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RESUMO

A Sismicidade Induzida por Reservatórios (SIR) é um fenômeno bem documentado, com mais de

100 casos relatados em todo o mundo. O represamento de reservatórios de água altera o campo de

tensão  local  e  serve  como  catalisador/disparador  para  a  liberação  de  tensão  acumulada

tectonicamente.  Casos  de  SIR  que  ocorrem  em  regiões  intraplacas  são  particularmente

interessantes, pois proporcionam uma oportunidade de estudar o campo de tensão local e regional

em áreas onde as ocorrências de terremotos são raras e essas chances são pouco comuns.

Relatamos  um novo caso de SIR no sudoeste  da  África,  na bacia  do Kwanza,  província  de

Malanje em Angola, localizada no Escudo Angolano. O reservatório de Lauca, onde ocorre a

sismicidade,  está  situado  em  uma  região  composta  principalmente  de  rochas  graníticas  e

gnaissicas cobertas por uma fina camada de rochas sedimentares, e a sismicidade lá foi observada

logo após o nível da água subir para cerca de 86m após o represamento inicial. A altura máxima

da barragem é de 156m e o volume do reservatório é de 5,044.85 Hm3. Mais de 270 eventos

foram detectados entre  março/2018 e novembro/2020,  e  a  sismicidade não cessou, indicando

tanto  atividade  sísmica  inicial  quanto  prolongada.  A frequência  de  eventos  com  magnitude

superior a 2,5 ML aumentou ao longo do tempo. O maior evento até agora teve magnitude de 3,0

ML e foi sentido em aldeias e cidades próximas.

As fases P e S para todos os eventos foram lidas manualmente, e um diagrama composto de

Wadati produziu uma razão Vp/Vs de 1,710 +- 0,003 para a área do lago, compatível com a

geologia  local.  Utilizamos  a  minimização de  resíduos de  tempo de  viagem com HYPO71 e

HYPOCENTER para determinar o melhor modelo de velocidade de meio espaço para a área do

reservatório, que determinamos ser Vp= 6,1 km/s. Os ângulos de back azimuth para todos os

eventos também foram determinados manualmente e usados para melhorar as localizações. As

localizações epicentrais mostram que a maioria dos eventos se agrupa ao longo de duas falhas

aproximadamente orientadas no sentido norte-sul, um padrão incomum em casos de SIR, mas



que pode auxiliar a determinar os mecanismos focais. Determinamos mecanismos focais para

quatro  dos  maiores  eventos  na área  usando a polaridade de  chegada P e  SH e as  razões  de

amplitude P/S, e os comparamos com modelos do campo de tensão regional. Descobrimos que o

regime de falhas na área é transpressivo e que o SHMax aponta na direção SW-NE, em desacordo

com os modelos geodinâmicos atuais para a placa Africana.



ABSTRACT

Reservoir Triggered Seismicity (RTS) is a well documented phenomenon, with over 100 cases

reported worldwide. The impounding of water reservoirs changes the local stress field and serves

as a catalyst/trigger for the release of tectonically accumulated stress. RTS cases occurring in

intraplate regions are particularly interesting, since they provide an opportunity to study the local

and regional stress field in areas where earthquake occurrences are rare and these chances seldom

come by.

  

We report a new case of RTS in southwestern Africa, in the Kwanza basin, Malanje province of

Angola, located in the Angolan Shield. The Lauca reservoir, where seismicity is taking place, sits

atop  a  region  composed  mainly  of  granitic  and  gneissic  rocks  covered  by  a  thin  layer  of

sedimentary rocks, and seismicity there was observed shortly after the water level rose to about

90m following initial impoundment. The maximum dam height is 156m and the reservoir volume

is 5,044.85 Hm3. Over 270 events were detected between March/2018 and and November/2020,

and seismicity has not ceased, indicating both initial and protracted seismic activity at play. The

frequency of events with magnitude larger than 2.5 ML has increased over time. The largest event

so far had magnitude 3.0 ML, and was felt in nearby villages and towns.

P and S phases for all events were manually picked, and a composite Wadati diagram yielded a

Vp/Vs ratio  of  1.710 +- 0.003 for the lake area,  compatible  with the local  geology.  We use

minimization of travel time residuals with both HYPO71 and HYPOCENTER to determine the

best half-space velocity model for the reservoir area, which we determine to be Vp= 6.1 km/s.

Back Azimuth angles for all events were also manually determined and used to better constrain

locations. Epicentral  locations show that most events cluster along two roughly N-S oriented

faults, an uncommon pattern in cases of RTS, but which can nonetheless aid the determination of

the focal mechanisms. We determine focal mechanisms for four of the largest events in the area

using both P and SH arrival polarity and P/S amplitude ratios, and compare it to models of the



regional stress field. We find that the faulting regime in the area is transpressive and that SHMax

points in the SW-NE direction, in disagreement with current geodynamical models of the Nubian

plate.
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INTRODUCTION

Induced Seismicity (IS) is the phenomenon where the construction and filling of water reservoirs 

gives rise to seismic activity in the vicinity of said enterprises. It was first associated with the 

filling of lake Mead in the mid 1930s (Carder 1945), and has since been observed in several 

locations around the world, including Brazil (Simpson 1986, Barros et al. 2018). Lake 

impoundment changes both elastic and pore pressure conditions in the surrounding rocks, and 

although these pressure changes are small compared to the tectonic loading in the crust, they may

serve as a catalyst to release accumulated stress. McGarr and Simpson (1997) propose a 

differentiation between induced earthquakes, where human action is responsible for most of the 

stress changes or energy release in the form of earthquakes, and triggered earthquakes, where 

human activity is merely the trigger that sets off events where most stress changes or energy 

accumulation in the crust happened through tectonic loading. Gupta (2002) further proposes that 

all cases involving water reservoirs can be grouped under the triggered category, since the stress 

changes due to both elastic loading and pore pressure changes are in the order of 1 MPa for all 

but the tallest dams in the world, much lower than the stress drops associated with earthquakes 

