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1. Abstract  
 
Global seismic networks document frequent and unusually deep earthquakes beneath the Western rift, 
East Africa. The deep seismicity means that we can use earthquakes to probe the geometry and kinematics 
of fault systems throughout the crust, and to understand the distribution of strain between large offset 
border fault systems and intrabasinal faults. During June 2014 to September 2015 we deployed and 
operated a network of 13 seismic stations at the southern end of the Tanganyika rift, the TANGA network. 
Data quality and recovery with good, with anthropogenic noise the largest noise source due to station 
deployment primarily in villages. We use data from our own TANGA network, as well as data from nearby 
networks to determine the geometry and kinematics of active faults bounding and linking the southern two 
basins of the Tanganyika rift. We also estimate crustal thickness variations and Vp/Vs ratios using P to S 
receiver function analyses. Additionally, we image the shear wave velocity structure of the crust and upper 
mantle using ambient and surface wave tomography.  
 
2. Background, field survey and data quality 
 
The Tanganyika rift (Figures 1 and 2) is the most seismically active sector of the East African rift system 
(Ebinger et al., 2013), as defined by the largest seismic energy release since instrumental records have been 
catalogued systematically (ca. 1973). The earthquake activity provides critical insights into the rifting 
processes that produce the classical half-graben basin architecture. The Tanganyika rift is thought to be a 
magma poor rift (Ebinger et al., 2013). It connects southward to the Malawi rift via a step-over zone that 
includes the Rukwa rift. The only obvious Quaternary - Recent volcanism is located in the step-over at the 
southern end of the Rukwa rift, and is known as the Rukwa Volcanic Province (RVP). This study outlines 
results of seismicity studies designed to evaluate fault geometries and kinematics in the crust beneath the 
lake basins and their uplifted flanks. Additionally, we use receiver functions and Rayleigh waves to image 
the crust and upper mantle in order to assess the subsurface architecture of the rift, and particularly to 
evaluate the role of magma and other fluids in the extensional processes. 
 
During June 2014, the University of Southampton conducted fieldwork with Beach Petroleum and the 
Tanzanian Petroleum Development Corporation to deploy 13 seismic stations around southern Lake 
Tanganyika (TANGA network) in Tanzanian territory (Figures 1 and 2).  University of Southampton returned 
to download data in November 2014, and the University of Rochester removed the instruments in 
September 2015. In total we installed nine 6TD seismometers and four ESPD seismometers in villages along 
the lake as well as in villages around 50-100 km west of the lake (Figures 1 and 2). Sites were chosen in 
fenced compounds to maximize security. A hole ~1m deep, ~70 cm in diameter, was dug at the site to 
house the seismometer. The stations were constructed with a sand layer at the base of the hole with a level 
slab on top of the sand. The seismometer was then placed on top, levelled and aligned with magnetic 
north, and the firewire and sensor cable attached. The hole was then back filled with sand sourced nearby. 
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 ~10 cm above the surface. The battery, break out box and cables 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. 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 insulation and plastic, and secured with tape. 
Before the box was secured the configuration of the sensors was checked. Where necessary, a barbed wire 
fence was constructed to protect the station. Station details and photographs are included at the end of 
the report. Data quality and recovery rate was good, with anthropogenic noise during the day the largest 
noise source due to station deployment primarily in villages. Our only major data loss was at station KIPA 
due to a combination of battery and GPS failure for the first six months of the experiment.  
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Figure 1. Left. Names of basins, major 
faults and topographic features used 
in the report. Red triangles are the 
new seismic stations that form the 
TANGA network. Major faults are 
salmon colour and minor faults are 
shown in white.  
 
