et al., 1999) to estimate the ray parameter from the IASP91 354 

global model (Kennett & Engdahl., 1991). 355 



 

  356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

Figure 3 – Typical earthquake waveforms used in this study. Seismograms are plotted 366 

with a 4–9 Hz Butterworth filter. (a) Event mb 3.9 of 02/20/2016 at 13:00:58. (b) 367 

Earthquake of 11/03/2014 at 06:25:14 and magnitude mb 4.5. (b) One of strongest 368 

events of the 2014 swarm, of 02/27/2016 at 02:41:47, Mw 5.4.  Inverted triangle marks 369 

the identifiable Pn arrival times. 370 

 371 

5.0.Results 372 

5.1.Seismicity 373 

5.1.1.The 2012 micro swarm 374 

The 2012 swarm was short with eight ridge axis 4.05º-4.2ºN events (Figure 4; 375 

Table S1). The swarm began at 15:20:17 GMT July 28 and ended at 16:18:46 GMT 376 

on the same day. Magnitudes ranged from mb 3.7 to Mw 5.4 (Figure 5a). The root-377 

mean-square residual (RMS) was 0.2-0.8s (Figure 5e). The horizontal uncertainties 378 

were 1-7 km (Figure 5i), with most of them < 6 km. The relocated epicenters were 379 

situated near the ridge-transform intersection (4.05°-4.2ºN, 32.6º-32.5ºW). Two 380 



 

epicenters were located on the inner floor of the median valley (4.18º-4.2ºN), and 381 

another six epicenters were in the eastern valley wall (4.05º-4.2ºN).  382 

5.1.2.The 2014 micro swarm 383 

 2014 swarm was also of short duration, with only five earthquakes cataloged 384 

by the ISC, and situated at 4.7º-4.9ºN in the axis, north of the 2012 events (Figure 4; 385 

Table S2). They began at 06:25:09 GMT on November 3 and ended at 08:27:06 GMT 386 

on November 3. They had a magnitude range of 4.3-5.4 (Figure 5b). Three events 387 

occurred on the inner floor (4.8º-4.9ºN) and the other under the median valley wall 388 

(4.7º-4.8ºN). The relocated results had RMS 0.1-0.8s (Figure 5f), and three had RMS 389 

<0.2 s. The horizontal uncertainties of the relocations were 1-4 km (Figure 5j). 390 

 391 

5.1.3.The 2016 swarm 392 

The 2016 swarm had more events (Figure 4; Table S3), with 62 events 393 

recorded over a few days with magnitudes of 3.6-5.5 (Figure 5c). RMS uncertainties 394 

were 0.1-1.3s, with 53 of them having <0.6s (Figure 5g). Horizontal location 395 

uncertainties were 1-11 km, with 46 earthquakes having <8 km (Figure 5k). The 396 

seismicity occurred in two stages and moved over an entire segment of approximately 397 

42 km in length. The first stage with 45 earthquakes started with a mb 3.7 event at 398 

05:00:10 GMT on February 20. The activity continued until 14:19:06 GMT on February 399 

22, and most of the events occurred in the first three hours of February 20.  The event 400 

frequency then declined gradually (Figure 6a). After five days, an earthquake 401 

(02:41:45 GMT on February 27) started the second sequence of 17 events until 402 

18:38:56 GMT on February 28. However, despite the gap between the two stages, 403 

one cannot rule out the possibility that the seismicity was continuous, with weak 404 

activity between the stages not being detected by the regional stations. 405 

 Figure 6b illustrates the spatial-temporal behavior of the 2016 swarm. Initially, 406 

on February 20, 32 earthquakes were asymmetrically scattered over a latitude range 407 

(4.4-4.8ºN). Most epicenters were situated on the inner floor of the median valley. 408 

Eleven events occurred in the west valley wall and another five in the east wall.  On 409 

February 21, the seismicity was also spatially irregular but comprised only 13 events. 410 

On February 27, the epicenters were also distributed asymmetrically in the second 411 



 

swarm stage, but over a seismic zone 25 km in length (4.5-4.68ºN). Five other events 412 

occurred on the inner floor of the valley, and more than five events occurred over the 413 

east valley wall. The remaining seven seismic events had epicentral solutions off-axis.  414 

