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Abstract 
SEIS-UK provided a loan of 37 broadband seismic systems (12 x ESPD and 25 x 6TD) for 
deployment in Ethiopia during February 2016 until October 2017. The network covers Corbetti, Aluto 
and Tulu-Moye volcanoes, as well as the eastern margin the Ethiopian rift. The instruments recorded 
continuously at 50 samples per second, with relatively minor data losses due to equipment problems. 
The dataset has been archived in the SEIS-UK data management system and with IRIS 
(Incorporated Research Institutions for Seismology. We have analysed the distribution and 
magnitudes of seismicity during the entire experiment at Tulu-Moye and Corbetti volcanoes, as well 
as solved for focal mechanisms, 1D velocity model inversion, and signal frequency content. In 
addition, we have analysed earthquake locations and focal mechanisms for an earthquake swarm 
in January 2017 on the eastern margin of the rift valley. The data is also soon to be incorporated into 
an inversion for the S-wave velocity model of the crust and upper mantle beneath Ethiopia.  
 
Background (including field survey site location map) 
The Main Ethiopian Rift (MER) stretches from the Afar triple junction in the north to the Turkana 
depression in the south (figure 1). More than 31 volcanoes are located within the rift (Global 
Volcanism Program, 2013) and approximately 11% of the population of Ethiopia live within 30 km of 
a volcano making it important to understand the hazard posed by these volcanoes (Aspinall et al., 
2011). Real-time geophysical monitoring of volcanoes and faults within the rift is lacking and few 
geophysical studies have studied the detailed structure and current deformation of the rift.  
 
The study aims to build the first detailed understanding of earthquake activity at a number of volcanic 
centres including the Bora - Tulu-Moye (B-TM) and Corbetti volcanic centres, to understand 
earthquake activity on the rift border faults, and also to image the structure of the crust and upper 
mantle beneath the volcanoes and the rift valley at large. These goals all aim to better characterize 
the interaction between tectonic and magmatic processes at volcanoes in East Africa. The seismic 
experiment forms part of the NERC funded large grant RiftVOLC project which aims to understand 
the past, present and future volcanic activity of the MER. The majority of volcanic centres were 
seismically unmonitored before this study and only a few field (Di Paola, 1972) and regional scale 
remote sensing studies (Biggs et al., 2011) have placed constraints on volcanic deformation.  
 
Survey procedure  
The RiftVolc seismic experiment was conducted in collaboration with Addis Ababa University (AAU). 
The instruments were shipped by Dispatch Point Limited from SEISUK in Leicester to Addis Ababa 
International airport. The customs agents of Addis Ababa University then led extracting the 
equipment through customs from the airport, with us providing logistical support such as providing 
vehicle and financial resources to speed up the customs processing and equipment transport. We 
transported the equipment to Addis Ababa University and conducted a Huddle Test overnight during  
Feb 7 to Feb 8 on the IGSSA (9th) floor of the graduate school building at AAU. The Huddle Test 
showed that all the equipment worked as expected.  
 
We initially departed Addis Ababa with the instruments packed on a pickup truck and three 4x4 
vehicles and travelled to Shashamene near Cobetti volcano. Initially we obtained permission to 
deploy 16 instruments around Corbetti volcano from the Shashemene Regional (Warede) office of 
the Oromia State in which Corbetti lies. We also obtained permission from Hawassa University to 
use a number of their campuses positioned south of Corbetti in the Southern Nation, Nationalities, 
and Peoples (SNNP) State. For instrument site choice, we located sites mainly in fenced compounds 
to maximize security.  Care was taken to achieve a roughly regular spacing of stations, but not at 
the expense of finding a secure location. Available locations were mainly limited to towns that 
included a fenced government compound (e.g., police stations, clinic, government offices, military 
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camps). In the countryside we identified a number of private farm houses with secure fenced 
compounds. We distributed the stations at a spacing of around 5-10km around Corbetti and the 
surrounding area. Road access was good overall, though we failed to access the NE side of volcano 
due to a complete lack of road access (figure 1).  
 

 
 

Figure 1. Map of the RiftVolc station location (green triangles) in the central Main Ethiopian Rift (CMER) with 
National Earthquake Information Centre (NEIC) events catalog (1976 – 2018; purple circles) and Centroid 
Moment Tensor (CMT) source mechanisms catalog (purple focal mechanisms). The map inset shows the 
CMER (dashed rectangle) in the context of the northern East African Rift. Black squares indicate the main 
cities. Red triangles are volcanic centres with the main volcanoes in the CMER named. Cyan stars highlight 
hydrothermal vents and wells. Purple arrow is the extension direction (Lavayssiere et al., 2019). 
 