Figure 2. Below. Map of the 
Tanganyika - Rukwa - Malawi region 
with major tectonic features labelled. 
Triangles indicate the locations of the 
seismic networks in the region. Purple 
is the TANGA network that forms the 
basis for most of this report. Turquoise 
is the Segment network in Malawi. 
This network operated synchronously 
with ours, and was managed by the 
University of Columbia, University of 
Rochester and Penn State University. 
Data has been shared between 
networks for the Rayleigh was 
tomography outlined in this report.  
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3. Processing and modeling 
 
3.1. Earthquake Location 
 
We found 1794 local earthquakes between June 2014 and April 2015 on which we manually measured P- 
and S-wave arrivals, after applying a Butterworth bandpass filter between 1-15 Hz. We located earthquakes 
recorded with at least 6 phases at 3 or more stations using the open source USGS software Hypo2000 [Klein 
2002]. We use the velocity model of Langston et al. [2002] determined from previous work in Tanzania, and 
a Vp/Vs ratio of 1.7 based on regression analyses of existing and new data. Errors in horizontal position are 
less than ± 3 km for earthquakes within the TANGA network. Errors in depth for earthquakes within the 
network are typically less than ± 3 km, with errors increasing rapidly with distance from the array. 
Earthquakes outside the TANGA14 network generally has poor depth constraints, owing to the poor 
azimuthal ray-path coverage. 
 
3.2. Earthquake Magnitude 
 
Local magnitudes (ML) for each earthquake were estimated by first measuring maximum zero-to-peak 
amplitude on simulated N-S and E-W horizontal component Wood-Anderson displacement seismograms 
after removal of instrument response [Richter, 1935]. These measurements are used in conjunction with 
the computed hypocentral distance between the station and earthquake to estimate local magnitude (ML) 
using the distance correction applicable to Tanzania [Langston et al., 2002]. The amplitude of the 
seismograms for each earthquake is similar on the N-S and E-W components, but we nevertheless compute 
the magnitude at each horizontal component of each station discretely, and then use the average of these 
values as the overall earthquake magnitude. 
 
3.3. Receiver Functions 
 
We recorded 457 teleseismic earthquakes on the thirteen instruments 5 at Lake Tanganyika. Of these 
earthquakes, 21 events yielded useable RF to constrain crustal thickness and VP/VS ratio.  We conducted P 
to S radial receiver function analysis using extended-time multi-taper frequency-domain cross-correlation 
receiver function (ETMTRF) (Helffrich, 2006). We then conducted crustal thickness (H) and VP/VS ratio (κ) 
stacking to constrain these parameters that best fit the data (Zhu and Kanamori 2000). We applied a grid 
search across a range of H between 20 and 50 km and the κ range was between 1.6 and 2.2. These ranges 
were chosen as they represent geologically reasonable values for both crustal thickness and VP/VS values. 
The amplitude of the stacked RFs will reach a maximum value when the correct H and κ values are used and 
all three phases of Ps, PpPs and PpSs+PsPs are stacked coherently. The corresponding values for H and κ 
are then taken to represent the bulk crustal structure beneath the station. 
 
3.4. Rayleigh waves and ambient noise 
 
We collected Rayleigh waves derived from both ambient noise and teleseismic earthquakes recorded on 
the TANGA stations and adjacent Segment network in Malawi (Figures 2 and 3). Combined, these two 
temporary networks provide 72 intermediate-period and broadband seismometers with a total array 
aperture of ~400 km. The utilization of both ambient-noise and earthquake-generated Rayleigh waves to 
constrain earth structure is increasingly employed due to the complementary nature of the two datasets 
(e.g., Jin and Gaherty, 2015). Ambient-noise surface waves allow access to shorter periods where regional 
and teleseismic surface waves become attenuated and scattered, while earthquake observations provide 
considerably higher SNR at longer periods (~>25 s) where ambient-noise observations commonly suffer 
from decreased quality. 
 
