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SUMMARY6

Since the end of 2013, the region around the volcanoes Masaya and Momotombo, which in-7

cludes Nicaraguas capital Managua, has shown an unusually high seismic and volcanic activity.8

On April 10, 2014, a M6.3 earthquake occurred near Momotombo volcano followed by intense9

aftershock activity and a migration of seismicity towards Managua. In the following 2 years,10

the seismic activity remained considerably higher than in the previous network operation time11

(1975-2013). In December 2015, Momotombo volcano erupted after 110 years of quiescence.12

Since Mid-December 2015, Masaya volcano has a lava lake in its main crater with gradually13

increasing activity. With 30 broadband stations, we temporarily (December 2016-March 2017)14

densified the permanent Nicaraguan seismic network around these volcanoes. Using ambient15

seismic noise tomography, we obtain a first image of the magma plumbing systems of Masaya16

and Momotombo volcano. Further, at Masaya, we observed a permanent tremor signal at fre-17

quencies inferior to 3 Hz.18
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1 INTRODUCTION21

Nicaragua lays at the Central American Convergence margin, where the Cocos plate is subducting22

below the Carribean plate at a rate of about 8 mm/a (DeMets 2001). The convergence azimuth23

along the Nicaraguan margin is up to 25◦ oblique to the trench (LaFemina et al. 2009). This con-24

vergence obliquity leads to slip partitioning along the Central American margin and trench-parallel25

motion of the fore arc at rates as high as 14-15 mm/a (DeMets 2001; Turner III et al. 2007). The26

Central American volcanic arc that formed as a result of the subduction, counts eighteen holocene27

volcanoes in Nicaragua (Siebert et al. 2011). Momotombo and Masaya volcano are part of this28

arc, positioned at the northern tip and 40 km south of Lake Managua (Xolotlan), respectively.29

Lake Managua lies along the Nicaraguan Depression, a large NW-SE trending graben that crosses30

the Western part of the country. The mafic igneous basement of oceanic lithosphere is here over-31

lain by Cretaceous to Miocene marine sediments (Walther et al. 2000). Nicaragua’s capital Man-32

agua (>1 Mio. inhabitants), is situated along this tectonic structure at the Southern shore of Lake33

Managua. The city was destroyed twice in the last century (1931, 1972) by disastrous earthquakes.34

35

Since the end of 2013, Masaya and Momotombo volcano (Fig. 1, 2) have shown an unusually36

high seismic and volcanic activity. On April 10, 2014, a M6.3 earthquake occurred near Mo-37

motombo volcano followed by intense aftershock activity and a migration of seismicity towards38

Managua (INETER, internal reports). In the following 2 years, the seismic activity remained con-39

siderably higher than in the previous time of operation (1975-2013) (Fig. 1) with three additional40

large earthquakes ranging from M5.6-6.0 in the region. The last M6.0 earthquake (15/09/16) near41

Momotombo volcano and its aftershocks caused destructions in rural areas near the epicenter, in42

the village of Puerto Momotombo and the town La Paz Centro. Additionally, at Momotombo (Fig.43

2C,D), an eruption occurred between December 2015 and January 2016, after 110 years of quies-44

cence. At Masaya volcano (Fig. 2A, B), a still present lava lake (as of October 2018) appeared on45
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December 11th, 2015, along with a modest associated increase in seismicity in the surroundings46

of the volcano.47

48

Nicaragua has a permanent seismic network consisting of around 90 short period, broadband49

and strong motion stations with real time communication that is run by Instituto Nicaraguense de50

Estudios Territoriales (INETER), the Nicaraguan national geosciences institute (http://www.ineter.gob.ni).51

However, located in the direct vicinity of both volcanoes, operate only a handful of stations, most52

with short-period sensors. With 30 broadband stations from the instrumental pool of the Geo-53

ForschungsZentrum Potsdam (GFZ), we temporarily densified the seismic network for a period of54

3 months (December 2016-March 2017). While this operation time is too short to gain an better55

understanding of the seismological/tectonic parameters of the recent activity, it is long enough to56

image the depth and spatial extent of the magma plumbing systems using ambient seismic noise57

tomography.58

59

After a brief review of the geological and tectonical background in the area of interest (section60

