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use finite-frequency waveform modeling to test different 
models of anisotropy within the lithosphere/asthenosphere 
system of the rift. The results show that the rift-parallel 
fast polarizations are consistent with horizontal transverse 
isotropy (HTI anisotropy) caused by rift-parallel mag-
matic intrusions or lenses located within the lithospheric 
mantle—as it would be expected during the early stages 
of continental rifting. Furthermore, the short-scale spatial 
variations in the fast polarizations observed in the south-
ern part of the study area can be explained by effects due 
to sedimentary basins of low isotropic velocity in combi-
nation with a shift in the orientation of anisotropic fabrics 
in the upper mantle. A uniform anisotropic layer in relation 
to large-scale asthenospheric mantle flow is less consistent 
with the observed splitting parameters.

Keywords  East African Rift system · Albertine Rift · 
Seismic anisotropy · Shear-wave splitting · Joint splitting 
analysis · Waveform modeling

Introduction

The East African Rift system (EARS) represents one of the 
world’s largest continental rift structures (Bendick et  al. 
2006; Chorowicz 2005; Ebinger 1989). Starting at the 
Afar triple junction in the north, it extends approximately 
in N–S direction through East Africa. South of the Main 
Ethiopian Rift, the system splits up into two branches: the 
Albertine Rift in the west and the Kenya Rift in the east, 
enclosing the Tanzania Craton (Nyblade and Brazier 2002). 
The system continues as the Malawi Rift to the south and 
terminates at the coast of southern Mozambique. The 
Albertine Rift stretches 2,100 km from Lake Albert in the 
north to Lake Malawi in the south. It separates the Nubian 

Abstract  Shear-wave splitting measurements from local 
and teleseismic earthquakes are used to investigate the seis-
mic anisotropy in the upper mantle beneath the Rwenzori 
region of the East African Rift system. At most stations, 
shear-wave splitting parameters obtained from individual 
earthquakes exhibit only minor variations with backazi-
muth. We therefore employ a joint inversion of SKS wave-
forms to derive hypothetical one-layer parameters. The 
corresponding fast polarizations are generally rift paral-
lel and the average delay time is about 1  s. Shear phases 
from local events within the crust are characterized by an 
average delay time of 0.04 s. Delay times from local man-
tle earthquakes are in the range of 0.2 s. This observation 
suggests that the dominant source region for seismic ani-
sotropy beneath the rift is located within the mantle. We 
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Plate to the west from the smaller Victoria plate to the east 
with a current extension rate of about 2  mm/a (Stamps 
et al. 2008). The Rwenzori region forms part of the Alber-
tine Rift; it is located within approximately 0°N–1°N and 
29.5°E–30.5°E and transected by the international border 
between Uganda and the Democratic Republic of Congo. 
The Rwenzori range is composed of Precambrian rocks 
and is situated within the rift valley reaching altitudes of 
about 5,100 m. The causes for the extreme uplift within an 
extensional setting are currently being investigated within 
the framework of the RiftLink research group. Results from 
recent geodynamic modeling suggest that the uplift of the 
Rwenzori range is caused by melt-induced alteration and 
delamination of mantle lithosphere between two neighbor-
ing rift segments (Wallner and Schmeling 2010). Volcan-
ism and receiver functions indicate that the lithosphere 
beneath the Rwenzori region measures at least 120–140 km 
(Rosenthal et  al. 2009; Wölbern et  al. 2012). Potential 
explanations could either be that the thick lithosphere is a 
relictic cratonic (thick) root or the thickened lithosphere is 
the result of a paleoproterozoic crustal scaled north trend-
ing shear zone (Link et al. 2010).