(collectively speaking). More recently, Foulger et al. (2018) have proposed that differentiation 

between triggered and induced earthquakes in the sense mentioned before is more difficult than 

imagined given our poor understanding of how much of the strain energy loaded into the crust is 

relieved seismically or aseismically, and thus adopts the convention of referring to all 

earthquakes related to human industrial activities as induced earthquakes, without taking into 

consideration the origin of the stress changes.  We also choose to refer to all earthquakes related 

to water reservoir impoundment or other human-related activities as induced earthquakes.
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Induced earthquakes usually take place in the vicinity of the engineering activities which cause 

them, which means that economic and social impacts have to be taken into account when 

implementing engineering projects, since even relatively small earthquakes can have significant 

impact on local structures (Simpson 1986). One of the largest induced earthquake recorded to 

date, around the Koyna reservoir in India in 1967, caused 200 deaths, 1500 injuries and also 

severe damage to nearby structures (Gupta & Rastogi 1976). 

Other examples of significant induced seismicity which have caused damage to structures and 

nearby populations can be found in China, Greece, and the United States. The potential impacts 

of induced seismicity have led to renewed efforts in monitoring water reservoirs and further 

studies of the physical mechanisms which give rise to them, sparking interest from the scientific 

community and civil society. Major projects around the world have been halted due to fears of 

significant damage to structures and/or nearby towns/populations. Thus the study of this 

phenomenon is well justified from a scientific as well as from an economic and social point of 

view.

Induced seismicity was first reported in Brazil in the early seventies in the Carmo do Cajuru 

reservoir, located in the countries’ southeast region. Overall, 26 cases have been reported as of 

2018, with the largest induced earthquake reaching magnitude 4.2 mB and VI–VII MMI intensity,

at the Porto-Colômbia reservoir in Southeastern Brazil. A compilation of studies carried out at 

several sites in Brazil by Barros et al. (2018) indicates that there is no clear correlation between 

local geology and earthquake triggering in the country, although igneous rocks seem to be 

slightly more prone to induced earthquakes than either sedimentary or metamorphic rocks. Dam 

tallness seems to be positively correlated to whether or not seismicity will be triggered, with 

dams taller than 100 m showing 65% probability; Magnitude, however, is not, with relatively 

large earthquakes induced by dams with a water depth of less than 50 m, where the overall 

probability of induced seismicity is estimated to be around 2%. This lack of relationship between 

dam tallness and maximum earthquake magnitude seems to hold worldwide.
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Reservoir-induced seismicity can be both initial or delayed as proposed by Simpson et al., 1988. 

Initial seismicity is associated with the increase of shear stress due to elastic loading of the 

reservoir, and happens immediately after impounding, usually resulting in earthquakes of small 

magnitude presenting swarm-like behavior, confined to the immediate reservoir area. Delayed or 

protracted seismicity, on the other hand, is related to changes in pore pressure due to pore 

pressure diffusion through pre-existing structures, and is associated with larger earthquakes 

which can happen at significant distances from the reservoir. Both types can happen at any given 

reservoir, although initial seismicity cases are more common than delayed seismicity.

Our goal in this project is to study the seismicity induced by the construction and subsequent 

impoundment of the Lauca hydroelectric reservoir in the Middle Kwanza region in Angola. Both 

reservoirs are located in the Angolan shield in the province of Malanje, in the Middle Kwanza 

region. This region is known to have been seismically active in the recent past, with a magnitude 

6.0 Mw earthquake occurring 35 km from the Laúca dam on the 24th of May 1914. A magnitude 

3.9 earthquake also struck the region on the 29th of May 2009, reaching intensity IV-V on the 

modified Mercalli Scale.

The local geology is composed of five main geological units, consisting of metamorphic rocks: 

basement gnaisses, migmatites and granites; Neoproterozoic sedimentary rocks: metamorphosed 

neoproterozoic sandstones and limestones; Neoproterozoic sandstones, conglomerates and 

arkoses; and more recent sands and alluvium deposits from the quarternary period (Neto et al. 

2014). A geological map of the lake area and surroundings is shown in Figure 1.

Tectonically, the region is inserted in the Kwanza Horst, a major tectonic feature of Angola, also 

from the neoproterozoic period, which spans almost 300 km longitudinally and is around 20 – 50 

km long latitude-wise. Overall in our study region, we see a pattern of basement rocks covered by

thin sedimentary layers, and outcrops are abundant throughout.
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Figure 1: Geological overview of the Middle Kwanza region (In Portuguese). Pink and orange 

stripes show gnaisses and sedimentary rocks, respectively, across the reservoir area. The location 

of Laúca Reservoir is shown in dark green. Extracted from Pereira Neto et al. (2014). 

An aerial shot of the region where Laúca reservoir was impounded was taken prior to filling, and 

showed five main lineaments interpreted to be faults perpendicular to the river course (Figure 2). 

Out of these five, two were located outside the future lake area, and with the exception of fault 

number 5 (one of the faults located outside the lake area) all the others were aligned roughly in 

the SE – NW direction (Neto et al. 2014). These were identified as potentially seismogenic faults.