2), we discuss the temporary seismic network around Momotombo and Masaya volcano (section61

3). We then present the results from a 3D ambient seismic-noise Rayleigh-wave tomography (sec-62

tion 4) below the volcanoes; and discuss the regional seismicity during the observation period63

(section 5). The imaged extent of Masaya’s magma plumbing system is then compared with re-64

sults from an earlier gravimetry survey (Métaxian 1994) and discussed in the the context of the65

tectonics of the region (section 6).66

2 TECTONIC AND VOLCANOLOGICAL BACKGROUND67

2.1 Tectonics in the area68

Along much of the Middle America Trench, oblique subduction at a high rate of convergence re-69

sults in northwest-directed trench-parallel block motion. However, in Nicaragua such faults are70

not well developed. La Femina et al. (2002) suggested instead that this motion is accommodated71

by bookshelf faulting that includes northeast-striking left-lateral faults. Previous works presented72
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earthquake epicenter and focal mechanism data and mapped fracture and fault data consistent73

with this model. Trench-ward migration of the volcanic arc since the Miocene and reactivation of74

northeast-striking Miocene structures may have led to the development of this arc- and trench-75

normal fault system. Changes in regional tectonic stress may initiate small-volume eruptions.76

Cailleau et al. (2007) investigated tectonic stress in Nicaragua and stated that earthquakes are77

encouraged on faults located between active volcanic centres that cause significant crustal weak-78

ening, and oriented normal to the volcanic arc. Others, as Funk et al. (2009); Suárez et al. (2015);79

Alvarez et al. (2018) question this model and interpret the structural patterns near Managua as a80

time-transgressive rift opening, where the oldest extension (late Oligocene/early Miocene) began81

in the southeast and migrated to the northwest earlier phase of intra-arc normal rifting presently82

being superimposed by arc-parallel, right-lateral shear related to the northwestward transport of83

the Central America fore-arc sliver (Funk et al. 2009).84

2.2 Momotombo volcano85

Momotombo volcano is a quarternary stratovolcano with a height of 1297 m at the north shore of86

Lake Managua. In 1905 Momotombo erupted basaltic material and remained then in quiescence87

until December 2015, while maintaining a persistent state of high-temperature fumarolic activity88

(Menyailov et al. 1986). The high fumarole temperatures suggest high proportions of magmatic89

compounds and limited interaction with meteoric water or the hydrothermal system (Frische et al.90

2006). The magmatic plumbing system is associated with thick deep and shallow-water sediment91

deposits (Snyder & Fehn 2002; Ranero et al. 2000; Walther et al. 2000).92

93

At the southern flank of the volcano is a geothermal field, which was discovered in 1970. The94

field drilling program was initiated in 1974. In 2016, forty-seven wells have been drilled (depths95

of 310-2839 m) with a combined wellhead energy capacity of 35-77MW (Kaspereit et al. 2016).96

Since 2000, seven wells in the eastern part of the well-field have been used for injection (previously97

Lake Managua was used to dispose of the brine). Kaspereit et al. (2016) constructed a conceptual98

model that proposes that Momotombo possesses many of the characteristics of a typical volcanic-99
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hosted geothermal system: hot geothermal fluids ascend around the volcanic intrusion and due to100

the hydraulic gradient migrate downward and laterally through permeable flanks of the volcano.101

2.3 Masaya volcano102

Masaya volcano is an active volcanic complex, about 25 km southeast of Managua, on the western103

edge of the Nicaraguan depression. The inner caldera (560m above sea level) measures 6 × 11.5104

km2 and was formed by Plinian eruptions less than 6000 years go (Williams 1983). It is occupied105

by several pit craters; San Pedro, Nindiri and the dominant craters Santiago and Masaya (Fig. 1D).106

The inner caldera is enclosed by a 25 km wide older structure, the Las Sierras caldera. Masaya107

volcano has been the site of frequent periods of unrest over the past 500 years; voluminous de-108

gassing, lava lakes, minor explosions from Santiago cone, summit pit craters (Stoiber et al. 1986;109