The study of seismic anisotropy provides a unique link 
between mantle-deformation processes and observations 
of seismic waveform effects. The analysis of SKS split-
ting is a standard tool to infer the seismic anisotropy of 
the lithosphere/asthenosphere system. The spatial distribu-
tion of the two splitting parameters φ (polarization direc-
tion of the fast shear wave) and δt (delay time between fast 
and slow shear wave) is essential for the investigation of 
anisotropic structures and associated dynamic mantle pro-
cesses and was investigated in numerous studies in the past 
(e.g., for reviews: Fouch and Rondenay 2006; Long and 
Silver 2009). The orientation of the anisotropic fabric can 
be derived from the polarization of the fast shear wave, 
while the extent and strength of the anisotropy is propor-
tional to the delay time. Seismic anisotropy in the upper 
mantle is often thought to be controlled by the alignment 
of the a-axis of olivine through dislocation creep (Karato 
2003; Ben Ismail and Mainprice 1998; Zhang and Karato 
1995; Nicolas and Christensen 1987). Nevertheless, shape-
preferred orientation due to magmatic dike intrusion in 
the lower lithosphere can have a significant influence on 
seismic anisotropy (Holtzman and Kendall 2010; Kendall 
et al. 2005; Gao et al. 2010). In case of continental rifting 
processes, several possible sources of seismic anisotropy 
must be considered. Vauchez et  al. (2000) state that these 
sources are lithospheric deformation, asthenospheric flow 
and oriented melt pockets in the asthenospheric mantle. 
For the EARS, a transtensional lithospheric rupture model, 
as suggested by Nicolas et  al. (1994) and Vauchez et  al. 
(2000), leads to a restriction of the asthenospheric flow to 
the rift axis, generating a fast-polarization direction of the 

shear wave parallel to the rift. Additionally, an alignment 
of melt lenses in the asthenospheric wedge may account for 
a significant part of the seismic anisotropy (Vauchez et al. 
2000).

The seismic anisotropy of the EARS has been investi-
gated by previous studies, i.e., Walker et  al. (2004) ana-
lyzed broadband data from stations in Tanzania, Kenya and 
Uganda. The obtained splitting parameters could be best 
explained by a lateral varying single-layer model of ani-
sotropy with a horizontal fast axis. One essential insight 
of this study was that a lattice preferred orientation of oli-
vine induced by extension could be excluded as the domi-
nant factor for the anisotropy since the shear-wave splitting 
results showed no evidence of a ductile thinning of the lith-
ospheric mantle by dislocation creep. Walker et al. (2004) 
indicated that the extension in East Africa occurs by mag-
matic intrusions in narrow rift zones possibly supported by 
a fossilized anisotropy in the lithosphere due to past oro-
genic events. Kendall et  al. (2005) analyzed shear-wave 
splitting in the Afar region in Ethiopia. They observed a 
fast-polarization direction parallel to the strike of the rift 
with delay times in the range between 1 and 3 s. Correlat-
ing the anisotropic structures and the orientation of dikes 
in the magmatic segments of the Afar region, Kendall et al. 
(2005) suggest that the anisotropy is a result of melt-filled 
cracks accompanied by a low spreading of the crust, sup-
porting a magmatic rifting model with an initially thick 
continental lithosphere. Vertical magmatic dikes in the lith-
osphere were also proposed by Gao et al. (1997) to explain 
parallel fast-polarization directions observed in the Baikal 
Rift and the Kenya Rift. Gao et al. (2010) reanalyzed data 
recorded in the Afar Depression, the Main Ethiopian Rift 
and the Ethiopian Plateau finding rift-parallel fast direc-
tions that can be explained by a single layer of anisotropy 
for the Ethiopian Plateau and the Main Ethiopian Rift. Nev-
ertheless, data from the Afar Depression showed a system-
atic azimuthal dependence of splitting parameters with a 
π/2 periodicity suggesting a two-layer model of anisotropy. 
Gao et  al. (2010) explained the fast directions in the top 
layer by magmatic dikes in the lithosphere, while the fast 
directions and delay times in the second layer could best be 
explained by anisotropy due to a flow in the asthenosphere 
beneath the Main Ethiopian Rift and the Afar Depression. 
Hammond et  al. (2010) investigated the ability of shear-
wave splitting to constrain spatial variations in anisotropy 
using a one-way wave equation modeling scheme. They 
showed that lateral variations in anisotropy on the order 
of 20–50 km can be identified by shear-wave splitting and 
they used their modeling results to interpret the shear-wave 
splitting measurements in the Main Ethiopian Rift by Ken-
dall et al. (2005). To explain the measured splitting param-
eters, Hammond et al. (2010) modeled a 100-km-wide rift 
zone with 7–9 % anisotropy and a depth of the anisotropy 
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starting at 90 km, which is the supposed depth of melt initi-
ation beneath the Main Ethiopian Rift. Bagley and Nyblade 
(2013) examined shear-wave splitting measurements of 
SKS and SKKS phases in eastern Africa, revealing an over-
all pattern of NE-aligned polarization directions being con-
sistent with mantle flow from the African superplume. They 
also indicate a connection between lower mantle processes 
and near surface tectonic deformation. Besides this over-
all pattern associated with the African superplume, they 
acknowledge the possibility of anisotropy due to magma-
filled cracks in the lithosphere within the rift regions.