Impoundment of the Capanda reservoir , the first to be filled in the region, began in August 2002 

and was concluded on the 15th of March 2003, with the water column reaching 89m at peak 

capacity. Seismicity was first observed there on the 23rd of June 2003, 90 days after the reservoir 

had reached peak storage capacity, then again on the 16th of november 2015. Both events were 

recorded by seismic networks operating in the vicinity of the reservoir. A third event was 

registered on the 23rd of July 2013, 12 km away from the Capanda dam, reaching magnitude 2.5.
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Figure 2: Aerial shot of the future reservoir area, showing faults which cross the river. Faults 

number 4 and 5 are located outside the bounds of the future lake, while faults 1, 2 and 3 are 

located within the flooded region. Extracted from Pereira Neto et al., (2014).

Thus, previous seismic monitoring of the region had been ongoing prior to the filling of Laúca 

reservoir. Monitoring started in 2003 when ZERO station was installed as part of the Capanda 

Dam seismic network. Recurring seismicity was observed near Laúca reservoir after 

impoundment in 2017, beginning on March 1st 2018, when the water column at the reservoir sat 

at 86m tall, and the total water volume at 1.9847E+12 m3, with these values varying slightly 

according to hydrological conditions. In total, more than 270 earthquakes were registered over 

the course of the next 3 years of monitoring. No natural seismicity in the vicinity of Laúca 

reservoir had been detected prior to impoundment, confirming a spatial and temporal correlation 

between the filling of the lake and the ensuing seismic activity.

This presents us with a great opportunity to study focal mechanisms and the local stress field, 

given the outstanding quality of the seismic records, which show very sharp P and S arrivals.
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The seismicity in this region was monitored by two seismic stations, LAUC and ZERO. ZERO 

had been operating since 2003, as mentioned before, as part of the Capanda dam network, and 

LAUC was installed on the 06th of May 2018, shortly after seismicity began. Both stations 

operated identical instruments, namely a Nanometrics Taurus digitizer and a broadband Trillium 

Compact Seismometer (120s – 100Hz), with 1dB gain and 100 Hz sampling rate.

Seismic events were recorded in trigger mode and initially analyzed by PRODEL using SEISAN,

where magnitudes and preliminary locations were determined. The observed seismic pattern was 

unusual for cases of induced seismicity, with earthquakes being distributed along what seem to be

preexisting faults. These faults are not necessarily coincident with the faults mapped on the 

surface, both locally and regionally, in terms of orientation.

We determine a new velocity model for the lake area by selecting 90 events recorded at both 

stations, constructing a composite Wadati diagram to determine the Vp/Vs ratio, and minimizing 

travel time residuals by testing different velocity values. We insert azimuthal information into the 

locators to compensate for the lack of station coverage, and perform waveform cross-correlation 

between events located in different parts of the reservoir to further constrain epicenters. We are  

able to determine focal mechanisms for four of the events, using both P and S polarities and also 

P/S and SH/SV amplitude ratios. We interpret our results in light of the epicentral distribution and

obtained focal mechanisms and propose a possible seismotectonic regime for the reservoir area.

The results of the work conducted over the last two years were written in the form of a research 

paper and submitted to the journal Tectonophysics for publishing. They are presented in Chapter 2

of this dissertation.
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RESEARCH PAPER

This chapter presents the research paper which was submitted to the journal Tectonophysics on 

12/03/2023.
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Laúca Dam: The First Reported Case of Reservoir-Induced Seismicity in the Congo Craton. 

Focal Mechanism Determinations and Stress Field Estimation.

Lucas Schirbel1,2, Marcelo Assumpção1, Francisco António Pereira Neto3, George Sand França4 
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Abstract: We present the first case of reservoir induced seismicity (RIS) ever reported in the Congo 

Craton, the Laúca reservoir. Impoundment of the reservoir began in late 2017 and seismicity started in 

March 2018 shortly after the water level reached 86 m. Earthquakes continued to be recorded in the 

following years, with over 270 events detected between March/2018 and November/2020. The largest 

event had magnitude 3.0 ML. The dam is 156 m tall, and the total reservoir volume is 5,044.85 Hm3. 

The reservoir area is monitored by two stations, LAUC and ZERO. Seismic data is of high quality, with

sharp P and S wave arrivals at both stations. We derive a half-space velocity model for the lake area 

using a composite Wadati diagram and minimization of travel time residuals, and locate 90 events with 

arrivals at both stations. We use S/P amplitude ratios and P and SH polarities to determine focal 

mechanisms for four of the largest events using FOCMEC, and estimate the local stress field from the 

direction of the P axes of these mechanisms. We find the faulting regime in the area to be transpressive 

and SHMax to be in the SW-NE direction, in disagreement with current theoretical models, which predict

E-W extensional tectonics and N-S oriented SHMax. Our results contribute to the stress field mapping in 

the area which should be taken into account in future geodynamic models of the Nubian plate.
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Keywords:  African; Angola; Stress Field; Focal Mechanisms; Reservoir-Induced Seismicity; Nubian 

Plate.

1. Introduction

Reservoir Induced Seismicity (RIS) is a well-documented phenomenon, with over 100 cases reported 

worldwide ( Wilson et al., 2017). The impounding of water reservoirs significantly changes the normal 

and shear stresses on pre-existing fault planes through both tectonic loading and pore pressure changes 

and serves as a catalyst/trigger for the release of tectonically accumulated stress (Simpson, 1986; 

Talwani, 1997). There have been dozens of cases of RIS reported in stable continental regions (e.g., 

Assumpção et al., 2002; Barros et al., 2018; Gupta et al., 1969; Sayão et al., 2020). Intraplate 

seismicity accounts for only 5% of earth’s total seismic moment release and seismicity in stable 

continental regions accounts for even less, around 0.5% (Sandiford and Egholm, 2008). Knowledge of 

the stress field in intraplate regions is of great importance in understanding plate driving forces and 

upper mantle dynamics (e.g., Assumpção et al., 2016; Naliboff et al., 2012). Thus RIS cases in 

intraplate environments are of great interest to seismologists seeking to understand tectonic processes, 

as they present an opportunity to probe the local stress field in areas where earthquake occurrences are 

relatively rare. 