We measured Rayleigh-wave phase velocities from 20 to 100s from regional and teleseismic records. We 
initially selected all events with Mw greater than 6.0 between epicentral distances of 5º and 115º and 
depths < 50 km. We exercised tight quality control constraints and only include high-quality events and 
records in our analysis (Figure 3). This has resulted in the inclusion of a total of 117 earthquakes that are 
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well distributed in azimuth in the final phase-velocity images. We utilize the multi-channel cross-correlation 
technique of Jin and Gaherty (2015) that leverages the coherency between traces from nearby stations to 
determine Rayleigh-wave phase velocity. This method recovers frequency-dependent phase and amplitude 
information via the narrow-band filtering of the broadband (10–150 s) cross-correlation function between 
the vertical-component seismic trace from a given station and time-windowed traces from all nearby 
stations. The phase and amplitude information is determined by fitting the narrow-band filtered cross-
correlation functions with a Gaussian wavelet. This wavelet is characterized by several factors including the 
half-bandwidth, group delay, phase delay, and an amplitude term. At each frequency, we invert the 
network of phase delays for spatial variations in dynamic phase velocity via the Eikonal equation (Lin et al., 
2009). We then utilize the amplitudes to correct for focusing and multipathing via Helmholtz tomography, 
producing maps of structural phase velocity at each frequency, for each event (Lin and Ritzwoller, 2011). 
Strict quality control standards are applied to each individual event to remove poor-quality measurements. 
Final event solutions are then stacked to obtain robust structural phase velocity estimates at all periods at 
every grid point within the array. 
 
We conducted ambient noise processing using the technique of Menke and Jin (2015), which aims to 
estimate the phase velocity from ambient-noise cross-correlograms in the frequency domain (termed 
cross-spectra) via waveform fitting using Aki's formula. We cut all available continuous data into three-
hour-long windows with 50% overlap, filtered the traces between 2–100 s, applied an amplitude 
normalizing procedure to reduce the effects of earthquakes and other discrete signals, and applied spectral 
whitening. Cross-correlating these traces for all available stations with interstation distances > 20 km 
produced cross-spectra for 4,200+ station pairs. Coherent Rayleigh waves are observed for nearly all 
stations including the lake-bottom instruments (Figure 2b). We invert individual station-pair dispersion 
curves for maps of Rayleigh-wave phase velocity between 9–25 s following the inversion procedure used in 
Zha et al. (2014). This method performs the tomographic inversion via a generalized least-squares 
algorithm that accounts for finite163 frequency effects in the construction of the spatial sensitivity kernels. 
We tested the influence of damping/smoothness choices in the inversion step and chose those parameters 
that provided the best fit to the data while maintaining realistic variations in phase velocity. 
 

 
 
Figure 3. Examples of teleseismic (A) and ambient-noise (B) Rayleigh waves used in this study. A) Record 
section from the Mw 7.8 event on April 25th, 2015. Location of the event (red circle) and seismic array is 
shown in the inset. Grey: Segment stations and Red: TANGA stations. Data have been filtered from 10-100 
s. B) Ambient noise cross correlation functions in the time domain for all station pairs. Data have been 
filtered from 8-25 s. From Accardo et al., 2017). 
 
4. Results and Interpretation 
 
4.1. Local Seismicity 
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So far, we located 1794 earthquakes between June 2014 to April 2015 (Figure 4). Earthquake activity is 
most intense beneath southern Lake Tanganyika, with a second cluster at the northern end of Rukwa rift 
(Figure 4). The earthquake clusters are 25 – 50 km long and strike with a long axis oriented N-S to NNW. For 
example, we identify earthquake clusters at the north, central and southern portions of the Marungu 
basins. Within the Rukwa graben, we identify localized earthquake activity at the northwestern edge of the 
basin, and also more diffuse seismicity along the western side of the Rukwa rift near Lake Rukwa itself. The 
Mweru rift zones are also seismically active, but location (particularly depth errors) preclude further 
analyses in the Southwestern rift arm. The Ufipa plateau and Rukwa rift zones have the deepest 
earthquakes at 40-54 km. The local magnitude (ML) of earthquakes varies between 0.5 and 4.6 during the 
10 months of data analysed to date.  
 
