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ABSTRACT
In this thesis, the Precambrian crustal structure of East African is investigated
along with the crustal structures of three Cenozoic rift basins located in the western
branch of the East African Rift System (EARS). In the first part of the thesis, P-wave
receiver functions are modeled using the H-k method to obtain new insights about the
bulk composition and thickness of the crust for Precambrian terrains throughout East
Africa. The average crustal thickness for all but one of the terrains is between 37 and 39
km. An exception is the Ubendian terrain, which has an average crustal thickness 42
km. In all terrains, the average Poisson’s ratio is similar, ranging from 0.25 to 0.26,
indicating a bulk crustal composition that is felsic to intermediate. The main finding of
this study is that crustal structure is similar across all terrains, which span more than
4.0 Ga of earth history. There is no discernable difference in the crustal thicknesses and
Poisson’s ratios between the Archean and Proterozoic terrains, or between the
Proterozoic terrains, unlike the variability in Precambrian crustal structure found in
many other continents.
In the second part of the thesis, a joint inversion of Rayleigh wave phase
and group velocities and receiver functions was used to investigate the shear wave
velocity structure of the crust and uppermost mantle beneath the Precambrian terrains
of East Africa. In comparison with other areas of similar age in southern and western
Africa where the same joint inversion method has been applied, I find that while there is
little difference in the mean shear wave velocities for the entire crust across all of the
Precambrian terrains, and also few differences in the thickness of the crust, there exists
substantial variability in lower crustal structure. This variability is reflected primarily
in the thickness of the lower crustal layers with shear wave velocities ≥ 4.0 km/s. This
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variability is found both within terrains of the same age (i.e., Archean) as well as
terrains of different ages. In global studies of continental crustal structure, it is shown
that high velocity (Vp ~ 7km/s and Vs ~4.0 km/s) lower crustal layers indicate the
presence of mafic rocks, and that such layers are common in most Precambrian terrains.
In contrast, my results show large variability in lower crustal structure between
terrains of similar age within Africa, suggesting that making generalizations about the
structure and evolution of continental crust based on global averages of the crustal
velocity structure is difficult to do. The results of this study indicate that the local
geological history of each terrain can lead to significant variability in crustal structure,
making the use of global averages less representative of global processes than
previously thought.
In the third part of this thesis, forward modeling of receiver functions is used to
investigate the crustal structure beneath three of the rift basins in the western branch of
the East African Rift System (Lake Albert, Lake Edward and the northern part of the
Lake Malawi rifts). Modeling results reveal sediment thickness of about 1 km beneath
stations BUTI and KATE, located at the margins of the Lake Albert and Lake Edward
rifts, respectively, and about 1.5 km beneath station KYLA in the northern part of the
Lake Malawi rift. The Poisson’s ratio obtained (0.4) indicate that the sediments are
poorly consolidated. A thin sedimentary layer (1 – 1.5 km) and high Poisson’s ratio is
consistent with the young age (Miocene) of the rift basins. The Ps from the Moho
cannot be easily identified because the first 5-6 sec of data are dominated by the Ps
conversion from the sediment-bedrock interface and its reverberations. Therefore
crustal thickness beneath these stations remains unknown.
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CHAPTER 1
INTRODUCTION
In this thesis, I use broadband data from the 2007-2010 AfricaArray East Africa
Seismic Experiment (AAEASE) to investigate crustal structure in East Africa. Thirty
eight seismic stations were deployed in this experiment, mostly in Precambrian terrains
away from Cenozoic rift valleys of the East African Rift System (EARS) (Figure 1-1).
Consequently, the main part of the thesis is focused on Precambrian crustal structure
(Chapters 2 and 3) and advancing our understanding of the similarities and differences
between Archean and Proterozoic terrains. Three stations were deployed in Cenozoic
rift valleys, and in Chapter 4 data from these stations are used to investigate the
structure of the rifted crust. A synopsis of each chapter follows.
In Chapter 2, I investigate crustal structure beneath 37 seismic stations in Uganda
and Tanzania by modeling P-wave receiver functions using the H-k method [Zandt and
Ammon 1995; Zhu and Kanamori 2000] to obtain estimates of Poisson’s ratio and Moho
depth. I combined my results with previous results obtained from Last et al., [1997],
Dugda et al., [2005] and Prodehl et al., [1994] for other areas of East Africa to obtain
new insights about the bulk composition and thickness of the crust for Precambrian
terrains throughout East Africa. Advancing our understanding of crustal Poisson’s ratio
and Moho depths in East Africa is important because this information provides
fundamental constraints on the formation and evolution of the continental crust, most of
which formed in the Precambrian. In the studies by Durrheim and Mooney [1991, 1994],
they concluded that average Proterozoic crustal thickness ranges from 40-55 km, while
Archean crustal thickness ranges from 27-40 km. In contrast, Rudnick and Fountain
[1995] found no significant difference between the thickness of Archean and
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Proterozoic crust, and a study by Zandt and Ammon [1995], found that the crustal
thickness of shields and platforms is between ~37 and 42 km and Poisson’s ratios for the
bulk crust is 0.27.