5.1.4.The 2019 micro swarm 415 

 The 2019 swarm comprised only eight earthquakes over 4.2º-4.35ºN (Figure 4; 416 

Table S4). This swarm started at 15:05:09 GMT and ended at 21:10:48 GMT.  417 

Magnitudes ranged from 3.6 to 5.5 (Figure 5c). Relocations had RMS errors of 0.1-418 

1.2s, with seven events with <0.3s (Figure 5h). Horizontal uncertainties were 2-8 km 419 

(Figure 5i). All epicenters lay outside the media valley floor and around Nadezhda 420 

Seamount, with only two events in the median valley wall (right side of Figure 4).  421 

 422 

 423 

Figure 4 – a) Epicenter locations (color circles) of the earthquakes obtained from ISC 424 

catalog and the events cataloged in this study (black square symbols). b) Epicenters 425 

relocated using HYPO71 of the SeiscomP3 package. The GCMT focal mechanisms 426 

of 5 events (Table 2) are also shown. White circles with red line are epicenters 427 

recorded by the OBSs array deployed during the 11th cruise of the RV Akademik 428 

Nikolai Strakhov in 1988 (Udintsev et al., 1996). 429 

 430 



 

 431 

Figure 5 - (a-d) Histograms showing the distribution of magnitudes of the earthquakes 432 

from the four swarms. (e-h) RMS residual distribution. (i-l) Horizontal uncertainty 433 

distributions. 434 

 435 
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 443 

Figure 6 - Temporal development of two 2016 swarms. (a) and (d): event counts.  (b) 444 

and (e) latitudinal distributions.  (c) and (f): plan-view evolutions.  445 

 446 

 447 

 448 

 449 



 

5.2.Focal depths 450 

5.2.1.Surface-wave inversion results 451 

 The processing for depths, as detailed in section 4.2.1, was applied to the five 452 

large events given in Table 3. The first event (from the 7/28/2012 swarm) occurred at 453 

16:01:22 GMT. It had a relocated epicenter in the eastern valley wall (4.147ºN, 454 

32.520ºW). Using the GCMT strike 192º, dip 45º, and rake -79º, we obtained the best 455 

variance solution with a depth of 8 km and centroid time (CT) of +4.8s relative to origin 456 

time, with Mo=1.91 x 1017 Nm, Mw=5.46, and VR=0.66. Figure S1 illustrates the 457 

acceptable waveform fit using the 8 km centroid depth. Figure S2 shows the waveform 458 

correlation as a function of trial depth. The complete E-W components from the 459 

available stations have a waveform quality with a low signal-to-noise ratio. 460 

 Similarly, only the MPG station N-S component was used in the analysis, and 461 

parts of the record horizontal components were not used in the inversion. Nonetheless, 462 

all vertical components had good quality. The depth obtained is relatively well resolved 463 

because the major wave groups, formed by Rayleigh surface waves, are sensitive to 464 

the depth. 465 

 466 

Date 
Origin 
Time Lat (º) Long (º) Mw CT 

Depth 
(km) VR 

2012/7/28 16:01:22 4.15 -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 

 467 

Table. 3 – Moment magnitudes Mw, centroid times CT and focal depths obtained in 468 

this study for the five strongest earthquakes reported by the GCMT. Origin Time, 469 

Latitude, and Longitude coordinates reported in this table were obtained from the 470 

relocated earthquake catalog. Also shown is variance reduction of the waveform 471 

modeling (VR). 472 



 

 The strongest earthquake of the 11/3/2014 swarm (08:23:58 GMT) was 473 

relocated (4.848°N, 32.711ºW) in the inner floor of the median valley. The inversion 474 

indicated a depth of 7 km and CT of +3.2s, with Mo 2.42 x 1017 Nm, Mw 5.52, and VR 475 

0.65. The best waveform fit is shown in Figure S4 and Figure S5.  N-S and E-W 476 

displacements in the ASPSP and SACV station data were not used for this inversion 477 

because of their large noise levels. Instead, all other components of the available 478 

stations were applied in the inversion. 479 

For the 2/21/2016 earthquake (01:26:03 GMT), the epicenter was relocated 480 

(4.758ºN, 32.730ºW) to the inner floor of the median valley.  The inversion resolved a 481 

depth of 6 km (VR 0.67, CT +3.6s), with a moment magnitude of 5.43 and Mo 1.76 x 482 

