Authors response
“Remote monitoring of seismic swarms and the August 2016 seismic crisis of Brava, Cape Verde,
using array methods” by Carola Leva et al.

Referee 1: The paper by Leva et al. (NHESS 2020-225), at is stage, focus on an important issue, which
is the recognizing the precursors of intruding magma at crustal levels, and also the fact the Brava might
be a dormant volcano, thus a contribution for the volcanic risk reduction. Despite the good approach,
| have nevertheless some comments and remarks, which are the following: In line 6 it is stated that a
seismic crisis occurred on Brava during the first two days of August, and in line 10 that the experiment
started about only 10 month before. Which seismic baseline do you have before October 2015? Was
the crisis already occurring in or before October 2015? Was the first two days just a culmination of the
crisis?

Answer: We thank the reviewer for the appreciation of our work. This is a very good point. We do not
have access to data before October 2015, thus our baseline starts in October 2015 and we cannot
comment on the seismicity before our study. However, Faria and Day (2017) state that the seismicity
from 2011 to 2015 showed a constant rate with “sporadic peaks” and changed after an earthquake
with magnitude M4 in September 2015. We refer to this observation in the discussion (lines 201-202).

R1: The total number of earthquakes mentioned in line 11 is the total recorded by the array during the
experiment, including those of Fogo and Brava, or just those of Brava?

A.: This is the total number of local earthquakes recorded by the network, including earthquakes of
Fogo and Brava. We modified the text for clarification in line 11.

R1: In lines 15 and 34 you pretend to show that a remote array (35 km away from the epicenters) is
suitable to monitor a volcanic seismic crisis. However, in lines 155 to 157 it is mentioned the results of
others authors that recorded tremors and long-period events, which the array used in this experiment
wasn’t able to record because it was too far away. It seems that this is a contradiction, because one of
the crucial signals to be recorded in order to monitor a volcano is both long-periods events and tremors
episodes. If a network/array is unable to record those signals there is no advantage to use them.

A.: We agree that a local network, of course, can provide further information. However, without the
remote array we would not have any information about the seismic crisis on Brava and that is an
obvious advantage. We show how this data can be used to gain as much relevant information as
possible.

R1: The depths of hypocentres reported by Faria and Fonseca (NHESS, 2014) beneath Brava are mostly
variable and there is no evidence that they are clustered at 5 km. Thus, instead of fixing the depths of
all the earthquakes to 5 km (line 90), why was it not tried severals depths in order to minimize the
errors ellipses, which are already quite big as suggested by the figure 5 (b).

A.: We performed a careful analysis of the different contributions to the error of the epicentral distance
estimation. It turned out, that a variation of the event depth only has a minor impact on the result,
compared to other parameters such as crustal and upper-mantle velocities, for example. We found that
an error of 10% for the distance in general covers best the errors resulting from the uncertainties of the
distance estimation. We decided to use this relative conservative estimate for the error to incorporate
the uncertainties of the simple two—layer assumption, including the uncertainties of the depth. We
modified the text accordingly (lines 97-101).



R1:Inlines 127 and 128 it is stated that “Most of the volcanic-tectonic earthquakes occurred beneath
the southern part of Brava”. It is most appropriate to say “located” instead of occurred, because yours
locations are not so precise.

A.: Thank you for pointing this out, we modified the text accordingly (line 135).

R1: What is the relevance for this paper to include the results of the paper about Fogo (lines 132-134)?

A.: We include the results here, because the earthquakes beneath Fogo are a rare observation and this
information helps to provide a more complete image of seismicity in the region, which can be seen
when comparing Figures 5, 7 and 9.

R1: Line 143 (pag. 5): please precise if the observation “. . .periods with elevated seismicity frequently
occur beneath and around Brava.” refers to the period of the experiment. If so (which seems not to be
the case because your data spans only two years, or otherwise include a reference), it is more suitable
to state “. . .periods with elevated seismicity frequently occurred beneath and around Brava during
the experiment.”

A.: Thank you for the suggestion, we modified the statement in the revised manuscript (line 158).

R1: The first phrase in line 149 (pag. 5) refers to a period during the time span by your experiment or
is a general characteristic of Brava seismicity? If it is the former, please precise, otherwise include a
reference.

A.: Thank you for pointing this out. Both is true, the seismicity is characterized by this shift, which we
observe. Comparing the earthquake locations from former studies, this feature is confirmed. We
specified this statement and included the references (lines 165-167).

R1: It is not clear in the first reading about the exact timing of the evolution of the seismic activity
recorded on Brava during the experiment (e.g. lines 180 to 185 pag. 6). | recommend ordering it in
time (and just mention it afterwards if necessary).

A.: We changed the order of the description in lines 205-207.

R1: In line 181 (pag. 6) it is stated: “. .. movement of the earthquake locations is related to magmatic
processes.”, please justify or include a reference.

A.: As suggested, we included the references in the manuscript (line 212-215).

R1: Distinction between offshore or around Brava (which appears in servals parts of the text) and
underneath Brava must be clearer, since a volcanic island must be seen as a whole including the
submarine part of its edifice. | suggest to include in the maps a profile of the topography/bathymetry
as it may help to make clearer whether the earthquakes were really offshore or (when located in the
sea) on the submarine roots of the island.



A.: As suggested, we added additional contour lines to the maps shown.

R1: It is stated all along the text the terms migration, movement, shift of the seismicity. | have two
observations concerning the use of those terms: 1- the uncertainties of the locations are too big (fig
5b), thus it may be that the cause of the migration/shift/movement it is just due to the random errors
of the locations. 2-Examining figures 4 (a-b) and 5 (a) it seems that seismic activity was present at
several places at the same time, although more intense in one zone than others. So, instead of using
those terms, isn’t it more suitable to say that likely (due to big errors ellipses) the seismic activity
became more intense (in terms of rate) in a certain zone than others?

A.: While our observations cannot constrain individual earthquake locations exactly, we can still detect
systematic shifts in seismic activity, even if random errors are taken into account (as we have done).
From our observations, we cannot confirm (nor fully exclude) that there is a continuous wide-spread
low-level activity in the entire region. We agree that “migration” or “movement” may be less
appropriate, as this may give the impression that events are moving or directly related (as if aligned
along a common fault, which is probably not the case here). We modified the expressions in the revised
version.