Rymer et al. 1998; Viramonte & Incer-Barquero 2008). Since the nineties, strong degassing ac-110

tivity with high SO2, CO2 concentrations occurs, causing intense environmental degradation and111

health hazard (Delmelle et al. 2002; Burton et al. 2000). Although situated in a subduction regime,112

Masaya caldera shows basaltic and tholeitic activity (Williams 1983; Carr 1984; Bice 1985), likely113

because of the low-pressure intra-crustal fractionation due to a thin crust (Carr 1984). This thin114

crust allows the formation of superficial magmatic intrusions and lava lakes.115

The visible part of the intermittent lava lakes is situated at the bottom of the Santiago crater. The116

actual extent of the lava lake might be much larger. The most recent appearances of lava are docu-117

mented from 1989 and 1993 (Smithsonian Institution 1993). In the nineties, there was probably a118

shallow lava reservoir at the bottom of Santiago crater, as vents appeared lasting for a few weeks119

each time, which sometimes permitted to see incandescence. However, a lava lake was not directly120

visible. Viramonte & Incer-Barquero (2008) collected historic records that mention the appearance121

and disappearance of lava lakes at Masaya in the past centuries.122

The lava lake that appeared on December 11th, 2015 (constrained by satellite-based MODIS ther-123

mal observations (Aiuppa et al. 2018)) was still present in January 2019 and is clearly visible from124

the crater rim.125
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3 THE SEISMIC NETWORK OF THE TEMPORARY MOMANIC PROJECT126

In a benchmark study to obtain more information about the sources of unrest at MOmotombo and127

MAsaya Volcanoes in NICaragua (MOMANIC Project), we set up a temporary seismic network of128

30 broadband stations (Trillium-Compact equipped with Cube-DataLoggers) around Momotombo129

and Masaya volcano that temporarily densified the permanent network (Fig. 1C). We acquired130

data for three months from the end of December 2016 to the end of March 2017 at a sampling rate131

of 200 Hz. The stations were either placed in the free field or, if possible, in a quiet corner of a132

local farm. All stations were buried at about 30 cm depth, placed on a cobblestone and covered133

with a bucket. Especially at Masaya volcano, the ground conditions varied largely. The superficial134

volcanic structure is composed of a very heterogeneous, poorly consolidated sequence of recent135

tephra and lava flow layers, rendering a proper station placement often challenging (to impossible).136

Straying animals and failing batteries unfortunately reduced the overall data completeness to 80%.137

Power-spectral density noise plots show significant high frequency noise (2 Hz) close to Masaya138

crater that diminishes with increasing distance from the crater and is likely due to the continuous139

degassing. From the crater edge, we can observe that the lava in the lava lake is moving very fast140

on the surface. These large moving masses should generate an oscillation that might related to the141

high frequency noise.142

4 AMBIENT SEISMIC NOISE TOMOGRAPHY143

For the ambient noise tomography, we first compute the cross-correlations CC between the con-144

tinuous vertical component recordings of all station pairs (section 4.1). Then, we calculate the145

frequency dependent group travel times (section 4.2) and invert them to construct 2D group ve-146

locity maps at different frequencies (section 4.3). To obtain the depth structure, we invert the147

regionalized dispersion curves for local 1D shear velocity models in every cell of the grid using a148

neighbourhood algorithm (section 4.4).149

150
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4.1 Pre-processing and computation of noise cross-correlations151

Prior to the calculation of the CCs, we apply the following processing steps: instrumental correc-152

tion; resampling of the data to a sampling frequency of 10 Hz; band-pass filtering between 0.2 and153

30 s; elimination of 2h signal segments that show amplitudes greater than 3 times the standard154

deviation of the daily trace (e.g. local earthquakes), spectral whitening of the amplitude from 0.2155

to 30 s. We then calculate the CCs between all station pairs for the remaining two-hour segments156

and stack them over the three months. We average positive and negative lag-times to enhance the157

part of the signal that is symmetric. This procedure slightly increases the signal to noise ratio and158

helps to homogenise the noise sources distribution.159

4.2 Rayleigh-wave group velocity measurements160

We estimate the group velocity dispersion curves with a frequency-time analysis from 0.5 to 20 s161