The vast majority of the seismometers were deployed in a hole ~1-1.5m deep, ~0.7m in diameter. 
Seismometers were placed in a plastic bag and buried directly in the soil, with the sensor pits were 
protected from the heat using buried reflective sheets. A second hole close to the seismometer hole 
was dug, and a plastic bin placed inside. This was of a depth so that the bin was ~20cm above the 
surface. The battery, break out box, were placed in this box with all cables attached.  Cables for the 
sensor and firewire led from this box to the seismometer hole. Cables for the GPS and solar panels 
led out of the box and connected with the solar panels and GPS antenna located nearby. The solar 
panels we supported by the inbuilt frame with the solar panel around 30-50 cm above ground level. 
All cables out of the box were fed through flexible plastic conduit and secured to posts or buried. The 
battery/cable box was then covered with a layering of tarpaulin and plastic sheets, and secured with 
tape. Before the box was secured the configuration of the sensors was checked using the field 
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notebooks for the ESPD and 6TD. We paid all station guards 500 Ethiopian Birr per month, with the 
exception of the military camps where we were not allowed to provide payment.  
 
Following completion of the Corbetti deployment we travelled north to the town of Ziway, from which 
we based ourselves for the installation of instruments near Aluto and Tulu-Moye volcanoes (figure 
1). Permission for the Aluto sites was obtained from relevant Regional (Warede) office in Adami 
Tullu, and permission for the Tulu-Moye sites was obtained from Warede offices in Ogolcho and 
Iteye. For the final stage of our deployment on the eastern margin of the Ethiopian rift we based 
ourselves out of the town of Asella, from which permission was acquired from the Warede office in 
Asella. The deployment Tulu-Moye volcano used a station spacing of around 5-10 km, whereas that 
along the eastern side of the rift valley was 20-30 km. In addition, through collaboration with the 
British Geological Survey (BGS), the station at Bekoji (BEKO) was implemented with real time data 
transmission by connecting an ESPD sensor via a SEISUK supplied DCM unit to the internet. Data 
was transmitted real time to be included in the AAU seismic network, and the data was also posted 
on the web as a real-time helicorder which displayed 24 hours of vertical component data on a single 
page. The complete RiftVolc dataset has been archived in the SEIS-UK data management system 
and with IRIS (Incorporated Research Institutions for Seismology).  
 
Details of the network and data at IRIS are available at http://www.fdsn.org/networks/detail/Y6_2016/ 
 
Data quality (including example data) 
The ESPD and 6TD systems used in the study and were generally user friendly, and we recorded 
well over 1000 earthquakes during the experiment with a variety of frequency contents (figure 2). 
The requirement to place instruments close to people means anthropogenic noise is very high during 
the day. Anthropogenic noise typically ranges between 2 - 25 Hz and overlaps the frequency content 
of the detected earthquakes (1-10 Hz). This significantly affects the ability to detect earthquakes 
during the day. As a result, 4-5 times more earthquakes were detected at night. In contrast, 
microseism noise levels are low, close to the new-low-noise-model (NLNM) (Peterson, 1993), 
presumably as this area of Ethiopia is far from the coast (figure 3).   
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Figure 2. Examples of a volcano tectonic (VT) (left panels) and low frequency (LF) (right panels) earthquakes. 
Top panels show waveforms recorded on the North-component at station ANOL near Tulu-Moye. The 
amplitude spectra plotted on a log-log plot and log-linear plot are displayed in the middle and bottom panels 
respectively (Greenfield et al., 2019).  
 
We encountered relatively few problems with the instruments. Instrumental problems were restricted 
to significant plant growth at some sites covering the solar panel and preventing the battery from 
being charged, instrument memory chip failure at GALU, complete instrument failure at ASSE and 
vandalism of cable connections at a number of sites. We had a few stations temporarily stop working 
due to battery failure, though this was relatively uncommon since we used brand new 60 ah batteries 
at the start of the experiment and a handful of spares during the service runs. One solar panel was 
stolen during the project. The data recovery rate for the project as a whole was 90%.  
 