R1: Final remarks: the geological setting and geotectonic of Brava were not taken in account during
the discussion and/or conclusions. Why was the possibility of the movement of the faults (Madeira et
al., 2010) ruled out?

A.: We cannot completely rule out this possibility. However, for a comment on the link between the
earthquakes and the faults, we would need more precise locations in addition to focal mechanisms of
the earthquakes. Being unable to determine the depth makes this even more difficult. However, we can
suggest a possible magmatic origin, as the earthquakes occur in swarms and not in a mainshock-
aftershock sequence, which would be expected for tectonic events. Nevertheless, we included this point
in the discussion (lines 246-251).

R1: Or why a process of uplift episode of the island (Ramalho, 2010) was not discussed?

A.: Ramalho state that Brava has experienced significant uplift, which cannot be explained by a regional
uplift across the swell, but rather by a local source of uplift. The cause of the uplift could e.g. be the
magmatic intrusion below the edifice. A failed eruption could contribute to such an uplift, however we
cannot comment on the amount of material added and thus on a potential uplift. Taken together our
observations of 2016 and the observation of Faria and Day (2017), the seismicity in 2016 could indeed
be part of an uplift episode. We included the reference and extended the discussion accordingly (line
240-245).

R1: How often the CO2 fluxes measurements were done? Were they sporadic or continually? Please
specify when exactly in 2016 the anomalous CO2 emission was observed?

A.: The CO2 emission surveys were carried out every 2 years since 2010 (see references). There were
two measurement campaigns in 2016, one in August and one in October/ November. The measurement
of October/ November shows the highest values measured since 2010. The reason for the background
level values of August is most likely the timing of the survey. In August the rainy season distorts the
CO2 emission measurements. Therefore, the surveys in the years before 2016 were taken outside of the
rainy season, making it difficult to compare the August 2016 data to the data of previous years. The
data of October/ November 2016 however are comparable to previous measurements and thus more



meaningful (Pérez 2020, personal communication). The survey of 2018 showed lower levels of CO2
emissions again. However, for details we have to refer the reader to the cited references.

R1: Anyway | recommend a better fundamentation volcanic nature of the seismic crisis hypothesis.
Why the potential Brava volcanic hazards were not included (lines 198 to 201) or mentioned in the
introduction. This would reinforce the importance of the volcanic monitoring on Brava and better fit
the NHESS spirit.

A.: Thank you for pointing this out, we adjusted the introduction and discussion accordingly (line 22-
23, 225-227).

R1: | recommend adding a color scale to figure 1, and to make bathymetry clearer (it is hard from this
figure to have an idea how the bathymetry is in vicinity of Brava is).

A.: We added contour lines to the map, as also recommended for the other maps.

Referee 2 (Carmen Lépez): | find the paper by Leva et al. (2020) of great interest, since it shows how
precursory volcanic activity behaves in oceanic islands; there are not many scientific papers of this
type. In oceanic islands, volcanic activity monitoring involves great difficulty due to out-of-network
seismic occurrence and poor network coverage, which does not facilitate the full study of the
precursor phenomena. Tracking the seismic activity that accompanies the unrest is truly challenging,
thus | find this paper of interest. | will now provide some recommendations and comments that |
hope will be useful. Authors propose an intelligent approach, which is increasingly used in oceanic
islands and submarine volcanism, the use of seismometer arrays, which by decreasing the signal-to-
noise ratio can detect low amplitude signals, even below the ambient noise. These arrays are optimal
for detection, but not so good for localization, giving notable errors in azimuth and distance,
especially in the case of no calibrated array and also in the case of using plane wave front
approximation instead of a spherical one. Sections describing the methodology are well developed
with a careful application to data and errors estimation. Array analysis was performed in the time
domain, being able to locate volcano tectonic (VT) events. | wonder, if an additional analysis in the
frequency domain (F-K analysis) had been carried out, whether it would have also characterized low
frequency tremor or LP signals, which have not been included in the study. In fact (line 29) according
to data recorded by a permanent seismic monitoring network (Faria and Day, 2017), the crisis
comprised about 1000 shallow earthquakes and tremors.

Answer: We thank the reviewer for the appreciation of our work. The tremor signals produce smaller
amplitudes, which are likely suppressed by noise in the distance of the array of 35 km. We did not
carry out a F-K analysis, but could not find any indication for tremor signals by manual inspection of
the seismograms using different filters. Additionally, we applied different sta-/Ita-triggers to detect
events of different frequency content and could not find any tremors or long-period events that
originated on Brava, especially during the seismic crisis in August 2016.

R2: The localized events set their depth at 5 km, without assessing the error associated with this
setting. | think other depths should be tested to know its impact on location.



A.: We performed a careful analysis of the different contributions to the error of the epicentral
distance estimation. It turned out, that a variation of the event depth only has a minor impact on the
result, compared to other parameters such as crustal and upper-mantle velocities, for example. We
found that an error of 10% for the distance in general covers best the errors resulting from the
uncertainties of the distance estimation. We decided to use this relative conservative estimate for the
error to incorporate the uncertainties of the simple two—layer assumption, including the uncertainties
of the depth. We modified the text accordingly (lines 97-101).

R2: | think it would be desirable to get additional data, mainly about gas emissions and surface
deformations, or additional seismic information for the better identification of the different stages.

A.: Yes, we agree that it would be desirable to have additional data. To our knowledge, there are
other groups working on a publication based on gas-emission data. Unfortunately, the data is not
available to us. The seismic data of the local monitoring network is also restricted.

R2: At this regard, it would be useful to include in Figure 3 the accumulated number of events.

A.: Thank you for the suggestion, we modified Figure 3 accordingly.

R2: The variations of the “b” parameter should be discussed in more detail. During eruptive unrest
phenomena, in other volcanic islands, strong variations of the “b” parameter have been observed,
from values greater than 2, to close to 1, and in all cases reflecting precursory dynamic activity with
swarms of VT-type events. It would also be necessary to add a figure with the temporal evolution of
the “b” value.