We plotted cumulative seismicity and following the maximum likelihood method of Shi and Bolt (1982) we 
find a b-value of 0.83 ± 0.04. This is significantly less than 1, the value found for most plate boundaries 
worldwide. 
 

 
 
The depth distribution of earthquakes relocated shows that most of the fault rupture initiates in the mid- to 
lower crust beneath Lake Tanganyika, the Rukwa basin, and the Mweru rift (Figures 5). Exceptions are the 
Rukwa-Tanganyika oblique-fault or transfer zone where depths are shallower (Figures 4). Most of the lower 
crustal earthquakes occur beneath the Marungu basin, where the deepest hypocentral depths have been 
determined from waveform analyses of earthquakes recorded on the global network (Yang and Chen, 2010; 
Craig et al., 2011). From Lavayssiere et al., 2019) 
 
4.2 Receiver functions 
 
The results from the receiver function study are shown in Figure 6. The crust on or near craton edges at 
stations KASA and SITA is relatively thick at 42 km. The craton edges also display an average VP/VS value of 
1.76.  This is lower than the average continental crust value (1.77; Christensen, 1996) and is consistent with 
more felsic Archaen crust. We therefore infer that these stations lie on the edges of the Tanzanian craton 
to the north and the Bangweulu block in the south. 
 

Figure 4. Left. Location map of the 1794 
earthquakes with size scaled to magnitude, and 
with the earthquakes colour-codes according to 
depth. Note that the shallow depths of 
earthquakes north and SE of the network are 
an artefact of network geometry. Earthquakes 
occur in NNW striking clusters, some of which 
are in the lower crust. 
 
Figure 5. Below. Magnitude - frequency plot of 
the Tanganyika earthquakes with the best fit b-
value for the dataset of 0.83. 
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The crust beneath the Tanganyika and Rukwa rifts and within the step-over zone between them has an 
average thickness of 36.6 km (Figure 6). This strongly indicates that crustal stretching has occurred. VP/VS 
values in this zone average 1.93. The presence of ultramafic intrusions within the Ubendian belt can 
potentially explain regionally these high VP/VS ratios. Subsidiary anorthosite, which has a VP/VS value of 
1.95, may also contribute to these regionally high VP/VS ratios. 
  
The highest VP/VS value of 2.1 is found at station KOLA (Figure 6). Previous studies have identified the 
presence of hydrothermal vents and high heat flow measurements in the vicinity of this station 
(Coussement et al., 1994). VP/VS values of over 2.0 are best explained by the presence of partial melt in the 
crust. We therefore suggest that magma may play a role in the rifting process of the Western branch of the 
East African rift.  
 

 
Figure 6. Results of receiver function analyses. A) Crustal thickness (H) values. B) Vp/Vs values. Note the 
crust is thickest (>38 km) beneath the uplifted western rift flank of the Rukwa rift, and thinnest in the 
Tanganyika rift (32-34 km). Vp/Vs increases into the rift. From Hodgson et al., 2017). 
 
4.4. Ambient noise and surface wave tomography 
 
Overall, we constrain Rayleigh-wave phase velocities between 9 and 100 s period (Figure 7). Phase-velocity 
maps reveal slow velocities primarily confined to Lake Malawi at short periods (< 12 s), indicating a 
sedimentary architecture bounded by major border faults. The slowest velocities occur within the Central 
Basin where Malawi Rift sedimentary strata likely overlie older Permo-Triassic group sediments. At long 
periods (> 25 s) a prominent low velocity anomaly exists beneath the Rungwe Volcanic Province. Estimates 
of phase-velocity sensitivity indicates these low velocities occur within the lithospheric mantle and 
potentially uppermost asthenosphere, suggesting that mantle processes may control the association of 
volcanic centers and the localization of magmatism. 
 