(Levshin et al. 1989; Ritzwoller & Levshin 1998). We use a graphical users interface that involves162

analyst validation of the dispersion curves (Mordret et al. 2014; Fallahi et al. 2017). Group veloc-163

ities from inter-station distances smaller than 1.5 wavelength and SNR< 10 are not considered.164

Fig. 3a shows the final set of group velocity dispersion curves calculated for this study. The disper-165

sion curves are relatively flat with velocities between 0.7-3 km/s. In particular, dispersion curves166

from Masaya volcano show low velocites in the period range from 1-5 s. Fig. 3b shows the number167

of measurements as a function of period. We limit our analysis to period ranges with at least 50168

measurements around each volcano (>150 measurements in total), which restricts us to periods169

between 1-15 s.170

4.3 Inversion for 2D group velocity maps171

We perform tomographic inversions of the group-velocity measurements for periods between 1172

and 15 s using the algorithms described by Barmin et al. (2001) and implemented by Mordret173

et al. (2013) in a Cartesian version. The algorithms are based on ray theory involving a regulariza-174

tion function composed of a spatial Gaussian smoothing function and a constraint on the amplitude175

of the perturbation depending on local path density. For the 2-D models we use 56×37=2072 cells176
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with a grid size of 0.03◦×0.03◦ (4 km EW, 4 km NS). Please note, that the small grid-size was177

chosen according to the main area of interest (region around Masaya and Momotombo volcano)178

that has a dense seismic network. We are aware that the tomography is not well constrained outside179

of this area, but still think that the data from the far away stations can add information about the180

structure at depth.181

The initial model for the inversion has a constant velocity that is taken as the mean group velocity182

for each period. We perform the inversion in two steps (Moschetti et al. 2007; Obermann et al.183

2016). First, we invert a smooth map that is used to identify and reject measurements with travel184

time residuals greater than two standard deviations. Then, we use the remaining measurements to185

produce the final group velocity maps. The topography is not taken into account during the inver-186

sion procedure. Brenguier et al. (2007) estimated the error of this approximation on the velocity187

as < 5%, which should be negligible compared to the group velocity variations of about 5-20 % at188

each period (Fig. 3). In Fig. 4 the ray paths with respective group velocities (A) and the inverted189

2D group-velocity maps (B) are shown at periods of 1, 4, and 10 s, corresponding to an increasing190

depth penetration. The mean velocity obtained from the inversion for the group-velocity maps,191

slightly increases with the period from 1.3 to 2.5 km/s. At short periods (1-4 s), we observe a192

low velocity zone at the location of the volcanic cones Masaya and Momotombo. With increasing193

period this low velocity zone appears elongated between the two volcanoes. Poorly resolved ar-194

eas with less than 4 ray path per grid cell are not shown. A variance reduction of the travel-time195

residuals exhibits values ranging from 68 to 83 %, indicating that the retrieved velocity maps fit196

the data well.197

Fig. 4A) shows that with increasing period the path density is dominated by SE-WN striking198

rays and cross-firing is practically absent. For this reason, we also perform a detailed tomog-199

raphy of Masaya volcano alone, using periods from 1-5 s. Here, we use a smaller grid size of200

0.013◦×0.013◦. The results are shown in Fig. 5. We observe a low velocity zone in the south-west201

part of the Santiago crater that is more pronounced at 3s, indicating that there is a low velocity202

body at shallow depth of about 1.5-3 km. This low velocity zone extends with less strong towards203

the NW.204
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4.4 Depth inversion205

To obtain the depth structure beneath the volcano, we average the group velocities in each model206

cell, as obtained for the 2D inversions at periods from 1 to 15 s (with steps of 0.1 s between 1 and207

10 s and steps of 1 s afterwards). From the averages, we construct local dispersion curves for each208

cell that we subsequently invert to assess a 1-D local layered velocity model. For this inversion209

we use a Monte-Carlo global direct-search technique (Sambridge 1999; Wathelet 2008; Molinari210

et al. 2015). The solution space is sequentially and non-uniformly sampled, taking into account the211

data fit achieved by old samples. To reduce the number of parameters to be inverted, we discretise212

the continuous functions into constant thickness layers with constant velocity. In particular, the213

vertical parametrisation consists, from top to bottom in: 4 layers with 0.5 km thickness, 4 layers214

with 1 km thickness, 2 layers with 1.5 km, 3 of 2 km, and 5 layers of 4 km thickness. The allowed215

parameter ranges for the shear-wave velocity (Vs) in each layer are defined based on the most216

recent crustal models in volcanic region, allowing a large variability able to resolve both low and217

high velocity body. In total 3400 Vs models are sampled for each location and the best-fitting218