1017 Nm. N-S sensor components of SACV, MBO, and MPG stations were not used 483 

because of noise. ASPSP station did not record this or later events due to technical 484 

and logistic issues. The best model is shown in Figure 7, and all trial depths in Figure 485 

S7. 486 

The second strongest event of the 2016 swarm of 2/27/2016 (02:41:47 GMT) 487 

was relocated (4.631ºN, 32.652ºW). The inversion resolved a shallower depth of 5 km, 488 

with VR 0.71 and centroid time +2.5s, with moment 1.48 x 1017 Nm and Mw 5.38. 489 

Because of the high noise levels, several sensor components were not used in the 490 

inversion (N-S for SACV, MBO, and MPG and E-W for SACV, ROSB, and TMAB). All 491 

vertical components were used in the inversion, however. The results of waveform 492 

modeling and the trial depths are shown in Figure S9 and Figure S10. 493 

The last event, 2/25/2019 (15:05:37 GMT) was relocated outside the ridge axis 494 

in shallower bathymetry (4.254ºN, 32.766ºW).  Hypocentral inversion suggested a 495 

depth of 5 km and moment-magnitude of 5.42, with Mo 1.76 x 1017 Nm, VR 0.68, and 496 

CT +4.2s. Due to noise, N-S sensor components were used only from NBMO, NBPV, 497 

and ROSB, and E-W components from only ROSB, SACV, TMAB, and MPG. The 498 

ROSB vertical component was also not used because of a technical problem with the 499 

equipment. The results of the best solution can be observed in Figure S12 and Figure 500 

S13. 501 

 502 

 503 



 

 504 

5.2.2. Depths from wpP-P phases 505 

 We derived focal depth for the Mw 5.4 earthquake of 2/27/2016 (02:41:47) 506 

using the time difference between the wpP and P phases. We used records from 19 507 

IRIS stations (Table S5), with azimuthal gaps over 130-170º and 230-290º. The 508 

stations were chosen where seismograms revealed separate wpP and P phases. 509 

Trends with epicentral distance were fitted to downward motions of the first P-phases 510 

as shown in Figure 8. The wpP phase can be clearly seen with a large peak ~5.3-5.9s 511 

after P.  Using the method of section 4.2.2 and our velocity model of Table1, we 512 

interpret the observed wpP-P time differences as indicating a hypocenter depth of 513 

5.1±0.1 km, which is close to the depth of 5 km estimated with the ISOLA waveform 514 

inversion. From the consistency of the wpP-P time difference among the stations, the 515 

depth is well constrained (Figure 9). In Fig. 9, we also compare the result with five 516 

hypocenter depths (5, 6, 7, 8, and 9 km) estimated using the theoretical pP-P phases 517 

of the IASP91 global velocity model, corrected with a water layer. This approach yields 518 

a hypocentral depth of 7 km. We speculate that this ~2-km difference between the 519 

estimated wpP-P and IASP91 depth arises because the IASP91 travel time table was 520 

derived using events located primarily on the continental crust (Kennett and Engdahl, 521 

1991). 522 

 The success of depth estimations from the wpP and P waves leaves open the 523 

question of why the bpP phases are so weak.  Large amplitudes of water-reflected P 524 

waves, wpP, have also been reported also for other phases, as such PKP waves 525 

recorded in OBSs (Blackman et al.,1995). Strong reflections have also been inferred 526 

for events recorded passing over the South America continental shelf (Assumpção, 527 

1997; Assumpção et al., 2011). Relatively small amplitudes of bpP phases have been 528 

explained by the smaller impedance contrast at the seabed than on the ocean surface 529 

(Shearer and Orcutt, 1987). We suggest that the effect is even more severe for remote 530 

recordings of events originating at the 4-5°N MAR axis because the oceanic basement 531 

is exceptionally rugged (Figure 2), leading to scattering and loss of coherence of the 532 

basement-reflected P wave.   533 

 534 



 

 535 

Figure 7 - Waveforms (black) and their models (red) obtained with the best-fitting 536 

source position in the 2/21/2016 swarm.  The model has a 6-km depth, VR=0.67, fixed 537 

GCMT mechanism. Data plotted in gray were not used in the inversion due to noise.  538 

Numbers at the top-right corner of each panel are the variance reduction for a 539 

particular component. 540 
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 542 
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 558 