In this paper, we present results from a temporary seis-
mic network located around the Rwenzori region of the 
Albertine Rift. The study aims to constrain anisotropy and 
mantle-deformation processes in relation to the formation 
of the rift zone. Local and teleseismic earthquake record-
ings are used to image structures of the crust and upper 
mantle within the region. We provide detailed estimates 
of the magnitude and orientation of anisotropic structures 
in the Rwenzori region obtained from shear-wave splitting 
analyses and numerical waveform modeling. These results 
will improve the general insight into the mechanisms of 
active rifting and are essential for a better understanding of 
the rifting processes in the western branch of the EARS.

RiftLink seismic networks and data set

The RiftLink project was conducted over a time period of 
about 6 years from 2006 to 2012. The project was divided 
into two phases. During phase I, a temporary network con-
sisting of 32 mobile broadband and short-period seismic 
stations, covering an area of approximately 140 × 90 km2, 
was operating from February 2006 to December 2007 
(Fig. 1). A detailed description of the station setup of phase 
I can be found in Lindenfeld et al. (2012). Phase II of the 
RiftLink project was conducted between September 2009 
and March 2012 consisting of 32 seismic broadband sta-
tions spread out around the Rwenzori Mountains, both on 
the Ugandan and the neighboring Congolese side (Fig. 1). 
In contrast to phase I, the stations were more evenly dis-
tributed throughout the region, covering an area of about 
220  ×  170  km2. Trillium 120P, Trillium Compact and 
Guralp CMG-3T sensors in combination with Taurus and 
EDL data loggers recorded continuously at a sample rate of 
100 Hz. Additionally, for the shear-wave splitting analysis, 
data from the permanent station MBAR (part of the Global 
Seismographic Network GSN) were analyzed.

Only earthquakes with magnitudes exceeding a value of 
Mw =  6.0 and an epicentral distance of at least 85° were 
considered in the shear-wave splitting analysis. For epi-
central distances less than 85°, contamination from other 
shear-wave phases in the seismograms is likely (Long and 
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Fig. 1   Seismic station networks in the Rwenzori region. White trian-
gles represent stations of the first phase of the RiftLink project from 
February 2006 to December 2007; red triangles mark stations of the 
second phase from September 2009 to March 2012; and the GSN sta-
tion Mbarara is marked by a blue triangle. Splitting measurements 
along four profiles (lines across the rift) are shown in Fig. 6
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mark epicenters of earthquakes contributing to the SKS splitting anal-
yses. The green asterisk in the center of the map corresponds to the 
location of our networks
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Silver 2009). We also restricted our analysis to events that 
showed a clear SKS phase onset on the radial component 
with a good signal-to-noise ratio. This restriction led to a 
total number of 50 earthquakes that produced at least one 
well-defined measurement. The majority of the earthquakes 
are from the western Pacific and South American subduc-
tion zones (Fig.  2, supplementary Table S1). A further 
reduction in the cutoff magnitude did not lead to any useful 
additional measurements, mainly because the SKS phase 
onsets could not be distinguished from the background 
noise at lower magnitudes. In total, 43 stations produced at 
least one well-defined SKS splitting measurement.

Data analysis and results

Splitting parameters from SKS phases

The 50 teleseismic earthquakes used for the analysis pro-
duced 160 SKS splitting measurements. The splitting 
parameters were determined by minimization of the trans-
verse SKS component, as described by Silver and Chan 
(1991). For most of the stations, an investigation of varia-
tions in splitting parameters as a function of the backazi-
muth showed no visible trends (Fig. 3a, shows an example 
of station C02), yet for many stations, there is only limited 
azimuthal coverage (supplementary Fig. S1). However, 
eight stations (two on the Congolese side and six on the 