1000 models are kept to calculate a mean model for each cell location. The similarity between219

best and mean models is very high, meaning that the solution is generally robust (similar to the220

mean). In Fig. 6, we show horizontal slices that we extracted from the best-fitting 3D V − s model221

at various depths ranging from 0.75 to 14 km). The shear-wave velocity variations are shown222

with respect to the mean velocity in each layer. Areas that are not well constrained are masked.223

Around the larger Masaya area, we observe a low velocity anomaly of up to -15 to -20%. At224

shallow depth (0.75km, Fig. 6) the low velocity anomaly is particularly strong towards the SW225

and likely related to surface geology (lose sediments). At greater depth, the low velocity zone226

below Masaya concentrates NE/NW of the crater area (3.5km, Fig. 6).The low velocity anomaly227

at Momotombo is about −5%. Both anomalies are no longer visible on the 6.5km depth slice (Fig.228

6). At greater depth, the low velocity anomaly concentrates along a SE-WN line. This could be229

due to the subduction trench, but can equally well be a bias, as we are missing cross-firing at low230

periods (Fig. 4A) and most of the ray paths fall on this SE-WN line.231

Vertical cross-sections along the Nicaraguan volcanic chain (Fig. 7A) and across Masaya (Fig. 7B)232
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and Momotombo (Fig. 7C) volcano allow a better overview of the depth extent of the anomalies,233

as here the shear-wave velocity variations are plotted with respect to the mean velocity in each234

layer. The location of the cross-sections is shown in Fig. 6. We notice the very shallow (1.5 km235

depth) extended low velocity anomaly below Masaya (Fig. 7A) that is offset with depth to the236

NW/NE (Fig. 7A,B) and disappears at a depth of 6 km. At Momotombo (Fig. 7C), we observe an237

extend of the low velocity zone down to about 8 km depth. We notice a small low velocity imprint238

of Momotombito Island.239

5 REGIONAL SEISMICITY240

Using all available stations, from December 2016 to March 2017, we detected about 300 earth-241

quakes within the region of interest using the Seiscomp3 module Scanloc developed for local-242

regional seismicity monitoring operations (Grigoli et al. 2018). Earthquakes locations are then243

refined using a waveform stacking based method, are shown in Fig. 1C. Since a local magnitude244

scale is not available for the region, magnitude estimation was performed by using the original245

relation as defined by Richter (Richter 1935). The estimated magnitude of the events range from246

1.5-2.5. During our investigation period, we did not detect a seismic cluster at Masaya volcano,247

most events locate around Momotombo. We hence focus on the Momotombo area and use a wave-248

form stacking based method to better locate the seismicity.249

5.1 Detection and location with waveform stacking methods250

Seismicity datasets in volcanic environments are often characterised by a massive number of small251

seismic events strongly noise contaminated and, for these reasons standard techniques for seismic252

data analysis based on automatic picking are affected by various problems reducing their perfor-253

mances (Grigoli et al. 2018). To overcome these problems alternative waveform-based methods254

for seismicity characterisation have been recently proposed. Waveform based detection and lo-255

cation methods exploit the coherence of the waveforms recorded at different stations and do not256

require any automated picking procedure. The main advantage of these methods relies on their257

robustness even when the recorded waveforms are very noisy. On the other hand, like any other258
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location method, the location performance strongly depends on the accuracy of the available ve-259

locity model. This is particularly true in volcanic environments, where strong topography effects260

are combined with a poorly known and highly heterogenous 3D velocity structure. In this work, we261

used a location method which combines features of relative location techniques, such as the source262

specific station correction term (Richards-Dinger & Shearer 2000) with a waveform based loca-263

tion method. This location approach, which inherits typical features of relative location methods264