A.: Thank you for pointing this out. It is difficult to assess the precise b-value as we deal with rather
small numbers of events (line 135). However, we clarified how we estimate the b-value (line 136-141)
and added a figure of the b-value for the complete study period. We have also looked at the b-value
variation within 3-months intervals and added the corresponding figures to the supplementary
material. For a more detailed interpretation longer observation times of several years are required.
During the revision we performed several tests to estimate the reliability of the b-values and decided
to include further comments on the uncertainty of their determination (lines 141-144).

R2: Figures show that seismicity fluctuates almost constantly, and only in certain periods is
concentrated in-land, always showing dispersion. It is very possible that the dispersion is partly a
product of the limitation of the array, in fact, a radial distribution of the epicenters with centre in the
array is observed, showing that the semi-major axis of the error coincides with the geometry of the
event cloud (fig. 6b). In this regard, if possible, it would be desirable to include the error ellipses in all
locating figures (Figure 5 a, b,; Figure 6a, Figure 8 a, b, Figure 9).

A.: This is only apparently the case, in other months this is not observed. Possibly this apparent
dispersion could, under consideration of the error of the backazimuth, be interpreted as an indicator,
that the events cluster more closely. Nevertheless, we observe a relative shift of the event locations
over the study period. A detailed analysis shows that there is a systematic difference in events west
and south of Brava, which cannot be explained by a random error in BAZ

We decided to not include the error ellipses in all figures, as this strongly influences the readability of
the maps. Nevertheless, we added a figure with the error ellipses to the supplementary material.



R2: The authors state that they do not observe tremor or LP signals, but the array technique used
(beamforming in time) is not the best for these type of low frequency events, so | think their
existence cannot be ruled out, please it can be included a clarification.

A.: Please refer to our response to an earlier question above. We do not rule out the existence of
different event types that could be a precursor of the crisis, we suggest that their absence in our data
can be explained by the large distance of 35 km between array and possible source locations near
Brava. We do not observe other event types originating from Brava. From the earthquake analysis we
also do not find precursors. However, we clarified this in the revised manuscript (line 175-176).

R2: | believe a further discussion about the interpretation of the phenomena is needed. The authors
state “We conclude that the seismic crisis might be an example of a failed eruption, likely caused by
the transport of magma and / or CO2 into the upper crust, as it has been suggested by the observed
changes on diffuse CO2 degassing surveys ”, lines 230-232. To state that, it would be necessary to
analyse results with data from local monitoring networks, including gas emission and, if it was the
case, deformation, occurring during the studied period. In addition, an interpretation based on the
knowledge of the structure and the geological frame would be recommended.

A.: Yes, we agree that it would be interesting to directly compare the gas-emission data and the data
of the local monitoring network to our data. Unfortunately, they are not available to us. In the revised
manuscript we have included a discussion about a possible uplift period in 2016 (lines 240-245).
However, more data, e.g. on crustal deformation, would be desirable. We included an outlook in the
conclusions, pointing out the necessity of including information from other disciplines to better assess
volcanic hazards (lines 271-273).

Additional comments taken from the annotated manuscript

Line 90: | do not understand why all events set their depth at 5 km. | think other depths should be
tested to know its impact, and select which one minimize errors.

A.: We tested the impact of different depths (and different crustal and upper-mantle velocities as well
as different Moho depths). We understand, that our description of this error analysis might have been
misleading and we clarified this point (lines 97-101).

Line 112: In my understanding, the periods referred to from here on, are not presented month by
month. And | have some difficulties in understand the reasons for time periods selection. Please
clarify the distinctive characteristics of each one of them.

A.: Thank you for pointing this out. We described the periods with elevated seismicity for each month.
We clarified this in the revised manuscript (lines 116—-117).

Line 136: Why activity in this period is not considered as a seismic crisis? between 29-30 November
you have even more events that in previous periods.

A.: The term seismic crisis referred to the period with elevated seismicity beneath Brava, leading to
evacuation of a village on Brava. The increased activity from 29 November to 2 December occurred
offshore and the alert level for Brava was not raised.



Line 226: In other cases (ex. El Hierro unrest) there was a seismic migration with several changes in
path and direction with no systematic trend during some time periods.

See, C. Lopez et al. (2017), Driving magma to the surface: The 2011-2012 El Hierro Volcanic Eruption,
Geochem. Geophys. Geosyst., 18, 3165—3184, doi:10.1002/2017GC007023.

A.: Thank you for pointing out this interesting reference. Although we think there is still some difference
of the earthquake locations and shifts towards the place of eruption (El Hierro) and the place of the
seismic crisis (Brava), we think that the interplay of tectonic and volcanic stresses could be a very
interesting point. We extended the discussion accordingly (lines 246-251).

Changes made to figures:

Figure 1: Bathymetry lines added

Figure 3: Accumulated number of events added

Figure 5: Bathymetry lines added

Figure 6: Figure added to include possible errors due to the outage of one array station

Figure 7 (formerly 6): Bathymetry lines added

Figure 8 (formerly 7): Addition of b—value estimation of the whole study period (a), and the swarms
formerly shown in Fig. 10 (which we then deleted). Additionally, we added the number of
events used for the estimation of b for a better understanding of the data availability.

Figure 9 (formerly 8): Bathymetry lines added

Figure 10 (formerly 9): Bathymetry lines added

Figure 11: Bathymetry lines added
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Remote monitoring of seismic swarms and the August 2016 seismic
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Abstract. During the first two days of August 2016 a seismic crisis occurred on Brava, Cape Verde, which — according to
observations based on a local seismic network — was characterized by more than thousand volcano—seismic signals. Brava is
considered an active volcanic island, although it has not experienced any historic eruptions. Seismicity significantly exceeded
the usual level during the crisis. We report on results based on data from a temporary seismic—array deployment on the
neighbouring island of Fogo at a distance of about 35 km. The array was in operation from October 2015 to December 2016

and recorded a total of 1343 earthquakes_in the region of Fogo and Brava, 355 thereof were localized. On 1 and 2 August we

observed 54 earthquakes, 25 of which could be located beneath Brava. We further evaluate the observations with regards to

possible precursors to the crisis and its continuation. Our analysis shows a migration—efsignificant variation in seismicity

around Brava, but no distinct precursory pattern. However, the observations suggest that similar earthquake swarms commonly
occur close to Brava. The results further confirm the advantages of seismic arrays as tools for the remote monitoring of regions

with limited station coverage or access.