I find that the crustal structure is similar across all of the

Precambrain terrains in East Africa, which span more than 4.0 Ga of earth history.
There is no discernable difference in the crustal thicknesses and Poisson’s ratios
between the Archean and Proterozoic terrains, or between the Proterozoic terrains, and
thus my findings concur with results obtained by Rudnick and Fountain [1995] and
Zandt and Ammon [1995].
In Chapter 3, I investigate the shear wave velocity structure of the crust and
uppermost mantle beneath the Precambrian terrains in East Africa by jointly inverting
receiver functions and Rayleigh wave phase and group velocities [Julia et al., 2000 and
2003] to obtain additional insights about the nature and variability of Precambrian
crust within East Africa. To do this, I combine my results with those obtained from
previous studies from Julia et al, [2005] and Dugda et al., [2009], and then make
comparisons between East Africa and areas of southern and western Africa that have
been previously studied using the same joint inversion method [Kgaswane et al., 2009;
Tokam et al., 2010].
The main findings of the research presented in Chapter 3 is that there is
substantial variability in the velocity structure of the lower crust within Precambrian
terrains, which has implications for the compositional variability within Precambrian
crust. Mafic lithologies commonly found in continental crust, such as amphibolites,
garnet-bearing and garnet-free mafic granulite, and mafic gneiss, have high shear wave
velocities (> 3.9 km/s) while intermediate-to-felsic lithologies have lower shear wave
velocities (< 3.9 km/s). Rudnick and Fountain [1995] and Rudnick and Gao [2003]
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argued that high velocity (Vp ~ 7 km/s and Vs ~4.0 km/s) layers, irrespective of their
age (i.e., Archean versus Proterozoic), indicate the presence of mafic rocks in the lower
crust, and that such layers are common in most Precambrian terrains globally.
However, Durrheim and Mooney [1991, 1994] reported large differences in lower crustal
composition between Archean and Proterozoic terrains.
My results, in contrast to the global studies just mentioned, reveal substantial
variability in the lower crustal structure of Precambrian terrains. This variability is
reflected primarily in the thickness of the lower crustal layers with shear wave velocities
≥ 4.0 km/s. This variability is found both within terrains of the same age (i.e., Archean)
as well as in terrains of different ages (i.e., Archean versus Proterozoic). The recognition
that there is significant variability in the lower crustal structure between terrains of
similar age, at least within Africa, suggests that drawing inferences about the formation
and evolution of continental crust based on global averages of crustal velocity structure
is difficult to do. The results of this study indicate that the local geological history of
each terrain can lead to significant variability in the crustal structure, irrespective of the
age of a terrain, thus making the use of global averages less representative than
previously thought.
In Chapter 4, I investigate the crustal structure beneath the Lake Albert Rift,
Lake Edward Rift and the northern Malawi Rift using data from 3 stations. Receiver
function results from stations KYLA, BUTI and KATE were not used in Chapters 2 and
3 because the Ps conversions from the sediment-bedrock may mask the Ps conversion
from the Moho. In an attempt to extract information on crustal structure from these
stations, in Chapter 4 I use a forward modeling procedure to compute synthetic receiver
functions based on the matrix formalization by Kennett [1983] and use them in a grid
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search procedure to find models that yield a good fit to the data. I find that the Moho Ps
cannot be easily identified because the arrivals in the first 5 -6 second are dominated by
the Ps conversion from the sediment-bedrock interface and its reverberations. Therefore
Moho depth cannot be estimated. However, the results from the forward modeling
procedure do yield constraints on the sediment thickness beneath each station.
Chapters 2, 3 and 4 have been written in stand-alone journal format for
submission for publication. Therefore, similar sections on the geology of the study area,
data, and receiver functions computation have been included in all three chapters.
Supplemental material is provided in the appendices. Appendices A1 and A2 contain
lists of teleseismic events used in the computation of receiver functions for Chapters 2, 3
and 4. Appendix B1 contains plots of radial and tangential receiver functions plotted
against ray parameter for stations where I obtained results using the H-k stacking
method. Appendix B2 includes results obtained by the H-k stacking method for each
station in Chapter 2. Appendix C contains results for all stations using the joint
inversion method used in Chapter 3.
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Figure 1-1:

Map of study area showing the Cenozoic East Africa Rifts System, the
Archean Tanzania Craton, and surrounding Proterozoic mobile belts, and
the location of seismic stations in Uganda and western Tanzania
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CHAPTER 2
PRECAMBRIAN CRUSTAL STRUCTURE OF EAST AFRICA.
2.1

INTRODUCTION
In this chapter, I investigate the crustal structure beneath 37 new seismic stations in

Uganda and Tanzania by modeling P-wave receiver functions using the H-k method to
obtain estimates of Poisson’s ratio and Moho depth. I then combine my results with
previous results obtained from Last et al., [1997], Dugda et al., [2005] and Prodehl et al.,
[1997] for other areas of East Africa to obtain new insights about the bulk composition
and thicknesses of the crust for Precambrian terrains throughout East Africa.
Advancing our understanding of the crustal Poisson’s ratio and Moho depths in
East Africa is important because this information provides fundamental constraints on
the formation and evolution of the continental crust, most of which formed in the
Precambrian. In comparison to many other continents, little is known about the crustal
structure in Africa, and in East Africa, as in many other parts of Africa, most of the
crust formed during the Precambrian. Previous studies of the crustal structure in East
Africa have provided estimates of Moho depths and Poisson’s ratio for a few of the
Precambrian terrains [e.g., Last et al., 1997, Dugda et al., 2005, and Julia et al., 2005].
However, prior to this study, there has been no comprehensive study of Precambrian
crustal structure over the entire region.
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2.2