Here we present a new case of RIS, the Laúca reservoir, located in the Malanje province of Angola. It 

is the first case of RIS ever reported in the Congo Craton, a stable continental region. The reservoir is 

located in the Angolan Shield, a subdivision of the larger Craton, where stress data is scarce due to lack

of monitoring in the instrumental era and low overall seismicity. The dam is 156 m tall, and the total 

reservoir volume is 5,044.85 Hm3 . The lake started filling in November 2017, and seismicity began 

when the water level reached approximately 86 m in March 2018 (Figure 1). Since then over 270 

events have been recorded, with the largest one having magnitude 3.0 ML. This event was felt in 

nearby villages and towns. The lake area is monitored by two broadband stations, LAUC and ZERO. 

Station ZERO has been in operation since 2013 in the Capanda dam network, which is located 

upstream from Laúca reservoir. Impoundment of the older Capanda reservoir in 2002 showed no 
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discernible change in the natural rate of seismicity in the region. Natural earthquakes are known to 

have occurred in the past around the area where the reservoir is located, with a significant event of 

magnitude 6.0 Ms occurring 35 km from the dam in 1914 (Neto et al. 2018). Only one event which 

could possibly be associated with the operation of the Capanda reservoir was detected in the entire 

period since it has been in operation, a magnitude 2.2 ML earthquake in July 2013. No significant 

induced seismicity had been detected in the region by the Capanda network prior to the filling of Laúca

dam.

Our goal in this paper is to characterize the induced seismicity taking place at Laúca reservoir and to 

determine focal mechanisms for the largest events in the area, thus obtaining an estimate of the local 

stress field. We then compare these results with the theoretical models currently in place for the state of

lithospheric stress in the Nubian plate.

2. Velocity Model and Epicenters

2.1 Vp/Vs ratio and Vp determination

P and S arrivals for all events recorded at both stations (90 in total) were manually picked to ensure 

accuracy. Arrivals are impulsive and sharp (Figure 2), which allows precise picking. A Vp/Vs ratio of 

1.710 +- 0.003 (Figure 3) was determined using a composite Wadati Diagram (Kisslinger & Engdahl, 

1973). This ratio is typical of felsic rocks, and compatible with the local geology, which is composed 

mostly of granitic and gneissic rocks (clay schists and coarse-grained granites) covered by a thin 

sedimentary layer.  

We derive a half-space velocity model for the lake area by fixing the Vp/Vs ratio at 1.710 and 

minimizing travel time residuals. We start by using the program HYPOCENTER (Lienert et al., 1986) 

to obtain an estimate of the initial location for each event using back azimuths, which were manually 

measured from particle motion plots for all events. An error of 10° was allowed for all back azimuths, 

to account for possible uncertainties in station orientation and in the measurements. The epicenters 

obtained from this procedure were then inserted into HYPO71 (Lee & Jahr, 1972) as new starting 
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locations for each event, in order to relocate the hypocenters more precisely. HYPO71 was chosen to 

test different depths and to refine locations since it yields a smaller total rms residual in the final 

solutions when compared to HYPOCENTER. We construct a single layer ranging from 0 km to 5 km 

with uniform velocity and test Vp values between 5.5 km/s and 6.5 km/s, the expected range of crustal 

Vp velocities in shields (Christensen & Mooney, 1995).

Depth is not well constrained and was fixed at 2 km, which is the median value obtained when letting it

vary. With depth fixed the best velocity model yields Vp = 6.1 km/s with RMS = 0.007s. The final 

epicentral locations are shown in Figure 4.

2.2  Epicentral distribution and Waveform Cross Correlation

The epicentral distribution seen at Laúca is uncommon in cases of RIS where events tend to be spread 

in large volumes. Events in Laúca cluster along two main faults roughly N-S oriented, one located to 

the north of the lake and another one to the southeast. This observed pattern could be due to fault 

reactivation in the vicinity of the reservoir. Earthquakes in the northernmost fault (from here onward 

referred to as the main fault) migrate outwards over time, as shown in Figure 4, a pattern which is 

consistent with  models of pore pressure diffusion and epicentral migration proposed for RIS (e.g., 

Talwani, 1997). This consistency with established physical models suggests that events are well located

with respect to one another in the N-S direction by employing the back azimuths. In the southeast fault 

(the secondary fault) all events happen in the span of a few weeks and no discernible migration pattern 

can be seen. 

We carry out waveform cross-correlation to improve relative pick times for P and S arrivals and 

ascertain that the epicentral distribution observed is not simply an artifact arising from a lack of 

azimuthal coverage. We choose eight of the largest events, with magnitudes ranging from 1.8 ML to 3.0

ML, listed in Table 1, five on the main fault and three on the secondary fault, to be correlated with one 

another at each station. We use the code developed by Ciardelli & Assumpção (2019) for the CC 

analysis. An example of the program’s output is shown in Figure 5.  Parameters for the cross-

correlation were chosen based on visual inspection of P and S pulses on the seismograms. Since most 
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events are small, a 0.4 second window extending after the phase arrival time and a 0.1 second window 

before arrival time works well enough for both P and S arrivals. A BW filter of 1.5 to 15 Hz was 

applied to all seismograms, in accordance with the criteria adopted in Schaff & Waldhauser (2005), so 

as to reduce long-period instrument noise and less similar high frequencies. The maximum allowed lag 

was 0.1 seconds for both P and S phases at both stations. We choose event 2 as the master/reference 

event, since its magnitude is intermediate with relation to the others, and we select a cut off value of 0.5

for the cross-correlation, i.e., all phases with a cross-correlation coefficient of 0.5 or greater have their 

pick times improved. The results are listed in Table 2. 