1 Introduction

The islands of the Cape Verde archipelago are located about 700 km west of the coast of Senegal on top of the Cape Verde
Rise, which originates from a mantle plume (Courtney and White, 1986). Brava is the westernmost island of the southern
chain, see Fig. 1. Although considered active, no volcanic eruptions occurred on Brava since the settlement in the 15th century.

On its main plateau, pyroclastic deposits and phreatomagmatic craters are associated with recent volcanic activity on Brava,

probably of Holocene age (Madeira et al., 2010). The characteristics of phreatomagmatic activity pose a potential threat to the

~6000 inhabitants of the island. Nevertheless;++Volcanic unrest is documented in degassing studies and in the high seismicity
beneath and around the island. High degassing of deep—seated CO,, mainly in the northeast, has been linked to magmatic
processes (Dionis et al., 2015). The seismicity is dominated by volcano—tectonic earthquakes and shifts over time in location
and frequency, as can be seen from past studies, e.g. Helffrich et al. (2006), Faria and Fonseca (2014) and Vales et al. (2014).
In contrast to Brava, the neighbouring island Fogo shows only minor seismic activity. Fogo is located about 20 km east of
Brava. Fogo volcano is erupting at mean intervals of about 20 years. The last eruption took place from November 2014 to

February 2015 (Gonzalez et al., 2015; Cappello et al., 2016; Richter et al., 2016; Calvari et al. 2018).
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On 1 and 2 August 2016, a seismic crisis occurred beneath Brava. According to data recorded by a permanent seismic
monitoring network, the crisis comprised about 1000 shallow earthquakes and tremors (Faria and Day, 2017). Authorities
decided to evacuate about 300 inhabitants from two villages (ECHO, 2016). As access to the aforementioned data is restricted
by government (Faria, personal communication), we used recordings from a simultaneously operating seismic array on Fogo
to analyze the earthquake activity during the crisis and extended the analysis to the period between October 2015 and December
2016. In this study we report to which extend a seismic array can be used for remote monitoring of a volcanic seismic crisis
and present the seismicity beneath and around Brava. To gain information about possible precursors of this crisis and about
the further development of the seismicity after the crisis, the observation of the shift of the earthquake locations in the months

before and after the crisis will be emphasized.

2 Seismic network and data

From October 2015 to December 2016 we operated a seismic array on Fogo which served as a pilot study in preparation for a
larger multi—array installation that started in 2017. The pilot array of 2016 consisted of 10 seismic stations, arranged in two
circles around a central station with an aperture of 700 m. Two stations were vandalized and one failed; the remaining seven
stations were equipped with short—period 4.5 Hz geophones, see Fig. 2b. The array was designed for an analysis of local events
with mean frequencies of 7.5 Hz, the array transfer function for the reduced array is shown in the supplementary Fig. S1. In
order to allow for classical detection and localization techniques, we deployed three additional broadband sensors on Fogo
island, see Fig. 1. These stations were only used to better locate events beneath Fogo. All stations are equipped with CUBE—
data loggers and powered with 12 V batteries. Data were recorded continuously at a sample rate of 200 Hz. Some data gaps

occurred due to the limited storage capacity of the data loggers (as indicated in Fig. 3 below).

3 Methods
3.1 Array analysis

Array techniques provide a suitable tool to locate events at distance outside of the network and can also be applied to events
without clear onset of phases. The latter is the case for typical seismic signals associated with volcanic activity, such as tremors,
long period or hybrid events (e.g. Wassermann, 2012). While the network is located on Fogo, most earthquakes occur beneath
and around Brava, mainly at distances of about 35 km from the array. The position of the seismic stations relative to the
earthquakes leads to a large uncertainty when applying classical localization procedures, thus the earthquakes around and
beneath Brava are located using the array. The purpose of array techniques is to improve the signal-to—noise ratio (SNR) by
beamforming, i.e. by time shifting and stacking the coherent part of the signal (e.g. Schweitzer et al., 2012). The beamforming
can be applied in the frequency— or in the time—domain. Here, we perform the beamforming in the time—domain, which is
computationally more expensive, but incorporates a broad frequency band. Also, by first time—shifting the phases, we are able

to select a rather narrow time window around the phases of interest which improves the coherency of the stack, even if the
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(initial) separation between the onsets of common signals at different stations is relatively large (see Singh and Riimpker
(2020) for details).

Array analysis is based on the assumption that the event is located sufficiently far away from the array so the incoming
wavefront can be treated as a plane wave (Schweitzer et al., 2012) traversing the array with a specific backazimuth and apparent
velocity. Beamforming is utilized to determine the horizontal slowness components (s, sy), which also yields the backazimuth
of the event. From the inverse of the absolute slowness, the apparent velocity (v, = 1/|s]|) is determined. To obtain the
horizontal slowness components, a grid search is applied. We consider a range between -0.3 s/km and 0.3 s/km for both s, and
sy with a grid size of 64x64. The slowness limits correspond to reasonable values for expected apparent velocities of incoming
wavefronts from local events. The array traces are shifted according to all possible slowness values defined by the grid and are
summed up in the time—domain. From the maximum of the total energy (given by the integrated squared amplitudes) of the
sum trace, we obtain the slowness and backazimuth of the first arriving P—wave.