5. Conclusions and recommendations 
 
We collected continuous seismic data from 13 seismic stations deployed around southern Lake Tanganyika 
during June 2014 to September 2015. Earthquake activity was high and we recorded 1794 earthquakes 
during June 2014 to April 2015. Earthquakes are distributed in clusters along major fault systems, and some 
clusters are located in the lower crust indicating the crust is strong and faults penetrate deep. We 
conducted receiver function analysis which suggests that the amount of crustal thinning is about 20% (β = 
1.2), based on crustal thinning estimates along the flanks of the rift (ca. ~40 km) vs the lake margin (~33 
km). Elevated Vp/Vs data leave open the possibility that magma intrusion may be occurring in the lower 
crust of the southern Tanganyika rift. Rayleigh was seismic imaging shows that the lower crust and 
uppermost mantle near the Rukwa Volcanic Province have low S-wave velocities that are likely associated 
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with an active magma plumbing system. We recommend for future seismic projects in the area that further 
efforts are made to deploy seismic stations on the west side of Lake Tanganyika in order to improve 
azimuthal coverage to the west and thereby improve earthquake locations and depth estimates. In 
addition, very little is known about the full architecture of the Tanganyika rift and the structure of the 
Congo craton to the west. Improved seismic imaging here may provide clues to its formation and evolution. 
Our data quality and recovery rate were good, with the only recommendation for future studies being to 
try finding secure sites in large compounds, or furthering away from villages.  
 

 
Figure 7. Maps of phase velocity for ambient noise (9, 12, and 18.5 s) and teleseismic (25, 40, and 60 s) 
Rayleigh waves. The period of the phase velocity measurement is labeled in the top right corner of each 
map. Topographic contours from NASA SRTM 30 m are shown in grey. (From Accardo et al., 2017) 
 
6. Location of archived data 

All miniseed data is archived in a single folder on the SEIS UK computing system and is located at 
/archive/area4/TANG13/MSEED/COMBINED. The data is archived and available at the IRIS-DMC as netowkr 
ZV 2014-2015 at http://www.fdsn.org/networks/detail/ZV_2014/ 
. 

7. Publications 
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8) Station details and data recovery  
 
Table1. instrument deployment details 
 
Name - Kolongwe (KOLA) Co-ordinates - 7.16871 30.53749 Altitude - 793m Instrument type - 6TD  
Name - Kipili (KIPA)  Co-ordinates - 7.43221 30.59105 Altitude - 781m Instrument type - ESPD 
Name - Karema (KARA) Co-ordinates - 6.82163 30.43937 Altitude - 790m Instrument type - 6TD 
Name - Namanzi (NAMA) Co-ordinates - 7.62361 30.65923 altitude - 794m Instrument type - 6TD 
Name - Ninde (NINA) Co-ordinates - 7.68887 30.72414 altitude - 784m Instrument type - 6TD 
Name - Kasanga (KASA) Co-ordinates - 8.42832 31.14726 Altitude - 784m Instrument type - ESPD 
Name - Kala (KALA) Co-ordinates - 8.13374 30.97015 Altitude - 774m Instrument type - 6TD 
Name - Namany (NEMA) Co-ordinates - 7.52009 31.04419 Altitude - 1534m Instrument type - 6TD 
Name - Kizi (KISA) Co-ordinates - 7.19005 31.02309 Altitude - 1516m Instrument type - 6TD 
Name - Sitalike (SITA) Co-ordinates - 6.61924 31.14273 Altitude - 1003m Instrument type - ESPD 
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Name - Chala (CHAA) Co-ordinates - 7.59109 31.27040 Altitude - 1757m Instrument type - 6TD 
Name - Sumba (SUMA) Co-ordinates - 7.96386 31.62519 Altitude - 1842m Instrument type - 6TD 
Name - Laela (LAEA) Co-ordinates - 8.57677 32.04222 Altitude - 1568m Instrument type - ESPD 
 
Table 2. Timeseries of data recovery for each station. The majority of stations worked continuously during June 2014 
to September 2015. Overall data recovery was 85% 

 