Although cross-correlation values are high for both phases in most events, no significant change in 

epicentral location is found after relocation with the improved pick times for any of the events (Figure 

6). We thus conclude that while epicentral uncertainties might be large, our events are well located with

respect to one another and delineate two faults in the reservoir area, oriented in the NNE – SSW 

direction. We are able to constrain events to the north and south of the station line using back azimuths,

and small changes in arrival times do not significantly change either relative location in the N-S 

direction or undo the observed fault pattern. This information is useful when attempting to identify 

fault and auxiliary planes in the focal mechanism solutions.

3. Focal Mechanisms Using  S/P Amplitude Ratios

Amplitude ratios are useful in constraining focal mechanisms (Kisslinger, 1980; Kisslinger et al., 1982;

Wu et al., 2015), especially where data is scarce and P and S first motions alone are not enough to 

obtain a solution. We use the program FOCMEC (Snoke, 1984; Snoke et al., 2003) to determine focal 

mechanisms for all events listed in Table 1. Events were chosen based on their magnitude, as visual 

inspection shows they are at the lower limit of the S/N ratio where it is possible to measure the SV 

arrivals on the vertical component, and also location, to test whether earthquakes located on different 

faults had similar mechanisms. We search the entire focal sphere (dip, strike, slip) in steps of 5° for all 

parameters, with the exception of event number 1, where we used steps of 10°. Both P and SH 

polarities and SH/P, SV/SH and SV/P displacement amplitude ratios were used to constrain the nodal 

planes (Table 3). SV amplitudes were measured on the vertical component, since they are less disturbed
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by low-velocity zones near the surface (Booth & Crampin, 1985). Arrivals are very clear so we allow 

no polarity errors, and we set a maximum allowed error of log10(A) = 0.3 for the measured amplitude 

ratios to account for possible contamination by SP arrivals and near-surface effects. We obtain the 

emergence angles from the P-wave particle motions, and assume the S-wave emergence angles to be 

the same as for the P-waves. All amplitudes were corrected for the free-surface effect. Events are close 

to both stations (15 ~ 30 km) so no anelastic attenuation corrections were needed.

We find that for events 2, 3 and 7 at least one of the stations is located too close to one of the nodal 

planes, which makes it hard to get a reliable estimate of the emergence angles and amplitude ratios. We 

are unable to measure the SV amplitudes for event 8, and since we are working with only two stations, 

we only use events where the three amplitude ratios can be reliably obtained. We are able to determine 

focal mechanisms for four of the events, numbers 1, 4,  and 5 on the main fault, and event 6 on the 

secondary fault (Figure 7). Mechanisms are generally well constrained, with small variations observed 

between different solutions. Three of the mechanisms are right-lateral strike-slip (1, 5 and 6) and one is 

an oblique reverse fault (event 4).  

Event 5 is an aftershock of event 1 and happened on the same day a few hours later. They are located 

close to one another, and the best solutions for each one are almost identical, yielding a right-lateral 

strike-slip fault plane in the N-S direction, in agreement with the observed epicentral distribution. 

Event 1 shows slightly more spread in the possible dip of the N-S striking fault than event 5, but P-axis 

direction does not vary significantly between the acceptable solutions. The best solutions for events 1 

and 5 have an rms residual of the log(amplitude ratio) of 0.05 and 0.13, respectively, and a maximum 

absolute residual for any given amplitude ratio of 0.10 for event 1 and 0.19 for event 5. Event number 

6, located on the secondary fault, also displays the same pattern of right-lateral strike slip faulting, with 

the P-wave polarities switched when compared with events 1 and 5. The rms residual for the event is 

0.13 with a total maximum absolute residual of 0.21. Event number 4 is the only one whose focal 

mechanism is significantly different from the others, displaying a reverse fault with an rms residual of 

0.09 and a maximum absolute residual of 0.14.

4. Local Stress Field and Model Comparison
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A schematic of the possible fault motions in the area as inferred from the epicentral distribution and 

focal mechanisms is presented in Figure 8. Event numbers 1 and 5 suggest a strike-slip fault at the 

northern edge of the reservoir with right-lateral motion. Event 6, the only one whose mechanism could 

be determined on the secondary fault, is also right-lateral strike-slip, and suggests a single fault striking

SSW-NNE in that area of the reservoir. Regarding event 4, its location relative to events 1 and 5 

suggests that although the observed epicentral migration seems to take place along a single fault, in 

reality we have at least two different faults being reactivated at the northern edge of the reservoir. In the

region where event 4 is located we see slightly more spread in the epicenters when compared to the 

region where events 1 and 5 are located, which is compatible with a reverse mechanism.

The seismic distribution in the lake area coupled with the focal mechanisms indicates that the faulting 

regime at Laúca reservoir is transpressive. The right-lateral motion of the strike-slip faults located on 

opposite sides of the reservoir create a compressive region in the middle of the lake, where we see 

thrust faulting. P axes from all four focal mechanisms consistently point in the SW-NE direction, albeit 

with slightly different angles. Even though the direction of maximum compressive stress (S1) can differ

significantly from the P axis (McKenzie, 1969), being anywhere in the dilatational quadrant, the P axis 

direction is still a good first order approximation to the local stress field for strike slip and reverse 

mechanisms, since the most probable direction for S1 is approximately 30° from the fault plane (e.g. 