The initial data processing involves application of a Butterworth filter to improve the SNR of the recordings. The cutoff—
frequencies are chosen from a spectral analysis of the event and are applied to all traces. We perform a time—domain array
analysis by choosing a time window of about ten times the dominant period (i.e. one or two seconds in most cases) around the
onset of the P—wave (see Fig. 2a). Then the traces are time shifted according to the given slowness components. The next step
is to define a shorter stacking window (within the first window) that spans one or two periods of the P—wave arrival and is
used to calculate the total energy of the sum trace. Ideally, the total energy reaches a maximum if the time—shift of the P-wave
arrival across the array is properly accounted for by the given slowness. In Fig. 2a and Fig. 2c this stacking window is marked
in red. Both time windows are selected in reference to the central array station. The trace of the central station itself is kept
fixed, while the remaining traces are shifted with respected to the given slowness and distance from the central stations. The

energy as a function of slowness components is displayed in Fig. 2d. From the slowness components (s, sy) that correspond
to maximum energy, the absolute slowness and the backazimuth are determined by s = ./sZ +sj and BAZ = 90° —
arctan(sy/s,), respectively. To estimate the error of the backazimuth we choose a 95% level around the maximum peak of

energy. The maximum and minimum backazimuth within this energy level are then selected as errors, typically leading to

uncertainties of about 10° in the backazimuth of the earthquakes in our study.

3.2 Epicentral-distance estimates

The array localization does not provide information about the epicentral distance and the event depth. Here, the distance
between an event and a station is determined from the S—P travel-time difference. First, the theoretical arrival times of P— and
S—waves are estimated by using a two—layer model with mean velocities of 6.1 km/s and 8.0 km/s representing the crust and
the upper mantle, respectively (in view of Vales et al., 2014). We assume the Moho at a depth of 14 km and a fixed event depth
of 5 km, in line with previous studies of events near Brava (Faria and Fonseca, 2014). Even though some authors (Vales et al.,

2014) reported a larger event depth of about 10 km, the error which results from the uncertainty of the depth is well within the
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error of the distance estimation (see below). From the P— and S—wave travel-time curves for this model, differential arrival
times are obtained as a function of epicentral distance. During the localization process the epicentral distance is determined
for each array station. From the distance values the mean distance and standard deviation is computed. The error is estimated

by evaluating the effect of the different parameters (erustal-and-mantle-velocities; Moho-depth-event-depth)-onf the distance

calculation for the two—layer model._For this purpose, we systematically varied the crustal and mantle velocities, the event

depth and the Moho depth. It turns out that the variation of the crustal velocity has the largest impact on the distance estimation.

For the events of interest, we generally assume a minimum distance error of 10% which exceeds the error due to variations of

the crustal velocity._This error thus incorporates the uncertainties of the simple two-layer assumption, including the

uncertainties due to event— and Moho depth and the velocities. Only, if the standard deviation of the distance (as described

above) is even larger, we assign this as the error. However, this applies only to a few events. Typically, the absolute error in
epicentral distance is in the range of 5 to 8 km.

Note, that the distance estimation used here is appropriate for events that occur within the crust. To ensure that this is the case,
the apparent velocity derived from the array analysis is used as an indicator, as it corresponds to the velocity at the ray turning
point. An apparent velocity within the range of typical crustal velocities thus indicates a ray path that is confined to the crust

(see Leva et al., 2019).

4 Results

During the study period our stations on Fogo recorded mainly volcano—tectonic earthquakes that occurred beneath and around
Brava. We were able to analyze a total of 355 earthquakes. The volcano—tectonic earthquakes exhibit frequencies typically
between 10 Hz to 30 Hz (Fig. 4). The magnitudes generally range between 0.7 and 2.7, however, the smallest magnitude is 0.3
and the highest 3.7. On average we recorded four earthquakes per day (Fig. 3). The precise locations, magnitudes, and errors

of each analyzed event are given in the supplemental material along with maps that contain the error ellipses. The seismicity

is characterized by migrating-highly variable earthquake locations over the period of more than one year. To better constrain
the migration-variation of the seismicity close to Brava in the time before the seismic crisis in the beginning of August 2016,
we analyzed the locations of earthquake clusters month by month. _In the following we will describe the changes in seismicity

over time and emphasize the occurrence of earthquake clusters and periods with elevated seismicity (Fig. 3).

4.1 October 2015 to July 2016 — before the seismic crisis

In October 2015 we observed a peak in seismicity (see Fig. 3) with two earthquake clusters (Fig. 5a). One cluster occurred on
8 and 9 October and was located southwest of Brava. From 10 to 15 October the second cluster to the northwest of Brava
became active. On 19 October the dominant seismic activity occurs again inseismieity-migrated-backte the area southwest of
Brava, where it remained there-until 23 October. After that, #t-shiftedwe observed a shifting back to the position of the second

cluster northwest of Brava.
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On 12 November, the number of recorded earthquakes per day reached 13 (Fig. 3) exceeding the average number of
earthquakes per day, but the locations of the earthquakes were rather widespread in the north of Brava (see Fig. 5a). In February
the earthquakes shifted to an area west of Brava with an increased seismicity on 18 and 19 February (Fig. 5b). From 7 to 11
April a high seismic activity was recorded with events originating from an area extending from southwest offshore Brava about
20 km towards south—southeast (Fig. 5b). Seismicity reached another peak on 10 May (Fig. 3), but the locations remained in

the area south of Brava until August (Fig. 5b). From April to June the southern station of the array was out of operation, leading

to a possible bias in earthquake locations. A more detailed analysis shows that true locations are somewhat closer to Brava (by

about 8 km) than shown here. Seismic events during June still are located mainly offshore south of Brava (Fig. 6). A data gap
occurred from 17 June to 18 July due to limited storage capacities of the data loggers. During the last days of July, we observed

very few earthquakes distributed over a wider area (Fig. 5b).

4.2 August 2016 — during the seismic crisis

On 1 and 2 August the seismic crisis occurred on Brava (Faria and Day, 2017). We detected 54 earthquakes during these two
days and were able to locate 25 individual events of this swarm. Most of the volcano—tectonic earthquakes eeeurred-are located
beneath the southern part of Brava (Fig. 76a). The magnitudes ranged from 0.5 to 2.8 and the b—value is 0.86-83 (Fig. 8c7).