Processing and Modelling 
Earthquake detection - For Tulu-Moye, 
and Corbetti, we detect and locate 
seismicity using the Coalescence 
Microseismic Mapping (CMM) technique 
(Drew et al., 2013). The raw seismic data 
was filtered between 2-16 Hz and then a 
characteristic function (CF) is calculated 
using the average in a short window (0.1 
s) divided by an average in a long window 
(10 s). The length of the windows was 
chosen to maximize earthquake 
detections while limiting triggering due to 
artefacts. Peaks in the CF below a signal-
to-noise ratio of 3 were removed while 
those above have a Gaussian function 
fitted to them. The CF from all the stations 
is then migrated through a pre-calculated 
3D travel-time look-up table to generate a 
coalescence function. Peaks in this 

coalescence function indicate the origin time and hypocentral coordinates of an earthquake. To 
generate our catalogs, we keep only those events with an overall signal-to-noise ratio greater than 
3. We detected ~1200 events near Tulu-Moye (Greenfield et al., 2019), and ~150 near Corbetti 
(Lavayssiere et al., 2019) with a signal-to-noise ratio greater than 3. 
 
Velocity model generation - We then aimed to improve the earthquake locations at Tulu-Moye and 
Corbetti by generating a more appropriate 1D velocity model and refining the arrival time picks 
manually. We use the program VELEST (Kissling, 1988) to simultaneously invert for the earthquake 
locations, a ‘minimum 1D-velocity model’ (i.e. a well-suited velocity model for earthquake location) 
and station corrections. To invert for the 1D model we selected events from the CMM catalog which 
have a high signal-to-noise ratios (>5) and manually refine the arrival times of each event. We then 
select those events which have more than 6 manually refined arrival time picks. This left us with a 
catalog of well-located events for Tulu Moye and for Corbetti to use in VELEST. All of these events 
were located at depths less than 16 km bsl. As such, the derived velocity models are only for the 
upper crust. To calculate this Vp/Vs ratio we calculated the Vp/Vs recorded by each earthquake 
using the method of Wadati (1933).  
 
Local seismicity - Then, in order to obtain a refined picture of all the seismicity, we refined all of the 
CMM detected and located events by manually picking the arrival times for every event detected by 
CMM. Weights are assigned to each pick by considering the quality (i.e. sharpness) of the arrival 
and converted into a time-pick error. We used a scheme in which the best quality arrival time picks 
(weight = 0) have an error equal to the sampling interval (0.02 s). There were three lower weights 
(1, 2 and 3) with time pick errors of 0.05 s, 0.1 s and 0.5 s respectively. Phases with a weight of 4 
were not used and are assigned very high errors (9999 s). This step removed traces which do not 
record the detected earthquake and negatively contribute to the CMM generated location. The 

Figure 3. Noise spectrum plot for the station ULAR 
showing the station relatively low noise.  
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program NonLinLoc (Lomax et al., 2009) was used to relocate the manually refined events with the 
minimum 1D velocity model calculate using VELEST. NonLinLoc produces optimal earthquake 
locations by efficiently sampling the location probability density function (PDF) built using a likelihood 
function. The final catalog contains ~1000 events for Tulu-Moye and ~120 events for Corbetti (figure 
4). 
 
Magnitudes - The magnitude of the detected earthquakes (ML) was calculated using the equation 
from Keir et al. (2006), 

 𝑀" = log 𝐴() + 1.196997 log 𝑟 171 + 0.001066(𝑟 − 17) + 2 + 𝐶,  
where AWA is the maximum zero-to-peak amplitude corrected to the response of a Wood-Anderson 
seismograph, C is an individual station correction and r is the hypocentral distance in kilometers. 
 
Fault plane solutions (FPS) - FPSs were calculated using first motion P-wave polarities picked on 
this catalog of well-located events. We inverted for the best fitting FPS by following a Bayesian 
approach outlined in Pugh et al. (2016) and implemented in the program MTFIT (Pugh et al., 2018). 
We use only P-wave polarity picks to calculate FPS. We also constrain the solution to be double-
couple because of the low number of polarity picks (the maximum possible is 12) (figure 4). 
 
Frequency content - We analyzed the frequency content of earthquakes within our NonLinLoc 
catalog by calculating a Frequency Index (FI) for each event (Buurman & West, 2006) (figure 2). The 
FI expresses the ratio between the amount of energy in a low frequency band (0.6-1.2 Hz) and that 
in a high frequency band (6-12 Hz). To compare the waveforms generated by each earthquake, we 
calculated the cross-correlation coefficient between pairs of earthquakes recorded on the N 
component of station ULAR. We chose this because of the high signal-to-noise ratios and because 
this station records each swarm. The waveforms were trimmed between 0.1 s before the S-wave 
arrival and 2.9 s after. In the case where S-wave arrival was not manually picked, we used the 
theoretical arrival time calculated using a local 1D velocity model (Greenfield et al., 2018). The 
waveforms were bandpass filtered between 0.5 and 3 Hz and cross-correlated with each other.  
 