BACKGROUND

2.2.1

Geological setting
The Archean Tanzania Craton forms the nucleus of the Precambrian framework

of eastern Africa and is surrounded by several Proterozoic mobile belts [Cahen et al.,
1984] (Figure 2-1). To the east of the Craton is the Neoproterozoic Mozambique Belt,
to the southeast and southwest are the Paleoproterozoic Usagaran and Ubendian Belts,
respectively, and to the northwest and north of the Craton are the Mesoproterozoic
Kibaran and Rwenzori Belts, respectively.
The Archean Tanzania Craton covers an area over 350,000 km2 and has a mean
elevation of about 1260 m. The northern part of the Tanzania Craton, referred to as the
Nyanzian terrain, is comprised of greenstone belts and granites. The Dodoman terrain,
located in the southern part of the Craton, consists of granodiorites, granitic gneisses,
migmatites, and other associated high-grade metamorphic rocks [Cahen et al., 1984,
Schulter 1997, Manya and Maboko 2002].
The Rwenzori Belt is an approximate E-W trending belt, also referred to as the
Buganda-Toro-Kibaran Belt, consisting of metasedimentary rocks of passive-margin
affinity and tholeites, folded and cut by 1850 Myr granitoids, all thrust onto the
northern margin of the Tanzania Craton [ Begg et al., 2009 ]. The Kibaran Belt forms a
linear NE-SW oriented terrain of amphibolite grade rocks formed during the Kibaran
orogeny which affected large areas of central, eastern and southern Africa [Klerkx et al.,
1987].
The Ubendian Belt consists of granulite and amphibolites facies gneisses and
metasedientary rocks which formed during two orogenic episodes, the first between
2100 and 2000 Myr and the second around 1860 Myr, which also involved the
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emplacement of numerous granitoids and exhumation of granulites and eclogites [Cahen
et al., 1984; Lenoir et al., 1994; Schulter, 1997]. The Usagaran Belt consists mainly of
granitoids and orthogneisses that were partially derived from reworking and recycling
of the Tanzania Craton [Cahen et al., 1984; Schluter, 1997; de Waele et al., 2008].
The Mozambique Belt is the longest terrain, extending along the East African
coast from Mozambique in the south to Egypt and Arabia in the north [Schulter 1997].
This belt is believed to represent a Himalayan-type continental collision zone formed by
multiple collisional events dated between 1200 Myr and 450 Myr [ Cahen et al., 1984
and Shackleton, 1896] . The northern part of the Mozambique Belt consists of juvenile
terrains and blocks of reworked Archean to Mesoproterozoic continental crust, while
the southern part (i.e., basement of southern Tanzania and northern Mozambique)
consists of Paleoproterozoic to Neoproterozoic gneisses metamorphosed during the
Pan-African Orogeny [Begg et al., 2009].
Superimposed on the Precambrian tectonic framework is the Cenozoic East
African Rift System (EARS). The EARS is a classic example of a continental rift,
exhibiting characteristic patterns of rifting, volcanism, and plateau uplift. The location
of the rift is strongly controlled by Precambrian tectonics, with both the eastern and
western branches following the margins of the Archean Tanzania Craton [Ebinger,
1989; Hetzel and Strecker, 1994; Huerta at al., 2009; Tesha et al., 1997; Nyblade and Brazier,
2002] (Figure 1). The eastern arm of the EARS starts from the Afar triple junction,
continues southwards through Ethiopia and Kenya, and terminates in northern
Tanzania in a wide zone of block faulting. The western arm of the EARS extends from
northern Uganda to Mozambique, running along the borders of Uganda, the
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Democratic Republic of Congo (DRC), Rwanda, Burundi, Tanzania, Malawi and
Zambia. The western arm includes several large lakes.
2.2.2

Previous studies of crustal structure
Using data collected by the Tanzania Broadband Seismic Experiment (TBSE)

[Nyblade et al., 1996], the crustal structure of the Tanzania Craton, Ubendian Belt and
Mozambique Belt was investigated using receiver functions and Rayleigh wave phase
velocities by Last et al., [1997]. They reported crustal thicknesses of 37-42 km for
Tanzania Craton, 36-39 km for the Mozambique Belt, and 35-44 km for the Ubendian
Belt. These results suggested that crustal thickness does not vary greatly across the
East African Plateau and that the Mozambique Belt has not been thinned significantly
by rifting in northern Tanzania. Studies by Dugda et al., [2005] and Julia et al., [2005],
also using data from the TBSE, obtained similar results.
The Kenya Rift International Seismic Project (KRISP) investigated crustal structure
within and surrounding the Kenya Rift using seismic refraction profiling [Prodehl et al.,
1997 and references therein]. Their results revealed that the crustal thickness varies from
about 35 km in the southern part of the Kenya Rift to about 20 km in the north beneath
the Turkana Basin. Away from the Kenya Rift, KRISP results revealed 40-42 km thick
crust in the Mozambique Belt, consistent with results of Dugda et al., [2005, 2009].
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Figure 2-1:

Map showing elevation, the tectonic framework of East Africa, and the
locations of temporary and permanent broadband seismic stations: The
squares and diamonds give locations of AfricaArray East Africa
broadband seismic experiment (AAEASE) phase I and II stations,
respectively. Triangles and hexagons give locations of stations from the
1994 Tanzania broadband seismic experiment (TBSE) and the 2002
Kenya broadband seismic experiment (KBSE), respectively. The circles
and inverted triangles represent the permanent AfricaArray (AF) and
GSN stations, respectively.
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2.3

DATA AND METHODOLOGY

2.3.1

Data
The data used for this study were recorded between August 2007 and June 2010

by the AfricaArray East African Broadband Seismic Experiment (AAEASE), which
consisted of portable broadband seismometers installed in Uganda and southern and
western Tanzania (Figure 1). Each station was equipped with a broadband seismometer
(Guralp CMG-3T, Guralp ESP, or Streckeisen STS-2), a 24-bit Reftek data logger and
a GPS (Global Positioning System) clock. Data were recorded continuously at 40
samples per second. During the first phase of the deployment, twenty stations were
installed in August 2007 in Uganda and northwestern Tanzania and operated until 2008
December (Figure 2-1). In the second phase of the deployment from January 2009 to
July 2010, eighteen of the stations were removed from Uganda and northwestern
Tanzania, and redeployed in southern Tanzania. Station spacing was between 100 to
150 km. Data recorded by the permanent AfricaArray and IRIS/GSN stations in the
region were also used (Figure 2-1).
2.3.2

Receiver Functions
The teleseismic P wave coda contains S waves generated by P-S conversions at

seismic discontinuities in the crust and upper mantle. Receiver functions are time-series
containing the P-S converted and multiple reverberated phases and are created by
deconvolving the vertical component waveforms from the horizontal component
waveforms to isolate the receiver site effects from other information contained in the
teleseismic P wave coda [Langston, 1979, Ligoria and Ammon 1999]. The deconvolution
effectively removes the signature of the source and instrument response from the
waveforms keeping only information on the structure local to the station.
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P wave receiver functions (PRF) were computed for each station using
teleseismic events with magnitudes equal to or greater than 5.5, and at epicentral
distances between 300 and 900 (Figure 2-2). We exclude events with epicentral distance
less than 30o because their propagation path may have interacted with the 410 km and
660 km discontinuities. Also, events with epicentral distances greater than 90o are
excluded because their propagation path may have interacted with the mantle-core
boundary. Events used in the computation of the receiver functions are listed in
Appendices A1 and A2.
For computing receiver functions, the waveforms were decimated to 10 samples
per second, windowed between 10s before and 100s after the leading P arrival, detrended, tapered and high pass filtered to remove the low frequency and instrument
noise. The horizontal seismograms were rotated to obtain the radial and transverse
seismograms. The vertical component was deconvolved from both radial and transverse
components using an iterative time domain deconvolution with 500 iterations [Ligoria
and Ammon 1999]. Using 500 iterations provides optimal results, therefore additional
iterations do not provide any improvement. The advantage of time domain
deconvolution is that it has high stability with noisy data compared to frequency
domain methods.
The receiver functions were evaluated for quality using a least squares misfit
criterion to assess the percentage of recovery of the original radial component. This
misfit criterion provides a measure of closeness of the receiver function to the ideal case,
and it is calculated by using the difference between the radial component seismogram
and the convolution of the vertical component seismogram with the already determined
radial receiver functions. PRF’s with a fit of 85% and above were considered for further
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processing. In addition, events with large amplitude tangential receiver functions were
not used, even if they passed the 85% threshold.
For each teleseimic event, receiver functions were computed at two over lapping
frequency bands, a low frequency of f < 0.5 Hz, and high frequency of f < 1.25,
corresponding to Gaussian bandwidths of 1.0 and 2.5, respectively. The lower frequency
bandwidth provides better constraints on longer wavelength features in the subsurface,
while the higher frequency bandwidth provides better constraints on shorter
wavelength features [Owens and Zandt, 1985; Julia et al., 2007]. The quality of the
receiver functions for one station is illustrated in Figure 2-3. Similar plots for all
stations are provided in Appendix B1.
2.3.3

H- k method
Modeling of receiver functions is an effective way to obtain the S-velocity

structure of the crust and upper mantle [Zandt and Ammon 1995; Zhu and Kanamori,
2000]. The H-k stacking technique (H = Moho depth and k = Vp/Vs ratio) developed
by Zhu and Kanamori [2000] is commonly used to estimate the thickness and Poisson’s
ratio of the crust. The H-k technique transforms the time domain representation of the
receiver functions into a function of Moho depth and the crustal Vp/Vs ratio. The
objective function for stacking is expressed as follows;

Where the

are a priori weights such that

functions, ranging from

,

,

are receiver

to the total number of waveforms , and with amplitude
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values at predicted arrival times (

for the Ps, PpPms, and PsPms + PsPms phases.