We estimated the b—value following Gutenberg and Richter (1944) with log,, N = a — bM, where N represents the cumulative

number of earthquakes with magnitudes larger than M. The magnitude of completeness is determined using the maximum

curvature method (Wiemer and Wyss 2000), as this method has been shown to be relatively reliable for catalogues with small

sample sizes (Mignan and Woessner, 2012). The constants ¢ and b are obtained from fitting the Gutenberg—Richter relation

for values above the magnitude of completeness. However, the b—value is difficult to estimate with certainty, as the number of

earthquakes is relatively low (see Roberts et al., 2015)._This is underlined by the variation of N (blue) with respect to the

straight line (black) fitted to the data (Fig. 8). The analysis of a possible temporal evolution of the b—value is added to the

supplementary material.

-In the aftermath_of the crisis, seismicity remained at an elevated level. Until 15 August, earthquakes were again located west
and south offshore, but relatively close to the island (Fig. 76b). Afterwards the seismicity around Brava decreased and was
distributed over a broader area. On 15 August, a swarm of deep subcrustal earthquakes occurred beneath Fogo. Due to their
proximity to the array, the earthquakes were analyzed and located by conventional network—based methods only (using the

additional network stations on Fogo). These deep events are further discussed in Leva et al. (2019).

4.3 September 2016 to December 2016 — after the seismic crisis

In September and October, we still observed earthquakes beneath Brava (see Fig. 98a), but they did not cluster locally and the
seismic activity was relatively low during this time. An elevated level of seismicity was recorded on 12 and 13 November,
extending from west to south offshore of Brava (Fig. 98b). From 29 November to 2 December we recorded a total of 150

earthquakes (see Fig. 3). On 29 and 30 November, a swarm was located directly northwest of the coast of Brava (Fig. 98b). In

5
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the following two days the earthquakes—mierated-seismic activity shifted towards the south to an area south—west of Brava’s
coast. During the rest of December, the-seismieitywas-carthquakes mainly occurlteeated beneath the southern part of Brava
and offshore the southern coast (Fig. 98b).

4.4 Periods with increased seismicity

Figure 3 indicates, that periods with elevated seismicity frequently occur beneath and around Brava_during the time of our

study. Apart from the swarms in August 2016, we observe four additional peaks, where the records show more than 20
earthquakes per day: 9 to 15 October 2015, 7 to 11 April, 10 May and 29 November to 2 December 2016. These earthquakes
have in common, that they occur offshore (Fig. 109). B—values for the earthquakes during 9 to 15 October 2015 and 29
November to 2 December 2016 are 1.286 and 0.98, respectively (Fig. +68b.d). For the other two periods the number of

earthquakes was too low to determine the b—value.

5 Discussion

The seismicity beneath and around Brava is characterized by a frequentshift-ef-significant variation in the location_of the

highest activity. This also becomes evident when comparing the results of previous studies, which show different areas of high

seismic activity around Brava (e.g. Heleno and Fonseca, 1999; Helffrich et al., 2006; Faria and Fonseca, 2014; Vales et al.,

2014). In our study from October 2015 to December 2016 we observe several periods with increased seismicity (Fig. 3), which
originate from different areas. During the first months of 2016 we observe a shift of the volcano—tectonic earthquakes from
west of Brava (during February to March) towards an area south of Brava (during April to July). On 1 and 2 August a seismic
crisis occurred on Brava. According to Faria and Day (2017) about 1000 shallow earthquakes and tremors were recorded by
the local seismic network on Brava. We observed 54 earthquakes with our network on Fogo and were able to locate 25
earthquakes with magnitudes from 0.5 to 2.8. The discrepancy in the number of detected earthquakes is due to the distance of
about 35 km between our network and the area of high seismic activity. Small earthquakes are therefore masked by seismic
background noise. Also, in our data, we do not observe tremors or long—period events, originating on Brava.; However, we
cannot exclude the occurrence of such events, as they may not be detectable at the-pessibly-dueto-theratherlarge distance of
the arrayte-the-seuree. However, from the magnitude—frequency relation (see Fig. 78c) we can estimate that magnitudes must

have been as low as -10-9 to reach the high number of events detected by Faria and Day (2017). For our observations, the
magnitude of completeness is 1-2 and the b—value 0.836. However,-dDue to the small number of earthquakes in the swarm, it

is possible that the b—value is underestimated; (seeas also discussed further below). The locations of earthquakes that we

observed cluster mainly southwest of Brava at a distance of about 3.5 to 4 km south of the reportedly evacuated village Cova
de Joana. However, considering the errors in our localization (see Fig. 76b), the main activity may indeed have occurred close
to the village as indicated by the results of Faria and Day (2017). ©OusThe array analysis is not suited to observe a possible

depth migration of the events. In the aftermath of the crisis most earthquakes still arise beneath Brava, in October the dominant
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seismic activity -seismieity-slowhymigratesshifts back to the regions west and south of Brava, where it remains until December
2016.

Seismic arrays can exhibit systematic aberrations, which may influence the localization of seismic events. In order to determine
a possible systematic deviation from the true earthquake locations, we compare the backazimuth and slowness values of the
array analysis with those obtained by classical network analysis at a later time (e.g. Schweitzer et al., 2012). Within a more
comprehensive study from January 2017 to January 2018, we operated a seismic network consisting of three arrays and seven
single stations equipped with short—period sensors on both Fogo and Brava (see Fig. S23). The shape and location of the array
AF in that study coincides with the array used during the pilot study presented here. By determining the systematic aberration
of array AF, we can therefore draw conclusions for the location accuracy of both arrays. For earthquake locations on Brava,
we determine a mean deviation of the backazimuth of about 6.5° towards the south. Further details of the analysis are given in
the supplemental material. Figure 11 shows the resulting new locations of the earthquakes during the seismic crisis, after taking
the correction into account. As a result, the earthquake locations tend to be shifted closer to the village of Cova de Joana.

Our observation of the-migration-a shift in earthquake locations efseismieity-from west to south of Brava prior to the crisis

does not provide evidence for a distinct precursorys signal related to the seismic crisis in the beginning of August, especially
when considering the last-days just before the crisis, for which we observe seismicity distributed overin a broad area. Another

point is the migration-variation in seismic activity efevents-afterwards, especially from November to December, which again

shows a shift from the west to the south without invoking another crisis. a—generalDuring the time of our experiment, a

dispersed occurrence of earthquake clusters seems to be rather common in the study area. Faria and Day (2017) report on a

change in seismicity around Brava after an earthquake of magnitude M4 in September 2015. However, as their data are

restricted, we cannot comment on this observation in detail.