(Grigoli et al. 2016), is less dependents on the velocity model and topography effects introduced265

by the volcanic structure and presents several benefits, which improve the location accuracy: 1)266

it accounts for phase delays due to local site effects, e.g. surface topography or variable sediment267

thickness 2) theoretical velocity model are only used to estimate travel time within the source268

volume, and not along the entire source-sensor path. In addition, this approach inherits the main269

advantage of waveform based location techniques, the noise robustness.270

271

For the Momotombo area, earthquake locations were initially performed using waveform272

stacking with a velocity model extracted from the CRUST2.0 database (Bassin et al. 2000). In273

a second step we used the best located events (i.e. those with large magnitude) and calculated the274

source specific correction terms at each station, for simplicity we call them master-event correc-275

tions. Fig. ?? shows, for a target event, a comparison of the coherence matrices before and after276

master-event correction. It is important to note that, even after the correction, the coherence level277

does not change sensibly. This is mainly due to the fact that many stations of the network deployed278

at the Momotombo volcano are characterized by a very low signal-to-noise ratio, hence they do279

not contribute to the coherence enhancement during the waveforms stacking process (Fig. ??). On280

the other hand, the coherence matrices obtained after the master-event correction (Fig. ??) show281

a more focused maximum which allow to better locate the event. Using the waveform stacking282

method as described above, we could identify two distinct clusters of seismicity in the area of283

Momotombo (Fig. 1C).284
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6 DISCUSSION285

6.1 Masaya volcano286

6.1.1 Spatial extent and depth of the magma plumbing system287

At Masaya volcano, the tomography results give no indication of a deep-rooted magma plumbing288

system. The low velocities are constrained to the upper 3 km of the subsurface. In the detailed to-289

mography (Fig. 5), we observed that the largest negative shear-wave anomaly is offset to the west290

and not directly below the active Santiago vent (location of the lava lake). We hence conclude that291

Masaya has a very shallow magma chamber that is offset to the west from the active Santiago vent.292

This observation is in agreement with observations from satellite geodesy by Stephens & Wauthier293

(2018). They observed up to 8 cm ground inflation in the Masaya caldera from November 2015294

to September 2016. They located the centre of inflation offset from the active Santiago vent, to295

the NW. Stephens & Wauthier (2018) can explain their data with a spherical magma reservoir,296

extending to a depth of 3 km. The observed offset can be a result of preexisting caldera structures.297

The presence of a very shallow magma chamber at Masaya is also in agreement with gravimetric298

studies from the nineties and past and recent gas flux observations (Connor & Williams 1989; Mé-299

taxian 1994; Stoiber et al. 1986; Aiuppa et al. 2018). Métaxian (1994) showed, that instead, the300

central part of the caldera including the Santiago and Masaya crater has a lower density than in301

the surrounding areas (2.05-2.15 gcm−3, Fig. 8). This region of lower density values corresponds302

well with the largest negative shear-wave anomaly that we obtained from the detailed tomography303

around Masaya at 3 s (Fig. 5).304

At lower periods, in the depth range of 3-6 km, we observe a shift of the low velocity anomaly305

towards the NE of the caldera (Fig. 7B). Gravimetric studies (Connor & Williams 1989; Métaxian306

1994) showed the existence of a positive gravity anomaly (of 0.5 gcm−3, with densities of 2.55-307

2.65 gcm−3) towards the calderas northeastern corner (Fig. 8, anomaly A). The main component308

of this anomaly has been modelled by Métaxian (1994) as a dense body centred at 6 km depth,309

6 km thick with a density contrast greater than 0.5. g.cm−3 to the surrounding areas. Métaxian310

(1994) interpreted this anomaly as being related to a former intrusive body that appeared prior311
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to the caldera formation, as the anomaly shape does not follow the caldera morphology. A more312

superficial positive anomaly in the northern part of the caldera, also with a density contrast of313