The arrival times for these phase are given by;

where

is thickness and

is the vertical slowness. The objective function [equation

(1)] attains its maximum when the value of H and k are optimal.
By using the above-mentioned equations it is assumed that the Moho is a planar,
horizontal interface [Zandt et al., 1995]. Thus, dipping interfaces will show variations in
the Poisson’s ratio estimates. Multiples traveling up-dip will travel longer distances
through the crust and will have longer relative travel times with respect to those
generated from a horizontal interface. Likewise, multiples travelling down-dip will have
shorter relative travel times [Julia and Mejia, 2004].
In the application of the H-k method, appropriate values for the crustal P wave
velocity (Vp) and weights

= 1, 2, 3 need to be selected. In this study, we used a

Vp of 6.5 km/s, appropriate for continental crust, and weighing factors of 0.6, 0.3 and
0.1 for

and

, respectively, for most of the stations. Values for the weights were

re-adjusted where phases were not clearly observed (See Appendix B2). To estimate
uncertainties in H and k, a bootstrap algorithm by Efron and Tibshrina [1991] was used
with the H-k stacking to obtain statistical error bounds. The contribution of each
individual receiver function to the determination of H-k is based on the least square
misfit value of the receiver function. Once the Vp and weights are selected, the H-k
stacking with bootstrapping is performed 200 times. The formal uncertainties obtained
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from the bootstrapping and given in Table 2-1 are probably not realistic. When
uncertainties in the mean crustal Vp used in the stacking are taken into consideration
[e.g., Dugda 2005] then the uncertainties in the Moho depth are around 2 km.
Receiver functions computed with a Gaussian filter of 1.0 were used for all
stations except SAKA, MLBA, BIHA, NJOM, MGOR, DODT and KGMA, where a
Gaussian filter 2.5 was used. An example for one station is shown in Figure 2-4 and the
results for the other stations are given in Appendix B2.
2.3.4

Special cases.
For stations SUMB, MIKU, FOPO, CHIM and JNJA crustal reverberations

could not be easily identified and therefore we did not apply the H-k stacking method.
For these stations, we estimated Moho depth using a Poisson’s ratio value of 0.25,
which is an average value for most of the Precambrian terrains in East Africa, the Ps
arrival time from the Moho and equation (2) from Zandt et al., [1995].
In addition, for stations BUTI, KATE and KYLA, which were installed on rift
sediments, the receiver functions are noisy and it is not easy to identify any phases.
Therefore results for these stations are not reported.
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Figure 2-2

The distribution of earthquakes used in this study. Black circles and
white circles represent earthquake locations used for the computation of
receiver functions for phase I and phase II AAEASE stations,
respectively, plotted using an equal distance projection. The large circles
are plotted at distances of 30, 90, and 150 degrees from the center of the
seismic network.
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Figure 2-3

A plot of radial receiver functions against ray parameter for station
BEND station computed using a Gaussian filter of 1.0. The vertical lines
shows the theoretical move-out curves calculated for each phase (Ps,
PpPs, PsPs + PpSs) for a 40 km thick crust.
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Figure 2-4

H-k stack of receiver functions for station BEND. To the left of each
receiver function the top number gives the event azimuth and the bottom
number gives the event distance in degrees. Contours map out
percentage values of the objective function given in the text.
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2.4

RESULTS
Results from this study, together with the results from studies by Last et al., [1997]

and Dugda et al., [2005] are presented in Table 2-1. For the Rwenzori Belt (stations
BEND, ROTI, MALE, PIGI, and SAKA), crustal thickness varies between 34 to 40 km
with an average of 37 km, and Poisson’s ratio varies between 0.24 and 0.27, with an
average of 0.25.
For the Kibaran Belt (stations BKBA, MLBA, BIHA, KIBO, MKRE, SULU,
MBAR and KBLE), the average crustal thickness and Poisson’s ratio is 39 km and 0.25,
respectively, but with larger variability than in most of other terrains. For example, a
significantly thinner crust is found beneath station MBAR (33 km) and a higher
Poisson’s ratio (0.28). The thickest crust within this terrain (44 km) is found at station
MLBA.
In the Ubendian Belt (stations UVZA, MBEY, NAMA, LAEL, LOSS and
TUND), the thickest crust anywhere within East Africa is found at stations LOSS (49
km), NAMA (48 km) and LAEL (47 km). On average, the crustal thickness is 42 km
and Poisson’s ratio is 0.27. Our results for station MBEY, within the reported
uncertainties, are consistent with those reported at nearby station PAND by Last et al.,
[1997]. For TUND station, Last et al., [1997] did not report any results and therefore
we only show values obtained in this study for this station (Table 1).
Stations IRIN, MAFI, MAKA, NJOM, WINO, SONG, MGOR and MIKU are
located in the Usagaran belt. The crustal thickness in this terrain varies from 32 to 39
km and Poisson’s ratios range from 0.24 to 0.28. The average crustal thickness is 37 km
and Poisson’s ratio is 0.26.
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For the Nyanzian terrain within the Tanzania Craton, we report new results
from stations HAMA, GEIT and JNJA and combine them with results from stations
BASO and PUGE [Last et al., 1997]. Crustal thickness ranges from 37 km to 44 km and
Poisson’s ratio ranges from 0.24 to 0.28, with average values of the crustal thickness
and Poisson’s ratio of 39 km and 0.26, respectively. For the Dodoman terrain, we
combine results for station DODT (this study) with results for stations MBWE, MITU,
MTAN, MTOR, RUNG, SING and URAM [Last et al., 1997]. Crustal thickness ranges
from 37 to 41 km and Poisson’s ratio ranges from 0.25 to 0.26, with average values of
crustal thickness and Poisson’s ratios of 39 km and 0.26, respectively.
In the Mozambique Belt, we combine results from station MAUS with results from
Last et al., [1997] and Dugda et al., [2007] for stations HALE, KIBA, KIBE, KOMO,
KOND, LONG, TARA, ANGA, KAKA, KITU, KMBO, KR42 and TALE. Crustal
thickness varies between 36 and 41 km, with a mean Moho depth of 38 km. Poisson’s
ratio ranges from 0.24 to 0.27, with a mean value of 0.25.
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Table 2-1 Results from H-k stacking of receiver functions
Tectonic