Zoback, 1992). Thus we can say that SHmax in the lake area points roughly in the SW-NE direction, in 

disagreement with current geodynamic models (e.g. Coblentz & Sandiford, 1994; Stamps et al., 2014; 

Mahatsente & Coblentz, 2015) which predict extensional or transextensional tectonics in this region 

with SHmax pointing in the N-S direction. This disagreement between the models and observations most 

likely arises from the lack of stress data in the region up until now.

5. Conclusions

Geodynamical models need to take into account the local stress field of the interior of continents if they

hope to explain plate motion and tectonic evolution. Stable continental regions are areas with very low 

seismicity and as such well-recorded events for which focal mechanisms can be obtained are a rare 
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find. In this respect, induced seismicity, when recorded by a local network, such as in Laúca, presents a

great opportunity to study regional tectonics and the local stress field. Local events at Láuca dam are 

generally small (magnitudes <= 3.0 ML), but very clearly recorded, and S/P amplitude ratios alongside 

P and SH polarities can be used to better determine the focal mechanisms.

We characterize the seismicity induced by the reservoir and obtain reasonably well constrained focal 

mechanisms, which suggest that the faulting regime in the region is transpressive, in disagreement with

previous studies indicating extensional tectonics in the area. A rough estimate of the local stress field 

from the P axes of the mechanisms indicates that SHMax points in the SW-NE direction, similar to what 

is seen further to the East in the models of Stamps et al. (2014) and Mahatsente & Coblentz (2015). 

Our study provides a new constraint for future geodynamic modeling of the stress field in the Nubian 

plate, and adds a new case of RIS to the worldwide database.
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Figure 1: Event frequency (red bars) x Water level (blue line) for Laúca reservoir between Jan/2017 

and Jan/2021. Seismicity started after the water level reached around 86m in march/2018, and has 

continued to the present day. The largest event (red arrow) occurred in May/2019 on the northern 

margin of the lake with magnitude 3.0 ML. All 278 events recorded in the period are shown, including 

earthquakes recorded at a single station.
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Figure 2: Unfiltered and rotated (ZRT) seismograms registered at stations ZERO (left) and LAUC 

(right) for the largest event recorded in the period (3.0 ML) in 2019-05-10 10:00:09 (UTC). Arrivals 

are impulsive and very sharp at both stations, allowing good measurements of both the P and SH 

polarities and amplitude ratios.
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Figure 3: Composite Wadati diagram for the 90 events listed in the catalog in Table 1. We find a Vp/Vs

= 1.710 +- 0.003, which is in agreement with the local geology. Most of the region sits atop granitic 

rocks covered by a thin layer of sedimentary rocks in some places.
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Figure 4: Final event locations (colored circles) using the best velocity model for the lake area (Vp = 

6.1 km/s, Vp/Vs =  1.710). The events shown here are those recorded at both stations (LAUC and 

ZERO). Most events cluster along two faults roughly oriented in the N-S direction. The color bar 

shows the year and month in which each event occurred. We see a clear outward migration pattern over

time on the main fault, located at the northern edge of the reservoir, which suggests that it is being 

reactivated as pore pressure diffuses. On the southern fault, events happen almost all on the same 

month, and no clear migration pattern is discernible. 
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Figure 5: Top panel: Example of waveform cross-correlation at station ZERO for the P phase of events

2 (reference event, black line) and 3 (target event, red line). Bottom panel: The maximum  correlation 

coefficient (green line) indicates the pick correction to be applied to the target event P-wave arrival 

time.
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Figure 6: Event locations before cross-correlation (blue circles) and after cross correlation and pick 

time corrections (green circles). The reference event (red star) is located on the main fault. Panels a) 

and b) are zoomed in views of events on the northern and southern faults, respectively. Epicentral 

change for event number 1 was negligible, so green and blue circles overlap. Overall, we see a 

migration pattern towards the station line, but no significant changes in the E-W direction, preserving 

the observed fault pattern.



Chapter 2: Research Paper                                                                                                                           35  

Figure 7: FOCMEC solutions for events 1, 4, 5 and 6. Dashed lines show all acceptable solutions 

obtained for the input amplitude ratios and solid lines show the best nodal plane solution. Triangles and

circles indicate negative and positive P polarities, respectively. SV/P, SH/P and SV/SH ratios were used

at both stations for all solutions. No polarity errors were allowed since arrivals are impulsive and clear. 

A maximum rms residual of 0.30 for the log(amplitude ratio) was set to allow for near-surface effects 

and uncertainties. Projections are all lower hemisphere.
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Figure 8: Seismotectonic scheme of the lake area. Brown lines show possible faults in the reservoir 

area based on the observed epicentral distribution and focal mechanisms, while yellow arrows indicate 

possible fault motion. Focal mechanisms for events on the main fault (located in the northern margin) 

vary in type, with events 1 and 5 exhibiting right-lateral strike-slip faulting, and event 4 displaying 

reverse faulting. On the secondary fault (southern margin) event number 6 is also a right-lateral strike-

slip mechanism. The resulting fault orientations suggest a transpressive faulting regime in the lake area,

with the offset right-lateral motion at both faults producing compression in the area in between.
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Table 1: Events chosen for waveform cross-correlation and focal mechanism determination. Event 

number 2 was chosen as the reference/master event for the cross correlation analyses. Five events are 

located on the northernmost fault (main fault) and three on the southeast fault (secondary fault).