eastern rift shoulder) showed evidence of a possible azi-
muthal dependence of the splitting parameters (Fig.  3b, 
shows an example of station U18). Insignificant azimuthal 
variations in the splitting parameters imply a single layer 
of anisotropy (or multiple layers with similar or orthogo-
nal fast directions) and therefore allow the application of a 
joint splitting analysis. In case of azimuthal dependences of 
the splitting parameters, which could be a result of, i.e., a 
plunging symmetry axis or vertical changes of anisotropic 
properties (Savage 1999; Rümpker and Silver 1998), it is 
not possible to apply this joint splitting analysis. For the 
joint splitting analysis, we determined splitting parameters 
that best minimize the sum of the transverse energy of all 
recorded earthquakes at one station, similar to the method 
introduced by Wolfe and Silver (1998). This approach leads 
to a single pair of splitting parameters that characterizes the 
anisotropic properties beneath a station. For both, the joint 
and the single event analysis, the original seismograms 
were band-pass filtered in the 0.02–0.25 Hz range and then 
rotated in the radial–transversal coordinate system. The 
SKS time window for the analysis is visually identified and 
adjusted if necessary to exclude other phase onsets. Cor-
rections to the theoretical backazimuth are applied in cases 
where the sensors are misoriented. Fifty random time win-
dows around the chosen SKS phase are selected to iden-
tify the particular time window that best minimizes the 
total transverse energy. Splitting parameters are calculated 
for all of these 50 random time windows to estimate the 

Fig. 3   Splitting parameters 
shown as a function of the 
backazimuth. a Fast axis and 
delay time including 95 % con-
fidence level for station C02 for 
which a joint splitting analysis 
was conducted. b Fast axis 
and delay time including 95 % 
confidence level for station U18 
showing an azimuthal depend-
ence of the splitting parameters 
with backazimuth, and thus, 
no joint splitting analysis was 
conducted for this station
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influence of noise on the measurements. This influence can 
be quantified by calculating the mean splitting parameters 
and their standard deviations based on the results of all 
50 random trials. For the final analysis, the optimum time 
window is chosen automatically based on the minimiza-
tion results of all 50 time windows. The uncertainties in the 
measurements are calculated using this time window based 
on a 95 % confidence level.

An example of a joint splitting analysis for station C03 
is shown in Fig. 4a, b shows the original radial and trans-
verse components of two earthquakes contributing to the 
joint splitting analysis. Also shown are the corrected wave-
forms after applying an inverse splitting operator, which is 
defined by the splitting parameters from the joint splitting 
analysis. The contour plot of the energy of the transverse 
component (Fig. 4c) includes the range of splitting param-
eters with 95  % confidence level. Figure  4d, e shows the 
original particle motions in a radial/transversal coordinate 
system as well as the corrected particle motions. The appli-
cation of the inverse splitting operator leads to a lineariza-
tion of the particle motion for both earthquakes.

For most of the stations, two to five individual SKS 
measurements contributed to the joint analysis while 13 
stations only showed one well-defined SKS onset. How-
ever, for some stations, up to 16 SKS measurements were 
obtained. The results of the joint splitting analysis in 
combination with the results of the single analysis for the 
stations showing azimuthal dependence on the splitting 
parameters are presented in Fig.  5 and in supplementary 
Table S2. The mean splitting delay time is 1.03 ± 0.39 s, 
which is roughly the global average of 1.0 s for continental 
areas (Silver 1996). Larger delay times are observed within 
the center of the rift to the north and to the south of the 
Rwenzori with values of δt reaching up to 1.9  s. Smaller 
delay times are found along the graben shoulders, with a 
stronger decrease to the east. Here, δt decreases to around 
0.4–0.7 s. The dominant pattern of fast directions is aligned 
parallel to the strike of the rift system in NE–SW direc-
tion. A deviation from this trend can only be observed in 
the southern rift segment in the area between Lake Edward 
and Lake George. Here, the fast polarizations shift to a 
more N–S orientation. This deviation in the fast polariza-
tions diminishes with greater distance to the rift leading to 
a NE–SW orientation in the southeastern part of the study 
area. Figure  6 shows variations in splitting parameters 
along the profiles outlined in Fig. 1. Profiles A to C show 
largely scattered results, mainly because at some stations, 
joint splitting analysis was not applied due to azimuthal 
variations in the splitting parameters. Profile D is the only 
profile for which all results are based on a joint splitting 
analysis. The splitting parameters exhibit relatively system-
atic variations. Here, we attempt to investigate and explain 
the systematic and relatively pronounced changes over a 

short scale (in the center of profile D) by a comparison with 
results from waveform modeling in “Waveform modeling 
of short-scale splitting variations” section.