0.5 g.cm−3, is probably due to the contribution of dense lava flows. They are easily identified in314

the morphology and their thickness is estimated at 300-350 m. The modelled location of the deep315

intrusive body corresponds to the positive shear-wave anomaly location that we observe beneath316

the Eastern part of the caldera (Fig. 7B, 8). The modelled lateral extent of of the lowest density317

anomaly (Fig. 8) corresponds to the location of the largest shallow low velocity anomaly (-10%)318

from Fig. 5 at 3 s.319

Our results agree with the gravimetric study that suggested that the Masaya caldera was probably320

not formed by a collapse triggered by the emptying of a large magma chamber, but more likely by321

an explosive dynamics, repeated over time. This eruptive process has been mentioned by several322

authors (Bice 1980; Williams 1983; Kieffer & Creusot-Eon 1992).323

324

6.1.2 Seismicity at Masaya325

During our seismic campaign from December 2016 to March 2017, we observed a low level of326

seismicity spread around the Masaya region. This could be coincidence, as increased seismic un-327

rest had been observed prior to the appearance of the lava lake and throughout 2016 in the Masaya328

region (INETER 2015a,b, 2016). Contrary to Métaxian et al. (1997), who studied the seismicity329

of Masaya volcano in the nineties and could show a low-level volcano-tectonic activity (1 VT per330

day on average) located at shallow depth in the eastern part of Santiago crater, we did not observe331

any volcano-tectonic events that locate in vicinity of the crater.332

Métaxian et al. (1997) had observed tremor signals related to the lava lake at Masaya. While we333

observe no emergent tremor in the waveforms, we can detect continuous tremor signals with fre-334

quencies inferior to 3 Hz on stations close to the crater rim (Fig. 9). These tremor signals look very335

similar to the observations by Métaxian et al. (1997). We can distinguish two prominent frequency336

peaks at around 1.5 and 2 Hz that are barely visible at a distance of 3 km from the crater. A broader337

frequency pulse between 2 and 2.5 Hz is still present at 3 km distance but disappears at larger dis-338
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tances (Fig. 9). In agreement with the argumentation from Métaxian et al. (1997), we think that339

the source of tremor can be directly associated with the activity of the lava lake. Throughout our340

observation period the tremor was permanent and is likely related to the continuous degassing in341

the lava lake or in very shallow resident magma bodies. We expect to see fluctuations in tremor342

amplitude with increases or decreases of degassing, but could not confirm this due to the short343

nature of our instrumentation. Métaxian et al. (1997) suggested that some volume of magma is re-344

tained in the upper part of the volcano even when no lava lake is visible, since the tremor remains345

persistent with a reduced amplitude also in absence of the lava lake. Longer-term seismic studies346

would be of great interest to conclude on the seismic activity related to the lava lake.347

6.2 Momotombo volcano348

6.2.1 Spatial extent and depth of the magma plumbing system349

Below the cone of Momotombo volcano, we observe a vertically elongated, 4 km wide, low shear-350

wave velocity anomaly that reaches depths of about 8 km (Fig. 7A,C). This is likely the main351

magma chamber of the volcano. At shallow depths, up to 3 km, the low velocity anomaly extends352

laterally below the Southern flank of Momotombo (Fig. 7A). This low velocity anomaly is likely353

linked to the volcanic hosted-geothermal system that is exploited in this area since the seventies.354

This observation is in agreement with the conceptual model proposed by Kaspereit et al. (2016):355

hot geothermal fluids ascend around the volcanic intrusion and due to the hydraulic gradient mi-356

grate downward and laterally through permeable flanks of the volcano. Further towards the south,357

we see a shallow circular low velocity anomaly that is constrained to the top 2-3 km. This anomaly358

occurs below Momotombito, a small stratovolcano 15 km off the coast from Momotombo. Likely359

the region between Momotombo and Momotombito is relatively week, giving rise to the occur-360

rence of active fluid flow, that is absent below the other flanks of Momotombo.361

6.2.2 Seismicity around Momotombo362

Most of the seismic activity at the Momotombo is concentrated approximately 10 km NW from the363

volcanic complex (Fig. 1C, 6, 7A). Here, the seismicity likely consists of aftershocks of the M5.5364
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earthquake that struck this area on September 28th, 2016, about 15 km WNW from the top of the365

volcanic complex (Fig. 1B). Epicentral locations in this area shows a trend along a ENE-WSW366

direction reflecting the strike of the hosting faults system (Fig. 1C).367

A second cluster of seismicity is located between the volcano and the Momotombito island (Fig.368