Origin Time (UTC) Event ID Latitude Longitude Magnitude (ML) Fault

2019-05-10 10:00:09 1 -9.7012 15.2888 3.0 Main fault

2019-02-05 05:17:30 2 -9.7383 15.2835 2.5 Main fault

2019-02-16 23:21:26 3 -9.7190 15.2827 2.3 Main fault

2018-09-22 18:52:23 4 -9.7418 15.2853 2.1 Main fault

2019-05-10 14:54:07 5 -9.7087 15.2875 2.6 Main Fault

2019-04-13 19:22:08 6 -9.8435 15.3145 2.2 Secondary fault

2019-04-14 13:10:32 7 -9.8307 15.3160 2.0 Secondary fault

2019-05-22 07:53:43 8 -9.8520 15.3088 1.6 Secondary fault

Table 2: Cross-Correlation results for all events using event 2 as reference. Bold numbers indicate a 

cross-correlation coefficient greater than 0.5. All picks where the cross-correlation value was greater 

than the 0.5 threshold were improved. Event number 2 was chosen as the master/reference event, due to

its location and magnitude.

Station Phase Event Number

1 2 3 4 5 6 7 8

LAUC

Cross-Correlation Values

P 0.59 1 0.77 0.56 0.24 0.29 0.61 0.61

S 0.61 1 0.84 0.59 0.61 0.58 0.66 0.66

ZERO P 0.46 1 0.93 0.94 0.55 0.83 0.81 0.84

S 0.59 1 0.94 0.61 0.75 0.18 0.47 0.77
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Table 3: Amplitude ratios for the best nodal plane solutions for all events where focal mechanism  

determination was possible.

Event 1 - 2019-05-10 10:00:09 (UTC). Strike = 193, dip = 76, slip = -153

P-axis Azimuth/Plunge: 57/29, T-axis Azimuth/Plunge: 323/08

Station Distance Azimuth Amplitude

ratio

Log(amplitude ratio)

(km) (°) obs. theor. res.

LAUC 15.0 242.7 SV/P 0.34 0.32 0.02

SH/P 0.04 0.12 -0.08

SV/SH 0.30 0.20 -0.10

ZERO 20.6 117.6 SV/P 0.22 0.24 -0.02

SH/P 0.66 0.70 -0.04

SV/SH -0.45 -0.47 0.02

Event 4 -  2018-09-22 18:52:23 (UTC). Strike = 321, dip = 59, slip = 60
P-axis Azimuth/Plunge: 72/09, T-axis Azimuth/Plunge: 180/63

Station Distance Azimuth Amplitude
ratio

Log(amplitude ratio)

(km) (°) obs. theor. res.

LAUC 13.2 259.5 SV/P -0.34 -0.30 -0.04

SH/P -0.02 -0.12 0.10

SV/SH -0.32 -0.18 -0.14

ZERO 19.3 105.2 SV/P 0.07 0.14 -0.07

SH/P 0.44 0.53 -0.09

SV/SH -0.36 -0.40 0.04
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Event 5  - 2019-05-10 14:54:07 (UTC). Strike = 12, dip = 90, slip = 155.
P-axis Azimuth/Plunge: 60/17, T-axis Azimuth/Plunge: 324/17

Station Distance Azimuth Amplitude
ratio

Log(amplitude ratio)

(km) (°) obs. theor. res.

LAUC 14.5 245.3 SV/P -0.11 0.04 -0.15

SH/P -0.07 0.07 -0.14

SV/SH -0.04 -0.03 -0.01

ZERO 20.4 115.3 SV/P 0.48 0.57 -0.09

SH/P 0.72 0.91 -0.19

SV/SH -0.24 -0.34 0.10

Event 6 -  2019-04-13 19:22:08 (UTC). Strike = 202, dip = 69, slip = 167.
P-axis Azimuth/Plunge: 68/06, T-axis Azimuth/Plunge: 161/24

Station Distance Azimuth Amplitude
ratio

Log(amplitude ratio)

(km) (°) obs. theor. res.

LAUC 18.4 298.7 SV/P 0.99 0.96 0.03

SH/P 1.49 1.60 -0.11

SV/SH -0.50 -0.64 0.14

ZERO 16.7 68.2 SV/P -0.00 0.14 -0.14

SH/P -0.48 -0.27 -0.21

SV/SH 0.48 0.41 0.07
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FURTHER DEVELOPMENTS

After submitting our paper and dissertation, we performed additional analyses on our dataset, 

with the goal of improving our focal mechanisms, testing their robustness when using a different 

method, and confirming that our seismotectonic interpretation was correct.

We started out by trying to better constrain one of our most uncertain parameters, namely event 

depth. Fixing depth at 2 km in our initial run was based on the fact that this was the median value

we obtained for depth for all 90 earthquakes, but this means that some earthquakes will be 

deeper, and some shallower. For most events used to calculate the focal mechanisms, we don’t 

see clear surface waves, which hints that they might be located deeper than the median depth 

previously used, which could change take off angles when calculating the focal mechanisms with 

FOCMEC and also the amplitude of seismic waves when determining the focal mechanisms with 

waveform modeling.

To get a better depth estimates, we notice that for all four of the earthquakes for which we 

determined focal mechanisms, we are able to see a seismic phase arriving in between the P and S 

phases,  which we identify as being the sPL phase, an S wave which is critically refracted off the 

surface at local distances and becomes a P wave, which then travels to the receiver along the 

surface. A relatively simple method to use this phase arrival as a proxy for depth has been 

developed by (cite here) by measuring the difference in travel time between the P and sPL 

arrivals through waveform modeling. A simple scheme illustrating the propagation of the waves 

is shown in Figure XX.