Splitting parameters from local earthquakes

To better constrain the depth origin of the anisotropic 
regions, we conducted a splitting analysis of S phases from 
a total of over 7,000 local earthquakes. A detailed analysis 
of the crustal splitting results is described in Batte et  al. 
(2014). At most stations, the delay time δt is much smaller 
(0.01–0.1  s, Fig. 7) than the worldwide average for crus-
tal shear-wave splitting (0.1–0.3  s) as specified by Silver 
(1996). On average, the delay time δt associated with crus-
tal sources beneath the Rwenzori region is ~0.04  s. For 
some stations, there was no evidence of shear-wave split-
ting. Additionally, a sequence of seven local earthquakes 
with focal depths between 50 and 60  km was used to 
derive splitting parameters. These deep earthquakes origi-
nate from the upper lithosphere and are likely caused by 
magmatic impregnation of the mantle lithosphere (Linden-
feld and Rümpker 2011). The average delay time obtained 
from these deep local earthquakes is δt = 0.18 s and thus 
larger than the one observed in the crust, but still not even 
close to delay times obtained from teleseismic earthquakes 
(~1  s), indicating that crustal anisotropy is negligible 
and thus suggesting that the dominant source region for 
seismic anisotropy beneath the rift is located within the 
mantle.

Discussion

Compared with splitting measurements in other parts of the 
EARS (Gao et al. 2010; Kendall et al. 2005), the splitting 
parameters in the Rwenzori region exhibit smaller delay 
times but a similar pattern of fast-polarization directions. 
For two stations located within the area of interest of this 
paper (one station near Lake Edward and the other at the 
northern end of the Rwenzori Mountains), Bagley and 
Nyblade (2013) derived similar splitting parameters, both 
in the orientation of the fast axes and the delay times.

The causes of anisotropy in the Rwenzori region have to 
be located in the upper mantle, since the analysis of crustal 
S phases shows weak anisotropy that contributes less than 
10 % to the delay times inferred from SKS measurements. 
Anisotropy in the upper mantle leading to SKS splitting 
may be attributed to either a lattice preferred orientation 
(LPO) of anisotropic minerals such as, e.g., olivine (Nico-
las and Christensen 1987) or a shape-preferred orientation 
(SPO) formed by, e.g., vertically aligned magmatic dikes. 
To explain the observed anisotropy pattern, we discuss a 
range of possible models.
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Asthenospheric‑flow model

The asthenospheric drag beneath a lithospheric plate results 
in an alignment of olivine a-axes as a result of dislocation 
creep deformation associated with simple shear at the base 
of the plate (e.g., Tommasi 1998), assuming a flat geom-
etry of the lithosphere/asthenosphere boundary. Accord-
ing to Wolfe and Silver (1998), the φ directions would be 
the absolute plate motion (APM) and the magnitude of δt 
would be rather constant over large geological domains 
(Heintz and Kennett 2005). The Victoria Plate on the east-
ern side of the rift system is moving in an ESE direction 
relative to the Nubian Plate on the western side (Stamps 
et al. 2008), and thus, for the Rwenzori region, this model 
can be ruled out because the observed φ directions (mainly 
NE–SW) show no consistency with the APM direction.

Cenozoic Rift‑extension model

Investigations of seismic anisotropy in the Baikal Rift 
(Gao et al. 1994) showed φ directions parallel to the exten-
sion direction, which is consistent with an alignment of 
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olivine a-axes in this direction (Vauchez et  al. 2000). For 
the Rwenzori region, a NW–SE to WNW–ESE direction of 
extension has been proposed by previous studies (Walker 

et  al. 2004; Bosworth et  al. 1992; Ebinger 1989; Sander 
and Rosendhal 1989). This is in agreement with T-axes ori-
entations inferred from fault-plane solutions by Lindenfeld 
et  al. (2012). However, the measured φ directions do not 
align with the proposed direction of Cenozoic Rift exten-
sion and thus implies that the anisotropic structures are not 
a result of the late-phase or present-day ESE extension. An 
extension-driven rift-perpendicular flow of mantle material 
is therefore ruled out as a plausible cause for the observed 
splitting parameters.