 559 

Figure 8 - 560 

Example of 561 

P and wpP phases on teleseismic records, after removing instrument response from 562 

WWSSN short-period instruments for Mw 5.4 strike-slip event on 27 February 2016 563 

(GCMT). Continuous and dashed white line locate the interpreted P and wpP phases. 564 

Solid black lines present the theoretical IASP91 bpP phase, and wpP is estimated 565 

using the time delay due to the water depth at the epicenter.  Seismogram colors 566 

present the specific station used in the analysis, with their locations shown in the short 567 

spherical globe in the inferior right corner. 568 

 569 



 

 570 
 571 

Figure 9 – Fit to the wpP-P time differences read from seismograms shown in Figure 572 

5. Data are shown by squares and vertical bars their uncertainties. The bold line 573 

presents the best-fitting trend for the 5.1 km depth. Color circles are theoretical time 574 

differences calculated using the IASP91 tables of pP phase for the 5, 6, 7, 8, and 9 575 

km depths, corrected for the water layer. 576 

 577 

6.0. Discussion 578 

 We compare our results to see if they are compatible with those of other studies 579 

and then assess how the methods could be used more effectively to tackle problems 580 

of the tectonics of mid-ocean ridges. 581 

 582 

6.1. Seismic behavior at the 4º-5ºN ridge axis  583 

 Earthquakes have been associated with dike intrusions at MORs, most 584 

identified with axial volcanoes.  Such intrusions occur less frequently at slow-585 

spreading ridges, where they occur globally on average only every five years 586 

(Bohnenstiehl and Dziak, 2009). Over 2000-2010, only two dike intrusions were 587 

detected on the MAR, both at the Lucky Strike segment in 2001 and 2010 (Dziak et 588 

al., 2004; Giusti et al., 2018).   During those intrusions, seismicity occurred over 589 

distances of ~55 km in 2001 and ~70 km in 2010 (Dziak et al., 2004; Giusti et al., 590 

2018). Dike intrusions involve seismicity propagating in the direction of intrusion 591 

associated with deformation at the dyke tip (Einarsson and Brandsdottir., 1980; Dziak 592 

et al., 1995; Dziak and Fox, 1999). Such time progressions were not identified for the 593 

2016 swarm. In contrast, tectonic swarms in the MAR typically occur in a seismogenic 594 

zone of mainly extensional deformation that is 10-20 km across-axis, with most 595 



 

epicenters located within the inner median valley (Toomey et al., 1985; Bergman and 596 

Solomon, 1990). Bergman and Solomon (1990) also suggest that strong events of 597 

magnitude >5.4 frequently occur at the boundary faults of the inner floor of the median 598 

valley, with a maximum distance of 10-15 km from the axis of accretion. 599 

 Even allowing for the significant epicenter location uncertainties, the 2016 600 

swarm at 4.0º-5.0ºN was spread out over the axial valley, so it was more like a tectonic 601 

swarm than a volcanic swarm. Most epicenters were located within the axial valley or 602 

at most 15 km from the inner floor of the valley. Similar results with earthquakes 603 

occurring over the inner floor and valley wall have been reported by Toomey et al 604 

(1988) at the MAR near 23ºN.  Klein et al. (1977) suggested that movements on 605 

multiple faults can be identified in data from a swarm seismic zone on the Reykjanes 606 

Peninsula. The seismicity behavior with the time of the four short swarms could be 607 

part of a continuous tectonic cycle, expected from the thermoelastic stress changes 608 

caused by rapid cooling (Bergman and Solomon, 1984).  609 

 High Gutenberg-Richter b-values can occur in oceanic swarms where a large 610 

proportion of microearthquakes are generated by volcanic activity (e.g., on Hawaii and 611 

Iceland), with values reaching 2.5 (Lay and Wallace, 1995).  However, according to 612 

Cessaro and Hussong (1986), smaller b-values are more associated with uniform and 613 

high-stress regimes that cause tectonic earthquakes.  This may explain the lower b-614 

values  of 0.75-1.05 found in swarms of the slow-spreading MAR 0.5º-45ºN (Lilwall et 615 

al., 1977; Francis, 1978; Cessaro and Hussong., 1986; Toomey et al., 1988; Kong et 616 

al., 1992; Wolfe et al., 1995; Barclay et al., 2001). Figure 10 shows a Guttenberg-617 