We simplify this approach by calculating theoretical travel times and assuming that ray 

propagation from source to receiver is direct and also approximately in a straight line, given the 

short distances involved and uniform single-layer velocity model. We compare the theoretical 

t(sPL) – t(P) times to observed time differences by manually picking the sPL arrivals on the 

seismograms (Figure XX). The sPL phase can be clearly seen for all four events at ZERO station,
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and only for one of the events at LAUC station. Results for each one of the events are shown on 

Table XX.

Figure XX: Scheme showing the different paths taken by the direct P and the sP arrivals in a 

homogeneous half-space velocity model. Assuming an approximately straight path from source to

receiver, and calculating the critical refraction angle from the Vp/Vs ratio, we can retrieve 

theoretical travel time differences between both phases and compare them to observed ones.

We create travel time tables for each event by testing different depths in increments of 0.5 km 

from 0 km down to 10 km, and compare them to the observed values. Depth estimates obtained 

from this method show that some of the events are located deeper than previously thought. It is 

worth noting that this approach is very sensitive to the chosen velocity model, with even slight 

changes leading to large systematic errors. Nevertheless, the estimated depth for events 1 and 5 is

identical, which is reasonable, given that they are mainshock and aftershock, respectively. Events 

4 and 6 are also located a bit deeper than previously thought, although not as much as the 

previous two.

With this new information in hand, we relocate the events by fixing depth at these new values, 

and proceed to recalculate the focal mechanisms. Locations change slightly, as is expected given 
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the new depths, and since depth was increased for all events, a movement towards the station line

was observed for all epicenters (Figure XX). We recalculate the mechanisms using both 

FOCMEC, as in our previous attempt, and also using FMNEAR, a webservice from the 

University of Côte D’Azure which calculates synthetic seismograms and compares them to 

waveforms (Figure XX). 

Table XX: Tsp – Tp times at both stations for each one of the events.

sPL
Tsp - Tp (ZERO)

(s)
Tsp -Tp (LAUC)

(s)

Event 1 7.5 km (ZERO) 1.49 -

Event 4
3.0 km (ZERO,

LAUC)
0.63 0.54

Event 5 7.5 km (ZERO) 1.49 -

Event 6 4.0 km (ZERO) 0.8 -

FMNEAR takes as input the waveforms at both stations and the velocity model for the region, 

and from there calculates the seismograms which will be compared to the real data. We can tweak

both magnitude for the events and also the chosen filters, to better fit amplitudes and remove high

frequency noise, respectively. We test out a range of different filters and let depth vary to take 

into account possible errors in the velocity model which can influence the sPL depth estimate.

Figure XX: Synthetic waveforms for event 1 at LAUC (left) and ZERO (right) calculated by the 

program FMNEAR.
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After recalculating the focal mechanisms using both methods, we see some significant changes 

between the previous mechanisms using FOCMEC, and also between the new FOCMEC and 

FMNEAR solutions. New FOCMEC solutions show predominantly strike-slip faulting with 

normal components, while waveform modeling using FMNEAR shows predominantly strike-slip 

mechanisms with reverse components (Figure XX).

From these results we then try to determine the local stress field, using a forward approach which

searches for the direction of the maximum compressive stress (S1) which minimizes the 

difference between the observed slip on the faults based on the focal mechanisms, and the 

calculated slip based on theoretical models. We determine what the actual fault plane is based on 

aftershock distribution for all four events with the exception of event 4, and constrain one of the 

main stresses to be in the vertical direction because of the free surface.

Figure XX: New epicentral locations for events 1, 4, 5 and 6 after fixing depth at the values 

obtained in Table XX using the sPL phases. Since our station coverage is poor in the N-S 

direction, an increase in depth is compensated with a move towards the station line of all 

epicenters.
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As we can see in Figure XX, the maximum compressive stress obtained from both sets of focal 

mechanisms is similar, but for the FOCMEC solution S1 is vertical and the faulting regime is 

normal, whereas the FMNEAR solutions yield a horizontal S1 and strike-slip regime. Both stress 

regimes are in agreement with different geodynamical models (e.g., Mahatsente & Coblentz 

2015, Stamps et al. 2014) obtained for the this area by different authors, which reflects the lack of

data in the region. The FMNEAR solutions show a much smaller overall residual between 

observed and calculated slip though, of only 7° on average, while the FOCMEC solutions have an

RMS of 64°.

Figure XX: New focal mechanism solutions using depths obtained from the sPL arrivals from 

FOCMEC (left) and FMNEAR (right). Focal mechanisms for events 4 and 6 are similar for both 

methods, but differ greatly for events 1 and 5, with FOCMEC showing normal components in the

solution and FMNEAR showing reserve components.

Our lack of agreement between the solutions obtained using different methods shows that only 

four focal mechanisms aren’t enough to reliably determine the local stress field. That being said, 

focal mechanisms obtained from waveform modeling yield a more coherent solution (smaller 

residuals) than the one obtained from FOCMEC. We also learn that small variations in epicentral 

locations (2~3 km) can lead to significantly different focal mechanisms. Still, mechanisms 
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Figure XX: Stress inversions for FOCMEC solutions (left) and FMNEAR solutions (right). 

Black arrows represent the direction of observed slip on the faults, and solid black lines show the 

misfit between calculated and observed slip. Blue arrows indicate SHMax, the maximum 

horizontal compression direction.

obtained from different events with depth determined independently show good agreement, and 

with more events it would be possible to obtain a more robust solution for the local stress field.