Plume upwelling/channel flow model

The rift-parallel orientation of anisotropy could be caused 
by a channeled horizontal flow of mantle material along the 
rift (Vauchez et al. 2000), possibly originating from the Afar 
plume in the northern EARS. However, this model seems 
unlikely, as there is no direct connection between the west-
ern branch and the northern section of the EARS. In fact, 
the western branch is restricted to the north by the Asawa-
fault. A single mantle plume in the Afar region as proposed 
by Walker et al. (2004) can therefore not explain the domi-
nant mechanism triggering the observed anisotropy in the 
Rwenzori region. Bagley and Nyblade (2013) state that 
only a mantle flow generated by the African superplume 

Fig. 6   SKS splitting parameters 
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is consistent with the observed fast-polarization directions 
in the Afro-Arabian Rift system away from volcanic rift 
valleys. However, large-scale mantle flow induced by the 
superplume cannot explain the small-scale variations in 
splitting parameters observed in the Rwenzori region (see 
“Waveform modeling of short-scale splitting variations” 
section below). Additionally, the characteristics of the low 
volume and highly potassic lavas exposed in the region do 
not support a plume upwelling model. The petrology rather 
points to low-degree melting of thick and altered litho-
sphere as the magmatic source for the West-Ugandan vol-
canic fields (Rosenthal et al. 2009; Foley et al. 2012). Plume 
upwelling normally is seen together with high-volume lavas 
such as in regions of the Kenya Rift.

Anisotropy due to alignment of parallel dikes or SPO 
of melt‑filled lenses

Gao et al. (1997) discuss the alignment of melt-filled pock-
ets as a possible cause for φ directions parallel to the trend 
of the rift. In this model, the long and short axes of the 
pockets are parallel and perpendicular to the main stress 
directions σ1 and σ3, respectively. The shape-preferred ori-
entation (SPO) of water-filled or magma-filled lenses as 
cause for anisotropy has also been discussed by Crampin 
(1991), Kendall (1994). According to Walker et al. (2004), 
melt-filled dikes or lenses tend to align perpendicular to the 
minimum main stress direction σ3. In the Rwenzori region, a 
WNW orientation of σ3 is observed (Lindenfeld et al. 2012), 
which is almost perpendicular to the trend of the rift and 
also is consistent with rift-parallel fast-polarization direc-
tions. Furthermore, in such a case, delay times are expected 
to exhibit the largest values in the center of the rift. Delay 
times are thought to decrease with increasing distance from 
the rift due to the gradual freezing of the dikes/lenses. In the 
case of the Rwenzori region, we also find the largest delay 
times in the center of the rift (especially in the northern part 
of the study area; see profile A in Fig.  6). Wölbern et  al. 
(2012) have also discussed the possibility of melt infiltra-
tion into the lithosphere. They located the upper boundary 
of this zone (the melt infiltration front, MIF) at a depth of 
about 60 km beneath the Rwenzori-section of the rift. The 
highly potassic and silica under-saturated lavas exposed in 
the region are consistent with small-scale veins within the 
lowermost lithosphere (Foley 1992) and thus also point to 
the possible existence of small-scale dikes and melt-filled 
lenses below the crust at a depth between 60 and 140 km 
(Rosenthal et al. 2009; Foley et al. 2012).

Waveform modeling of short‑scale splitting variations

In the southern rift segment, especially in the area between 
Lake Edward and Lake George, a shift in fast directions 

from NW–SE to a more N–S direction can be observed 
(profile D in Fig.  6). This deviation in the fast directions 
diminishes with greater distance to the rift again lead-
ing to a NE–SW orientation in the southeastern part of 
the study area. These small-scale spatial variations cannot 
be explained by any of the models discussed above. It is 
also unlikely that the observed small-scale variations result 
from the uncertainties of the SKS measurements, which 
occur due to the noise on the analyzed window, since we 
evaluate this influence on the splitting results by calculat-
ing the splitting parameters for all of the 50 random time 
windows used in the splitting analysis. Uncertainties from 
the analysis of these 50 random time windows around the 
SKS phase, which characterize the noise influence, are 
in the range of only 1°–2° for the fast-polarization direc-
tions at almost all stations and can therefore not explain 
the observed small-scale variations. Based on Fresnel zone 
estimates (Rümpker and Ryberg 2000), these variations 
are likely attributed to causes of shallow origin (within 
the crust). Our study has shown that the anisotropy within 
the crust is rather insignificant (“Splitting parameters from 
local earthquakes” section). We therefore assume an influ-
ence of isotropic velocity variations in relation to sedimen-
tary basins in combination with a change in the orienta-
tion of the dike intrusions in the upper mantle as possible 
causes.