Station

Network

Lat

Long

Altitude

H

region

name

Code

(deg)

(deg)

(m)

Rwenzori

BEND

AAEASE

0.588

31.392

1351

Belt

MALE

AAEASE

1.070

34.167

1127

ROTI

AAEASE

1.626

33.600

1108

SAKA

AAEASE

-0.315

31.730

1263

PIGI

AAEASE

0.231

32.319

1252

(km)
34.5 +/0.6
38.0 +/0.5
40.2 +/1.3
37.0 +/1.6
36.7 +/0.7
37
42.4 +/0.9
44.4 +/1.3
39.2 +/0.6
39.1 +/0.6
39.4 +/0.3
36.7 +/0.7
33.4 +/0.8
37.0 +/1.2
39
39.0 +/0.9
42
40.9 +/1.3
47.5 +/2.1
46.7 +/1.1
49.2 +/2.0
43.8 +/1.9
40 +/3.6
35

Average
Kibaran

BKBA

AAEASE

-1.364

31.812

1274

Belt

MLBA

AAEASE

-1.838

31.670

1237

BIHA

AAEASE

-2.638

31.316

1459

KIBO

AAEASE

-3.583

30.713

1485

MKRE

AAEASE

-4.282

30.424

1175

SULU

AAEASE

-4.573

30.087

1359

MBAR

GSN

-0.602

30.738

1390

KBLE

AAEASE

-1.254

29.992

1879

Average
Ubendian

UVZA

AAEASE

-5.104

30.393

992

Belt

INZA

TBSE

-5.117

30.399

975

PNDA

AAEASE

-6.352

31.061

1071

NAMA

AAEASE

-7.510

31.041

1559

LAEL

AAEASE

-8.566

32.059

1596

LOSS

AAEASE

-8.417

33.158

1195

TUND

AAEASE

-9.295

32.771

1697

MBEY

AF

-9.000

33.250

1331

PAND

TBSE

-8.983

33.242

1248

GOMA

TBSE

-4.839

29.693

880

KGMA

AAEASE

-4.878

29.633

821

SUMB

AAEASE

-7.953

31.620

1837

Average
Usagaran

IRIN

AAEASE

-7.762

35.686

1561

Belt

MAFI

AAEASE

-8.306

35.313

1866

MAKA

AAEASE

-8.847

34.830

1685

NJOM

AAEASE

-9.367

34.791

1949

WINO

AAEASE

-9.757

35.300

1511

SONG

AAEASE

-10.670

35.651

1119

MGOR

AAEASE

-6.828

37.670

501

44
40 +/1.7
44.6
42
39.4 +/1.4
38.8 +/1.4
39.1 +/2.3
32.3 +/1.3
39.6 +/2.5
37.0 +/1.8
36.1 +/2.4

k

1.73 +/- 0.02
1.70 +/- 0.02
1.76 +/- 0.04
1.73 +/- 0.06
1.77 +/- 0.03
1.74
1.70 +/- 0.02
1.70 +/- 0.03
1.70 +/- 0.02
1.72 +/- 0.03
1.75 +/- 0.01
1.84 +/- 0.02
1.82 +/- 0.02
1.75 +/- 0.03
1.75
1.80 +/- 0.04
-1.82 +/- 0.05
1.70 +/- 0.05
1.72 +/- 0.03
1.79 +/- 0.03
1.77 +/- 0.05
1.69 +/- 0.07
1.72
1.74
1.81+/-0.17
-1.76
1.74 +/- 0.04
1.74 +/- 0.04
1.80 +/- 0.07
1.73 +/- 0.05
1.82 +/- 0.09
1.71 +/- 0.04
1.76 +/- 0.09

Poisson's
ratio
0.25 +/0.01
0.24 +/0.01
0.26 +/0.02
0.25 +/0.02
0.27 +/0.01
0.25
0.24 +/0.01
0.24 +/0.01
0.24 +/0.01
0.24 +/0.01
0.26
0.29 +/0.01
0.28 +/0.01
0.26 +/0.01
0.25
0.28 +/0.02
-0.28 +/0.02
0.24 +/0.02
0.24 +/0.01
0.27 +/0.01
0.27 +/0.02
0.23 +/0.03
0.24
0.25
0.28 +/0.06
-0.26
0.25 +/0.02
0.25 +/0.02
0.28 +/0.03
0.25 +/0.02
0.28 +/0.03
0.24 +/0.02
0.26 +/0.03