—As depicted in Sect.
4.4, during the time of our study we record four additional periods, apart from the swarms in August, where the number of
earthquakes exceeds 20 per day. These times with elevated seismicity occur from 9 to 15 October 2015, 7 to 11 April, 10 May
and 29 November to 2 December 2016.

—From 9 to 15 October 2015, the dominant seismic activity occurs earthquakes-shift-to-aloecation

northwest of Brava;where-they-then-eluster. ItisremarkablethatClustering of earthquakes only occurs during the period from
29 November to 2 December-the-earthquakes-elustertoeally. For these-these two periods the b—values are estimated as 6-81.28

and +260.9, respectively. However, this estimation is rather uncertain, as the number of earthquakes is low (see Roberts et al.,
2015) and the detections performed by the array are biased towards larger events. The magnitudes of completeness are difficult

to assess and the corresponding b—values are likely underestimated, even when considering the whole study period for which

we estimated a b—value of 0.8 (Fig. 8a). High b—values significantly above 1 would be expected for volcano—tectonic

earthquake swarms (Roberts et al., 2015). To better constrain the underlying processes, analyses of focal mechanisms are

helpful, but not available due to limited azimuthal coverage provided by the array. The observed clustering and frequent

variations in earthquake locations are characteristic of volcano—tectonic earthquake swarms (e.g. Zobin, 2012) and their origin

7
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is likely attributed to magmatic processes, as also suggested by other authors (e.g. Faria and Fonseca, 2014). In previous studies

of volcano—tectonic earthquakes their origin, often, is attributed to dyke inflation or dyke propagation (Roman and Cashman,
2006). Earthquake swarms without a typical mainshock—aftershock sequence usually occur in response to fluid migration or
volatile and CO, releases, causing reduced fault resistance or stress changes (e.g. Lindenfeld et al., 2012). In previous studies
examining the seismicity of Cape Verde, earthquake swarms west of Brava have been linked to a shallow volcano—tectonic
structure with a NE-SW alignment between the Cadamosto Seamount and Brava (Vales et al., 2014). Earthquake swarms NE
and SW offshore Brava have been associated to submarine volcanic cones and earthquakes close to or beneath Brava to
magmatic intrusions into the crust (Faria and Fonseca, 2014).

Comparing the additional periods of elevated seismicity with the seismic crisis in the beginning of August, it seems that the
potential risk for the population on Brava may have been increased during the seismic crisis, as earthquake locations cluster
beneath the island. However, we cannot determine the depth of the events, which is another crucial parameter in estimating

the potential hazard. The occurrence of this seismic crisis on a dormant volcano characterized by previous phreatomagmatic

activity clearly underlines the importance of the local monitoring network, which has been established in 2011 (Faria and

Fonseca, 2014). There are several documented cases of failed eruptions accompanied by swarms of volcano—tectonic
earthquakes at dormant volcanoes. A failed eruption is characterized by magma intrusion into the upper crust, accompanied
e.g. by seismic swarms, which stops without an eruption (Moran et al., 2011). These volcanic unrests are indistinguishable
from unrests leading to eruptions, which makes a forecast difficult (Zobin, 2012). For example, in 1989 an unrest of Mammoth
Mountain, California, was documented on the basis of increased seismic activity with several earthquakes clusters active at
different episodes with rather small magnitudes (M<3), long—period and very—long—period earthquakes, together with
outgassing of magmatic CO; and fumaroles with increased *He/*He—ratios. This unrest has been interpreted as ascent of magma
from the mid—crust to the upper crust (Hill and Prejean, 2005). Therefore, a possible scenario for the mechanisms leading to
the seismic crisis on Brava could be that magma has been transported into the upper crust, where the process came to a halt.
Diffuse carbon dioxide (CO,) degassing surveys have been regularly conducted on Brava during the period from 2010 to 2018
(Albertos et al., 2019), and the observed spatial-temporal changes on ground CO; efflux value and diffuse CO; emission rates
are geochemical evidences which support a volcanogenic source for the 2016 anomalous seismic activity registered at Brava
(Garcia-Merino et al., 2017; Albertos et al., 2019).

Taken together our observations of 2016 and the observation of a change in seismicity after a large earthquake in September

2015 (Faria and Day, 2017), the seismicity following in 2016 could potentially be part of an uplift episode. As reported by

Madeira et al. (2010) and Ramalho et al. (2010a), Brava experienced significant uplift, which cannot be explained by a regional

uplift across the Cape Verde swell. Magmatic intrusions below the volcanic edifice could cause this uplift (Ramalho et al.

2010a,b). A failed eruption could contribute to such an uplift, however we cannot comment on the amount of material added

and thus on a potential uplift.

The village of Cova de Joana on Brava is in the vicinity of a volcano-tectonic lineament and it has been suggested that the

volcanism on Brava could be controlled by tectonic stresses (Madeira et al., 2010). Also an interaction of regional tectonic and

8
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volcanic stresses, as observed at El Hierro, Canary Islands (Ldopez et al., 2017) could be a possible mechanism causing the

earthquakes beneath Brava. The clear identification of the mechanism behind the events during the seismic crisis and their

relationship to faults on Brava would require more precise locations, and focal mechanisms of the earthquakes, in addition to

observations from other disciplines such as geochemistry and geodesy.

6 Conclusions

In this study we remotely monitored a seismic crisis by tracking the mevementshifting of swarms of volcano—seismic events
using array methods. We observe changes in seismic activity before, during and after the seismic crisis. In general, seismic
arrays are valuable tools for the remote seismic monitoring of regions that are difficult to access.