1C, 7A), where the geothermal plant is located and the M6.3 took place in 2014. In this case, seis-369

micity is more clustered and shows a cylindrical shaped spatial distribution, which may be linked370

to non-tectonic processes.371

In both areas the hypocentral depth of seismicity is quite shallow, mostly between 3 and 10 km372

(Fig. 7A,C). The seismicity tends to avoid the areas of pronounced low shear-velocity and is more373

abundant in the better consolidated rock volumes.374

375

7 CONCLUSION376

From this short-term seismic installation we gained a first glimpse of the magma plumbing sys-377

tems at Masaya and Momotombo volcano. While Momotombo shows a typical elongated low378

shear-wave velocity anomaly that reaches depths of about 8 km, Masaya does not show indica-379

tions of a deep plumbing system. At Masaya, we observe the largest negative shear-wave anomaly380

at shallow depth offset to the west and not directly below the active Santiago vent, where the crater381

lake is contained.382

Seismicity at around Momotombo shows a trend along a ENE-WSW direction reflecting the strike383

of the hosting faults system. A cluster below located between the volcano and Momotombito is-384

land suggests that the geothermal exploitation might induce seismicity in this region. At Masaya385

we detect permanent volcanic tremor events that are likely linked to the activity at the lava lake386

and the shallow magmatic chamber.387

We hope that with this study we can trigger further interest in the diverse tectonic and volcanologi-388

cal features of Nicaragua. Future, long-term seismic imaging and monitoring projects are of critical389

interest for the estimation of seismic and volcanic risks in Managua and the surroundings.390
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Figure 1. Seismic events larger than ML 4.3 in the volcanic chain of Nicaragua A) from 1975 - 2013. B)
from 2014 - 2016. The magnitudes of the largest events are denoted in black. C) Zoom into the region of
interest showing the broadband seismic network used in this study. Stations from the temporary MOMANIC
network are marked in red, stations from the permanent network run by INETER in yellow. With black dots,
we plot the seismicity observed from December 2016 to March 2017 using automated seismic event location
and waveform stacking. The uncertainty of the location is about 0.5-1 km. D) Zoom into the Masaya caldera.
Santiago and Masaya craters are indicated.
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Figure 2. A) Lava lake in the Santiago crater at Masaya volcano. B) Station deployment on a former lava
stream at Masaya volcano. C, D) View on Momotombo volcano.
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Figure 3. a) Group-velocity dispersion curves of vertical-vertical component CCs obtained using a FTAN
analysis. b) Number of group-velocity measurements as a function of period. We restrict our analysis to
periods with at least 150 measurements around each volcano, which limits us to a frequency band from
1-15 s.
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Figure 4. A) Rayleigh-wave group velocities associated with each path. The black square marks the inset
for which the 2D- Rayleigh-wave group velocity maps are shown (B). The results are presented at periods
1, 4 and 10 s. Areas that are not well-resolved are masked in the group velocity maps.
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Figure 5. Focus on Masaya volcano. 2D velocity maps at different periods 1, 2, 3 and 4 s. The star shape is
an artefact from the station geometry.
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Figure 6. Horizontal cross-sections of the obtained 3D shear-wave velocity models at various depths. Lat-
eral velocity perturbations are shown relative to the mean velocity. The significance level of velocity vari-
ations is approximately ±3%. The slice at 0.75 km depth shows additionally the relocated seismic events
around Momotombo using a master-event waveform stacking locator.
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Figure 7. Shear-wave velocity variations with respect to the mean velocity in each layer: along the
Nicaraguan volcanic chain (A); SW/NE profile across Masaya volcano together with the approximate depth
location of the density anomalies from Métaxian (1994) (B); and WN/ES profile across Momotombo vol-
cano together with the local seismicity (C). Areas that are not well constrained are masked. The locations
of the vertical cross sections are indicated in Fig. 6.
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Figure 8. Overlaying the lateral projection of the density anomalies measured by Métaxian (1994) and the
seismic tomography results at periods of 3 s for Masaya (from Fig. 5). The area with lowest density (C)
corresponds to the area with the largest low velocity anomaly (-10%).
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Figure 9. Exemplary tremors signals registered at Masaya in January 2017 on the vertical component. The
tremor disappears with distance from the crater.