Method

Source

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

C

2

A

1

A

1

A

1

A

1

A

1

A

1

B

2

B

2

A

1

C

1

A

1

A

1

A

1

A

1

A

1

A

1

A

1

24
MIKU

AAEASE

-7.400

36.990

518

37.2

--

--

C

1

CHIM

AAEASE

-8.826

34.028

1100

38.1

--

--

C

1

1.76

A

1

A

1

--

0.26
0.28 +/0.02
0.25 +/0.03
--

B

2

Average
Tanzania
Craton
(Nyanzian)

HAMA

AAEASE

-3.832

32.642

1227

GEIT

AAEASE

-2.881

32.217

1281

BASO

TBSE

-4.324

35.138

1694

37
37.0 +/1.3
36.6 +/2.1
41 +/- 4

PUGE

TBSE

-4.175

33.184

1350

37 +/- 4

1.76

0.26

B

2

JNJA

AAEASE

0.446

33.182

1133

44.4

--

--

C

1

1.77
1.71 +/- 0.02

A

1

Average
Tanzania
Craton
(Dodoman)

1.82 +/- 0.06
1.73 +/- 0.07

DODT

AF

-7.762

35.748

1114

MBWE

TBSE

-4.961

34.346

1100

39
40.9 +/0.5
37 +/- 4

1.74

0.26
0.24 +/0.01
0.25

B

2

MITU

TBSE

-6.019

33.406

1566

38 +/- 4

1.76

0.26

B

2

MTAN

TBSE

-7.907

33.320

1393

37 +/- 4

1.76

0.26

B

2

MTOR

TBSE

-5.251

35.401

1100

38 +/- 4

1.71

0.24

B

2

RUNG

TBSE

-6.937

33.518

1230

42 +/- 4

1.76

0.26

B

2

SING

TBSE

-4.640

34.732

1462

37 +/- 4

1.76

0.26

B

2

1.74
1.70 +/- 0.02

A

1

1.78

0.26
0.24 +/0.01
0.27

B

2

Mozambique

Average
MAUS

AAEASE

-2.741

36.704

1334

Belt

LONG

TBSE

-2.725

36.698

1380

39
39.1 +/1.0
37 +/- 4

HALE

TBSE

-5.302

38.617

230

39 +/- 4

--

--

C

2

KIBA

TBSE

-5.322

36.570

1500

36 +/- 4

--

--

C

2

KIBE

TBSE

-5.378

37.476

997

37 +/- 4

1.74

0.25

B

2

KOMO

TBSE

-3.842

36.719

1114

36 +/- 4

1.72

0.24

B

2

KOND

TBSE

-4.904

35.797

1419

37 +/- 4

1.78

0.27

B

2

TARA

TBSE

-3.889

36.006

1268

1.74

2

KBSE

-2.500

36.800

1000

A

3

KAKA

KBSE

0.559

34.796

1477

A

3

KITU

KBSE

-1.373

38.002

1129

A

3

KMBO

GSN

-1.127

37.352

1940

A

3

KR42

KBSE

0.038

35.726

2157

A

3

NAI

GSN

-1.127

36.804

1692

A

3

TALE

KBSE

0.979

34.976

1821

0.25
0.24 +/0.03
0.24 +/0.03
0.25 +/0.03
0.26 +/0.02
0.26 +/0.06
0.26 +/0.02
0.27 +/0.02
0.25

B

ANGA

37 +/- 4
39 +/3.0
37 +/2.0
40 +/3.9
41 +/2.6
38 +/4.8
42 +/2.3
38 +/3.2
38

A

3

C

1

Average
Western

FOPO

AAEASE

0.663

30.282

1535

1.70 +/- 0.07
1.67 +/- 0.07
1.73 +/- 0.07
1.74 +/- 0.05
1.81 +/- 0.16
1.75 +/- 0.04
1.76 +/- 0.04
1.74

35

Branch
Source

Methods

1 = This study

A = H-k stack

2= Last et al., [1997]

B = slant stack

3= Dugda et al., [2005]

C = Ps travel time
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2.5

DISCUSSION
A summary of Moho depths and Poisson’s ratio for Precambrian terrains in East