The array of this study was located on Fogo, Cape Verde, about 35 km apart from the neighboring island of Brava, and was
operational from October 2015 to December 2016. We analyzed the seismic crisis that occurred on Aug. 1 and 2 on Brava and
observed an elevated level of seismicity. 54 earthquakes were detectable on those two days, 25 could be located-with-a-b—value
o£0-86. During the first six months of 2016 the seismicity around Brava migrated-shifted over time from a region located
offshore west of Brava to another offshore area south of the island. During this time, the number of earthquakes per day
exceeded 20 earthquakes per day during three periods (9 to 15 October 2015, 7 to 11 April and 10 May 2016). However, during
these periods the earthquakes occur offshore and in a rather large area. In the last days of July we recorded only very few
earthquakes, which we located in a widespread area around and beneath Brava. This leads to the conclusion, that we did not

observe-find any evidence for seismic precursors of the crisis, likesuch as a systematie-shift of the volcano—tectonic earthquakes

towards the island.

After the two days of the seismic crisis the activity beneath Brava remained at an elevated level until October, where we find
a widely distributed seismicity around and beneath Brava. During the end of November and the beginning of December another
swarm of earthquakes occurred offshore west of Brava. Thus, it appears that the seismicity shifted away from the island again.
We conclude that the seismic crisis might be an example of a failed eruption, likely caused by the transport of magma and/or
CO into the upper crust, as it has been suggested by the observed changes on diffuse CO, degassing surveys (Garcia-Merino
etal., 2017; Albertos et al., 2019).

Although the seismic array used in this study provided important independent information about the seismic crisis on Brava

in August 2016, the inclusion of additional (e.g. geochemical and geodetical) data is highly desirable and required. In general

the combination of different observables could significantly improve the assessment of volcanic hazards.

Data availability

The data is available for download at GEOFON (https://geofon.gfz-potsdam.de). Please refer to Wolbern et al., 2019.
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Figure 1: Location of the island and station locations on Fogo. Circle: location of the array, which consists of ten stations, of which

seven were operational. The array was operated from October 2015 to December 2016. Diamonds: additional single broadband

stations. These were operational from January 2016 to December 2016. Inset top left: map of Cape Verde, red rectangle: current
425 map section of Brava and Fogo. Topographic and bathymetry data are from Ryan et al. (2009).
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(a) z traces - stacking window
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Figure 2: Example of the array analysis applied to an event of the seismic crisis (2 August 2016, 01:13 (UTC)). (a) Record section
before shifting and stacking. Traces of the seven array stations are filtered between 1 and 18 Hz. The time window has a length of
2.5 seconds, the smaller stacking window is marked in red. (b) The configuration of the seismic array. (c) Traces after shifting and
stacking. The sum trace is marked in green. (d) Time—domain energy stack.
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Figure 3: Blue: Number of detected earthquakes per day from October 2015 to December 2016._Green: accumulated number of
earthquakes. Red lines indicate periods with data gaps.
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435 Figure 4: Top: example of a typical earthquake near Brava, recorded on 2 August 2016, 01:13 (UTC) at a short—period station of
the array on Fogo. A Butterworth filter is applied with cutoff-frequencies of 0.5 to 50 Hz and traces are normalized. Bottom left:
spectrogram of the vertical component. Bottom right: frequency content of the recording.

(a) October to December 2015 (b) January to July 2016
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440 Figure 5: (a) Earthquake locations from 8 October to 19 December 2015. Red/black circle: position of the array on Fogo. (b)
Earthquake locations from 15 January to 31 July 2016. Red/black circle: position of the array, red/black diamond: additional
broadband stations on Fogo. Topographic and bathymetry data are from Ryan et al. (2009).
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April to June 2016
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Figure 6: Earthquake locations from April to June 2016. From April to June 2016 the southernmost array station was out of
operation. Comparison of events recorded in other time periods shows that the outage of this station leads to a bias of about 8.9° in
backazimuth towards the south. Original locations of the earthquakes are marked by black symbols; the corrected locations (with
a mean correction of 8.9° in the backazimuth determination) are marked by coloured symbols. Topographic and bathymetry data
are from Ryan et al. (2009).
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(a) August 2016 (b) 1 and 2 August 2016
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Figure 67: (a) Earthquake locations during August 2016, including the seismic crisis. Red/black circle: position of the array,
red/black diamond: additional broadband stations on Fogo. (b) Earthquake locations during the seismic crisis on 1 and 2 of August
2016. Red ellipses: errors in backazimuth and distance ef-as determined for the array analysis. Red/black circle: position of the
array, red/black diamond: additional broadband stations on Fogo. Green triangle: village Cova de Joana, evacuated during the
seismic crisis. Topographic and bathymetry data are from Ryan et al. (2009).
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(a) 5 October 2015 to December 2016 (b) 9 to 15 October 2015
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Figure 78: Magnitude—frequency relation for earthquakes observed during_(a) the study period, (b) the period of elevated seismic
activity from 9 to 15 October 2015, (¢) the seismic crisis on 1 and 2 August 2016, and (d) the period of elevated seismic activity from

460 29 November to 2 December 2016. The-magnitude-of -completeness;Mc;-is—1-2—Magnitudes are binned in steps of 0.2_and n
corresponds to the number of events during the period under consideration;-the b—value-is-0-86;-a-is2-2. Data points used to fit the
straight line for the determination of @ and b are marked with filled dots.
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(a) September and October 2016 (b) November and December 2016
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Figure 98: (a) Earthquake locations during September and October 2016. Red/black circle: position of the array, red/black diamond:
additional broadband stations on Fogo. (b) The same for November and December 2016. Topographic and bathymetry data are
from Ryan et al. (2009).
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(a) 9 to 15 October 2015 (b) 7 to 11 April 2016
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Figure 910: Earthquake locations for four different time periods of elevated seismicity. (a) 9-15 October 2015, (b) 7-11 April 2016,
(c) 10 May 2016, (d) 29 November to 2 December 2016. Red/black circle: position of the array, red/black diamonds: additional
broadband stations on Fogo. Topographic and bathymetry data are from Ryan et al. (2009).
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Figure 11: Earthquake locations during the seismic crisis of 1 and 2 August 2016. Yellow circles: original location of the earthquakes

determined from the array data; red circles: corrected locations according to the mean systematic deviation of 6.5° in the
backazimuth determination (see text for details). Topographic and bathymetry data are from Ryan et al. (2009).
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