Richter graph for the 2016 swarm, suggesting an approximate b-value of 0.88, 618 

consistent with a tectonic rather than a volcanic swarm. 619 

 620 

 621 
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 630 

 631 

 632 

Figure 10 – Gutenberg-Richter graphic of earthquakes from the 2016 swarm. Number 633 

of earthquakes for each magnitude are presented in blue circles. The b-value shown 634 

is the slope of the best fitting regression (red line). 635 

 636 

6.2. Comparing earthquake depth with cross-axis relief  637 

Cross-axis topographic relief is the variation in elevation from the rift valley floor 638 

to crestal mountains, which is thought to represent the strength and thickness of the 639 

lithosphere underling continuous tectonic necking (Tapponier and Francheteau, 640 

1978). Several authors have observed an apparent correlation between the maximum 641 

hypocenter depth with cross-axis relief of the MAR (Kong et al., 1992; Barclay et al., 642 

2001; Tilmann et al., 2004). We have computed similar measures of topographic relief 643 

to see if our hypocenter depths are consistent with this correlation. Figure 11 shows 644 

hypocenter depths of the four strongest earthquakes analyzed of 2012, 2014, and 645 

2016.  In Figure 11, epicenters are shown versus the cross-axis relief along with other 646 

measurements from the MAR at 35ºN (Barclay et al., 2001), 29ºN (Wolfe et al., 1995), 647 

26ºN (Kong et al., 1992), 23ºN (Tommey et al., 1988), 17.5ºN (Cleveland et al., 2018), 648 

16.5ºN (Cleveland et al., 2018), 15.5ºN (Cleveland et al., 2018), 13.5ºN (Parnell-649 

Turner et al., 2017), 5ºS (Tilmann et al., 2004), 7.2ºS (Grevemeyer et al., 2013), and 650 



 

7.8ºS (Grevemeyer et al., 2013). The focal depth results obtained in this work lie within 651 

the same graph-space as previous studies and therefore appear consistent with them. 652 

 653 

Figure 11 – Relation between cross-axis topographic relief and maximum depth of 654 

each swarm, revealing a tendency for the deepest earthquakes to be deeper with 655 

increasing relief up to ~1400 m. Cross-axis relief was determined in a manner similar 656 

to the earlier studies by averaging the relief from the inner valley floors using 657 

bathymetry cross-sections obtained with GeoMapApp software in the vicinity of the 658 

earthquake epicenters (method following Barclay et al. (1996)).  Data from 35ºN, 29ºN, 659 

26ºN and 23ºN are from Barclay et al. (1996). 660 

 661 

The 2012 event occurred at 8±3 km depth and was located in the eastern valley wall 662 

near megamullion M1, where there is nearly 2,150-2,200 m of cross-axis relief. Thus, 663 

it lies within a similar area to that of deeper events of Cleveland et al (2018) for 15.5ºN. 664 

From the hypocenter depth uncertainty bars, the 2012 event also overlaps with the 665 

event of 13.5ºN, where seismicity is linked to detachment fault (Craig and Parnell-666 

Turner, 2017; Parnell-Turner et al., 2017). However, that depth does not continue the 667 



 

trend of increasing maximum depth of seismicity with cross-axis relief in Figure 11; 668 

rather it is shallower. Parnell-Turner et al. (2020) demonstrated using the 669 

microearthquake data recorded in two OBS deployments at 13.2ºN that deformation 670 

around detachment faults occurs in cycles, leading to variations in earthquake location 671 

over time. Therefore, the shallower maximum depth of the 2012 event could either 672 

represent a shallow seismicity stage of a cycle associated with megamullion M1, or 673 

alternatively, M1 is no longer active, and the seismicity was due to other, perhaps 674 

steeply dipping faults. 675 

 676 

6.3. Epicentral and hypocentral uncertainties 677 

 To put our study in perspective and consider the potential utility of our methods, 678 

we review uncertainties here.  Epicenters of mid-ocean ridge earthquakes have varied 679 

uncertainties, depending on the method used, data characteristics, distance to 680 

instruments, and uncertainties in velocity of the mantle or other intervening medium. 681 

for example, epicenters recorded by teleseismic stations can have horizontal location 682 

uncertainties ranging from 5 to 50 km (Bergman and Solomon., 1984; Cleveland et al., 683 