To generate earthquake families, in which all earthquakes correlate with each other above a defined 
threshold, we performed hierarchical clustering on the data. The results are plotted as dendrograms 
(figure 5) where clusters of events which have inter-correlation coefficients greater than 0.8 are 
coloured.  
 

      
 
Figure 4 (left panel) - Well located earthquakes at Tulu Moye displayed in map view in the upper-left panel and 
in longitude (bottom-left panel) and latitude (top-right panel) cross-sections. A histogram of earthquakes binned 
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by their hypocentral depth is displayed in the bottom-right panel. Earthquakes deeper than 5 km below sea 
level (b.s.l) are colored yellow and earthquakes with Frequency Indexes of less than 0 are colored red. The 
remaining earthquakes (depths shallower than 5 km and not low-frequency) are colored gray. The location of 
earthquakes with well constrained focal mechanisms are indicated by beachballs in the upper-left panel. 
Regions with altered soil, indicating hydrothermally active areas are colored orange (Greenfield et al., 2019).  
 
Figure 4 (right panel) - Map of epicentral locations at Corbetti volcano scaled to magnitude and color-coded 
with depth below b.s.l.. Green inverted triangles are seismic stations. Purple arrow indicates the extension 
direction. Cyan stars highlight hydrothermal vents and wells. The white star is the location of the 24th January 
2016 earthquake. Inset is the magnitude histogram for the events in each part of the study area (Lavayssiere 
et al., 2019). 
 

 
 
Figure 5. a) shows the occurrence of low-frequency earthquakes in particular clusters. The six segments of 
the x-axis represent 30-minute-long periods starting at the time indicated below the respective segment. 
Earthquakes are plotted at their origin-time within their correct segment and according to their cluster id. b) 
shows the aligned waveform stacks of earthquake clusters plotted in panel a). Grey lines indicate the 
normalised waveforms for each earthquake in the cluster and the thick black line represents the stack. The 
window used to align the waveforms with cross-correlation is indicated by the yellow region (Greenfield et al., 
2019).  
 
Langano earthquake swarm - in addition to the above processing we analysed a swarm of 
earthquakes associated with the magnitude 5 earthquake near lake Langano, which was detected 
by the global network of seismic stations and therefore reported on the NEIC catalog.  Earthquakes 
were manually identified and picked in the seismic data and located using NonLinLoc using a velocity 
model derived from the controlled source profiles of the EAGLE project.  
 
Interpretation to date and preliminary findings 
Tulu-Moye - The distribution of earthquakes, which have magnitude 0-2.7, provides new insights into 
fluid movement and deformation beneath a complicated volcanic system. A discrete cluster of events 
lies beneath TM, but, surprisingly, most of the seismicity lies in two clusters that are beneath neither 
the Bora or TM edifices. In these regions, we use earthquake cluster orientations, fault-plane-
solutions and fast seismic shear-wave orientations to show that seismicity is triggered by 
hydrothermal circulation of fluids along pre-existing fractures (figure 4). The fractures trend in 
multiple directions and are, in general, not parallel to rifting related structures. Instead, the fractures 
are parallel to structures created during previous caldera forming eruptions at both Bora and TM 
(figure 4). Highly fractured regions such as this could be attractive targets for geothermal power 
generation. We estimate a minimum depth for a magmatic body beneath TM to be 6.5 km using the 
mapped brittle-ductile transition. Frequency analysis of the earthquake waveforms reveal the bulk of 
the events to be volcano-tectonic but some low-frequency (LF) seismicity is present at a depth of 5 
km beneath the TM edifice triggered by high pore fluid pressures (figure 2,5).  
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Corbetti - We located ~120 events of magnitudes between 0.4 and 4.2 (figure 4). The seismicity was 
focused in two areas: directly beneath Corbetti caldera and beneath the east shore of Lake Hawassa. 
The shallower 0-5km depth below sea level (b.s.l.) earthquakes beneath Corbetti are mainly focused 
in NW-elongated clusters at Urji and Chabbi volcanic centres. This distribution is interpreted to be 
mainly controlled by a northward propagation of hydrothermal fluids from a cross-rift pre-existing 
fault. Source mechanisms were predominantly strike-slip and different to the normal faulting away 
from the volcano, suggesting a local rotation of the stress-field. These observations, along with a 
low Vp/Vs ratio, are consistent with the inflation of a gas-rich sill, likely of silicic composition, beneath 
Urji. In contrast, the seismicity beneath the east shore of Lake Hawassa extended to greater depth. 
 