To verify this, we test different models of isotropic/ani-
sotropic velocity variations using two-dimensional finite-
difference waveform modeling (see “Appendix” for further 
details, Fig. 8). We consider a vertical section (below pro-
file D of Fig. 6) with a horizontal extension of 150 km and 
a depth extension of 250  km. In view of results obtained 
by Wölbern et  al. (2012) and Gummert et  al. (2014), the 
crustal thickness is set to 30 km, the upper boundary of the 
infiltrated lithosphere (MIF) to 60 km and the lithosphere–
asthenosphere boundary (LAB) to 120  km. The crust is 
assumed to be isotropic. Between the MIF and the LAB, 
we assume melt infiltration by dike intrusions. We assume 
that this region can be modeled as an effective anisotropic 
medium characterized by transverse isotropy with a hori-
zontal symmetry axis (HTI-medium). The anisotropic 
coefficients are derived using the theory of Backus (1962) 
applied to a medium with two alternating layers of differ-
ent isotropic velocities. To obtain the observed overall pat-
tern in φ, we separate this zone into two blocks with dif-
ferently oriented symmetry axes (pointing to N0°W in the 
eastern block and N25°E in the western block). The plane 
wave traversing through the model is initialized in an iso-
tropic region at the bottom with a period of 8  s and an 
initial polarization of 70°. In order to suppress the effects 
of artificial reflections from the boundaries, the compu-
tational grid is much larger than the immediate region of 
interest. Free surface conditions are specified at the upper 
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boundary of the computational grid. To determine the split-
ting parameters, synthetic seismograms are calculated 
at a distance interval of 2  km and are analyzed using the 
same procedure as in the case of real SKS waveforms. A 
similar modeling approach was used by Wölbern et  al. 
(2014) for the interpretation of shear-wave splitting in the 
Andes. The upper panels in Fig.  8 show splitting param-
eters obtained from observed and synthetic waveforms. 
The green stars represent the splitting parameters for a 
model with a homogenous isotropic crust. The blue trian-
gles show the observed splitting parameters along profile 
D. The region of effective anisotropy due to the aligned 
dikes is indicated by the hatched area. To fit the observed 
splitting parameters, an effective anisotropy of 8 % in the 
HTI-medium is needed. This effective anisotropy can be 
explained by a velocity difference of 33  % between the 
two layers of the HTI-medium. Nevertheless, this model of 

two anisotropic blocks is not able to explain the observed 
short-scale variations in the fast directions. In Fig. 8b, we 
consider an alternative model with a layer of rift-parallel 
olivine a-axes beneath the LAB. This model is to simulate 
mantle flow induced by the African superplume, as previ-
ously proposed by Bagley and Nyblade (2013). We assume 
3  % of anisotropy within the asthenosphere down to a 
depth of 250  km. The elastic coefficients are taken from 
Kumazawa and Anderson (1969) and are scaled appropri-
ately. To fit the observations in this case, the effective ani-
sotropy of the HTI-medium is reduced to only 1  %. The 
results show that the sublithospheric flow has a dominant 
effect on the fast polarizations, such that lateral variations 
in splitting parameters cannot be accounted for. To fit the 
general pattern of the observed fast polarizations, the two 
blocks with different symmetry axes would have to con-
tinue further down (Fig.  8c). However, such a change in 
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Fig. 8   Waveform modeling of splitting parameters along profile 
D shown in Figs.  1 and 6. The dike-induced seismic anisotropy is 
assumed to be located below 60 km and corresponds to layers of 8 % 
(a, d) and 1 % (b, c) of effective anisotropy, respectively. Two iso-
tropic blocks with a velocity reduction of 50 % are inserted in d to 