2018). In contrast, regional hydrophone networks can record many more earthquakes 684 

of lower magnitude with epicenter uncertainties in some cases less than 4 km (Fox et 685 

al., 2001; Smith et al., 2004; Goslin et al., 2012; Giusti et al., 2018), but occasionally 686 

reaching 75 km (Cleveland et al., 2018). Recordings from OBS arrays can locate 687 

epicenters within only 0.9 km (Parnell-Turner et al., 2020), but such data are typically 688 

recorded only over a short period (months to a year) for each deployment. Leaving 689 

aside the problem of potential bias due to global model velocity errors, the precisions 690 

of our epicenters derived using regional records are 1-12 km range and mostly < 8 km 691 

(Fig 5, i-l). Hence, the resolved horizontal spread of seismicity in and between the 692 

swarms compares well against the global teleseismic data and the locations derived 693 

from hydrophone arrays.  Although the results shown here are not as accurate as the 694 

OBS results, the methods offer the potential advantages of longer observation duration 695 

and practicality. 696 

 Hypocenters are effectively not resolved in global catalogs to a necessary 697 

resolution for studies regarding faulting at mid-ocean ridges.  Hypocenters resolved 698 



 

using OBS records have uncertainties of 1-2 km (Figure 12), which allow deeper 699 

detachment fault movements to be distinguished from fault movements in the 700 

shallower crust (Parnell-Turner et al., 2017; 2020).  Craig and Parnell-Turner (2017) 701 

noted a lack of seismicity in their experiment in the shallow crust and speculated that 702 

this might arise if the fault there was locked, implying that, longer-term, large events 703 

occur in the shallow crust.  Depth estimates are needed to see if this applies more 704 

generally.  Modeling long-period seismograms can provide depth estimates, though 705 

usually with uncertainties still greater than 1-2 km (Bergman and Solomon, 1984; 706 

Huang et al., 1986).  Although depth uncertainties arising from our method (~2-4 km; 707 

Figure 12) are greater and our methods do not resolve individual deep events well, 708 

repeating the exercise for many events could resolve whether seismicity is 709 

systematically deep at locations where detachment faults appear to be active from 710 

sonar data (i.e., resolve whether the means of the depth distributions vary 711 

systematically).  This analysis could be carried out by studying seismicity at MOR 712 

locations for longer durations or by studying seismicity from many locations. 713 



 

 714 
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 723 

 724 

Figure 12 - 725 

(a) Depth 726 

versus latitude for the strongest earthquakes with Mw>5.4 of each swarm.  (b) Those 727 

events located on the bathymetry map.  728 

 729 

7.0. Conclusion 730 

 From our analysis of four earthquake swarms along the Mid-Atlantic Ridge axis 731 

at 4-5ºN: 732 

 733 

1. The spatial extents of epicenters of four swarm have been resolved using data from 734 

broad-band seismic stations located at regional distances.  The depths of their largest 735 

events were determined using waveform modeling and wpP-P travel time constraints, 736 

with the deepest event (2012, Mw 5.5) lying at 8±3 km below the seabed. 737 

 738 



 

2. Because their epicenters did not progress systematically along-axis, the swarms 739 

studied appear to be tectonic rather than volcanic. The 2016 results imply coincident 740 

activity on many minor faults in the inner floor of the median valley across a region 741 

that is ~25 km east-west and ~35 km north-south.  Some activity of 2012 may be 742 

associated with a detachment fault east of the median valley, although considering the 743 

3 km uncertainties, the 8 km depth of the largest event also overlaps with shallow 744 

seismicity of expected more steeply dipping faults. 745 

 746 

3. The maximum depths of these swarms are similar to those of seismicity in other 747 

parts of the Mid-Atlantic Ridge recorded with OBSs, when considered with associated 748 

cross-axis relief.  Although earthquake depths were not resolved in our study well 749 

enough to address whether the southerly megamullion was active, our methods could 750 

be used in the future to study whether seismicity in parts of the ridges is systematically 751 

deeper, e.g., where megamullions appear in bathymetry data.  In such an approach, 752 

many such analyses could be carried out so that the uncertainties of average 753 

maximum depth are reduced simply by averaging. 754 
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