Conclusions and recommendations 
During Feb. 2016 to Oct. 2017, we recorded earthquakes at a number of volcanic centres in the 
Ethiopian rift, and also on the eastern side of the rift. At both Tulu-Moye and Corbetti volcanoes we 
accurately located upper crustal (<6km) microseismicity that is interpreted to be caused by 
hydrothermal fluid flow along rift parallel, across rift, and caldera related fault systems. The 
earthquakes at these two centres tend to occur in swarms but the swarm activity was recurrent 
during the 1.5 years of recording. In contrast, we also imaged more significant discrete swarms of 
earthquakes on an intra rift fault system near Hawassa, and a rift border fault near Langano. These 
earthquake swarms occurred in the mid crust down to depths of around 16 km. Overall, the 
contrasting depths of earthquakes near, and away from the volcanic centres supports the hypothesis 
that there are active magmatic plumbing systems beneath Tulu-Moye and Corbetti volcanoes. The 
main source of data loss that was not expected and mitigated against was loss of power due to plant 
growth over the solar panel. Future projects in this region should install the solar panels around 1m 
above ground level, and or ask the station guard to keep the solar panel free from plant growth.  
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Table of instrument deployment details    
Station Code Station Name Latitude Longitude Elevation 

(m) 
ADEP Adere Lepo 7.77344 38.883831 1913 
AJEE Fandi Ajeera 7.25954 38.302601 1936 
ANOL Anole Museum 8.18231 39.180901 2028 
ASSE Assela 7.93739 39.128651 2489 
BEKO Bekoji Technical College 7.54153 39.259369 2848 
BESH Beshira Chafa 7.89624 38.928089 1748 
BETI Corbetti 2 7.19412 38.41172 1822 
BRRR Burra Birramau 7.19894 38.476089 1719 
CHEF Jima Chefie 7.14898 38.43211 1722 
CHKA Cheka Bokoji School 8.25696 39.220718 1765 
CORB Corbetti 1 7.22324 38.38504 1822 
DORE Dore Education Bureau 7.03129 38.3615 1712 
FINH Finchawa 6.9666 38.46207 1786 
GALU Gulbe Aluto 2 7.80116 38.7672 1941 
GEBI Gebi School 8.21852 39.106339 1890 
GOND Gonde School 8.04166 39.194618 2269 
GRIM Algrima 7.16118 38.394749 1739 
GULA Gulbe Aluto 1 7.84467 38.72617 1650 
HABU Habuie Gutwma 7.73701 38.726318 1623 
HAWA Hawassa University 7.05183 38.501701 1710 
HURT Hurtuba Village 8.12121 39.12833 2033 
ITTE Itteyyaa 8.12581 39.226139 2196 
JIMA Jima Dori 8.30641 38.998329 1659 
JIRE Jireme Bora 8.24042 38.933029 1692 
KADO Kuyera Adventist College 7.29486 38.65477 1946 
MILA Lake Military Base 7.12967 38.434429 1697 
ODAS Oda Shenan 8.12327 38.964619 1689 
OGOL Ogolcho Woreda Office 8.04029 39.014141 1692 
OHIT Ohito 7.71629 38.757702 1604 
POWR Aluto Power 7.78835 38.793758 1910 
SAGU Sagure 7.76035 39.160759 2546 
SANK Sankele National Park 7.19784 38.270828 2007 
SHAS Shaashamane Military Base 7.20504 38.602951 1937 
SPEC Special Forces Base 7.15237 38.500992 1737 
TAKO Tatisa Kombolcha 7.2485 38.474442 1712 
TATA Tatesa Dedesa 7.2604 38.443981 1703 
TULL Tullu Toge School 8.18142 39.058128 1735 
ULAR Uli Arba 8.1435 39.077991 1784 
URJI Urji Mountain 7.18714 38.378971 1784 
WOND Wondo Genet University 7.09803 38.631409 1824 
YIRG Yirgalem 6.74371 38.389919 1756 

 