simulate effects of sedimentary deposits. The green stars represent 
seismic parameters without sediment layers; the orange dots show 
variations in splitting parameters due to the sediment layers. The blue 
triangles show the measured splitting parameters along profile D
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the orientation of the olivine a-axis at relatively great depth 
seems unlikely. We, therefore, add two crustal low velocity 
zones (LVZ) to account for the effects of 6-km-thick sedi-
mentary deposits (Fig.  8d). The velocity reduction in the 
LVZ is 50  %. Each LVZ has a significant influence on φ 
and δt (orange dots in Fig. 8d). Changes in φ of up to 34° 
and of 0.5  s in δt are achieved along the profile over dis-
tances of only 2 km. Also, the width of the LVZ has a great 
influence on the splitting parameters. The smaller LVZ on 
the eastern side of the rift has a stronger influence on the 
variation in the splitting parameters on a short scale. Only 
with extreme conditions, such as a strong velocity reduc-
tion (50 %) and a thickness of 6 km of the LVZ, can this 
simple model describe the observed variations in φ and δt. 
Results for an additional model that also includes mantle 
flow generated by the African superplume according to 
Bagley and Nyblade (2013) together with the crustal LVZs 
are shown in supplementary Fig. S2. However, in this case, 
small-scale variations in splitting parameters are (again) 
reduced.

Conclusions

To investigate the seismic anisotropy in the upper mantle 
beneath the Rwenzori region of the EARS, shear-wave 
splitting from local and teleseismic earthquakes has been 
analyzed. The fast polarizations obtained from 50 tel-
eseismic events are generally rift parallel with an average 
delay time of about 1  s. Shear waves from local events 
within the crust show highly heterogeneous fast polari-
zations and average delay times of only δt = 0.04  s. Fast 
polarizations from local mantle earthquakes at depths of 
about 55 km exhibit intermediate delay times of 0.2 s. The 
observations suggest that the anisotropy in the Rwenzori 
region observed from teleseismic phases is located within 
the mantle lithosphere below about 60 km. Our results are 
consistent with rift-parallel magmatic intrusions within the 
lithosphere as it would be expected during the early stages 
of continental rifting. Synthetic modeling of shear-wave 
splitting for the southern part of the study area, where a 
shift in the orientation of the fast polarization axis has been 
detected, shows that the shift can partly be explained by a 
change in the orientation of the effective symmetry axes in 
the upper mantle from N0°W in the east to N25°E in the 
west. We are able to fit the observed short-scale variations 
in the splitting parameters by adding two LVZ in the upper 
crust (sedimentary basins in the rift). The effective aniso-
tropic layer is most likely situated in a depth between 60 
and 120 km, which is the depth range of melt infiltration 
propagating upwards from the LAB as proposed by Wöl-
bern et  al. (2012) for the Rwenzori region. Our modeling 
further indicates that the anisotropy is likely limited to the 

(lower) lithosphere, because anisotropy at greater depth 
caused by, e.g., a rift-parallel flow in the asthenosphere, 
smoothes the effects of the crustal LVZs on variations in φ 
and δt. We further note that 3-D isotropic and anisotropic 
velocity structures can have additional influences on the 
short-scale variations in the splitting parameters. However, 
waveform modeling of 3-D anisotropic structures and their 
influence on SKS splitting measurements will be part of 
future studies.
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Appendix

The numerical simulations of seismic wave fields presented 
in this paper are based on the heterogeneous wave equation

where i, j, k, l = 1, …, 3, ρ denotes the density, ui is the 
displacement and Cijkl is the elastic tensor. Changes in 
material properties are restricted to the vertical x1, x3 coor-
dinate plane in a reduced 2-D Cartesian geometry. This 
implies that any spatial derivative δx2 vanishes. To dis-
cretize the wave equation on a grid, the finite-difference 
method is used up to the second-order approximation. The 
procedure is identical to Ryberg et al. (2002). An equidis-
tant grid spacing of Δx = Δz =  0.25  km is assumed. A 
sampling rate of Δt =  0.0175  s was found to be suitable 
to insure a robust discretization. For the comparison with 
SKS phases, a period of T = 8 s is used. As side effects are 
to be neglected, the grid size is chosen much larger than the 
evaluated model area.

In this work, anisotropy due to shape-preferred orienta-
tion of isotropic material is assumed. The elastic tensor of 
the effective anisotropic medium can be described by five 
independent elastic constants. The matrix of elastic con-
stants for a horizontally transverse isotropic medium (HTI) 
is given by Ikelle and Amundsen (2005)

ρ∂2t ui = ∂xj

(

Cijklδxl uk
)

,

cij =

















c11 c13 c13 0 0 0

c13 c33 c33 − 2c44 0 0 0

c13 c33 − 2c44 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c66 0

0 0 0 0 0 c66

















.
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The effective elastic constants of the HTI-medium are derived 
by an analytical solution (Ikelle and Amundsen 2005).
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