Africa is given in Table 2-2 and Figure 2-5. Results from this study are consistent with
previous results from Last et al., [1997], Julia et al., [2005], Dugda et al., [2005, 2009]
and KRISP [Prodehl et al., 1997 and references therein], who previously reported Moho
depths and Poisson’s ratios for several Precambrian terrains.
Our results for the Nyanzian and Dodoman terrains within the Tanzania Craton are
similar to previous results obtained from Last et al., [1997] , who reported Moho depths
of 37 to 42 km and Poisson’s ratio of 0.25 – 0.28. Results in the Mozambique Belt in
Table 2 were mainly from previous studies. A new result for station MAUS (crustal
thickness and Poisson’s ration of 39km and 0.24, respectively) is similar to those from
previous studies e.g., Last et al., [1997]; Dugda et al., [2005].
The main finding of this study is that the crustal structure is similar across all
terrains, which span more than 4.0 Ga of earth history. There is no discernable
difference in the crustal thicknesses and Poisson’s ratios between the Archean and
Proterozoic terrains. The average crustal thickness for all but one of the terrains is
between 37 and 39 km. The exception is in the Ubendian terrain, which has an average
crustal thickness 42 km. In all terrains, the average Poisson’s ratio is similar, ranging
from 0.25 to 0.26. This is in contrast to other areas in Africa, as well as within other
continents, where the Precambrian crustal structure on a regional basis exhibits larger
variability [ i.e., Nair et al., 2006 and Kgaswane et al., 2009 for southern Africa; Tokam et
al., 2010 for west Africa; Chevron and Hilst, 2000 for Australia; Chen et al., 2010 for
China].
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Using Poisson’s ratio as a proxy for bulk crustal composition, the average Poisson’s
ratio of 0.25 to 0.26 indicates a felsic to intermediate composition for the crust. For
example, granitic rocks have a Poisson’s ratio of 0.24, while intermediate composition
rocks (e.g., diorite) have values around 0.27, and mafic rocks (e.g., Gabbro) about 0.30
[Christensen 1996; Tarkov and Vavakin, 1982]. In continental settings a Poisson’s ratio
above 0.30 generally indicates the presence of partial melt [Owens and Zandt, 1997].
Although there is much similarity in the crustal structure between terrains, there
are a few stations where the crustal thickness departs from the 37-39 km average.
Thinner crust is observed beneath stations BEND (35 km) and MBAR (34 km). Studies
by Dugda et al., [2005] and Wolbern et al., [2010] obtained Moho depths of 33 and 30
km, respectively, for station MBAR, consistent with our results for this station. As
noted by Dugda et al., [2005], there are no obvious tectonic explanations for the thinner
crust at station MBAR, nor is there an obvious explanation for the thinner crust at
station BEND.
Thicker than average crust is observed beneath stations NAMA, LAEL, LOSS and
SUMB, which are all located within the Ubendian Belt. We suggest that the thickened
crust beneath these stations resulted from the collision of Tanzania Craton with the
Bangweulu Block during the Ubendian Orogeny [ Lenoir et al., 1994, Begg et al., 2009].
Poisson’s ratios of 0.28 or 0.29 are reported for stations SULU, MBAR, UVZA,
PNDA, NJOM, WINO and HAMA (Table 1). However, when the uncertainties in these
estimates are considered, they are not necessarily anomalous with respect to the average
Poisson’s ratio of 0.25 to 0.26 (Table 1) for the region.
In comparison to a global investigation of crustal structure by Durrheim and Mooney
[1991, 1994], who compiled Moho depth estimates from 18 studies using a variety of
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seismic methods, we find somewhat different results. Durrheim and Mooney [1991, 1994]
concluded that average Proterozoic crustal thickness ranges from 40-55 km, while
Archean crustal thickness ranges from 27-40 km. We do not find such differences in the
crustal thickness between the Archean and Proterozoic terrains in East Africa. In
comparison, Rudnick and Fountain [1995], using results from 29 seismic refraction
investigations, found no significant difference between the thickness of Archean and
Proterozoic crust. Our results concur with the findings of Rudnick and Fountain [1995].
However, the mean crustal thickness of the Precambrian terrain in East Africa (37-39
km) is slightly less than the mean crustal thickness of 43 and 44 km reported by Rudnick
and Fountain [1995] for Archean and Proterozoic terrains.
In the study by Zandt and Ammon [1995] using receiver functions from 114 stations
distributed across the globe, they found the crustal thickness of shields and platforms to
be between ~37 and 42 km and Poisson’s ratios for the bulk crust to be 0.27. Our results
are consistent with findings of Zandt and Ammon [1995].
Lastly, we use Airy isostacy to examine whether variations in crustal thicknesses
have an influence on uplift in the study area. Assuming a crustal underplating layer (h1)
beneath the uplifted region with elevation (h2), and taking

and

as densities of

the underplating layer and uppermost mantle layer, then h1 and h2 are expressed using
the Airy relation as shown in the equation (5):

Figure 2-6 shows a plot of elevation against Moho depth for all the stations in
Table 1. While there is ≥ 10 km variation in crustal thickness, there is no obvious trend
between elevation and Moho depth. If we take h2,

and

as 1 km, 3000 kg/m3 and
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3300kg/m3, respectively, and use equation 5 to compute h1, then for an uplift of 1km
about 10 km of crustal thickening is required. The lack of correlation between Moho
depth and elevation in Figure 6 indicates that variations in crustal thickness are not a
first-order influence on elevation in East Africa.
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Table 2-2. Comparison of crustal models obtained in this study with global averages
Source

Country

Region

Moho Depth (km)

Poisson’s Ratio

This Paper

Uganda

Rwenzori Belt

35 - 40

0.25 - 0.27

UgandaTanzania
Tanzania

Kibaran Belt

33 - 44

0.24 - 0.29

Ubendian Belt

34 - 49

0.25 - 0.28

Usagaran Belt

36 - 39

0.25 - 0.28

Mozambique Belt

36- 42

0.24 – 0.28

Tanzania Craton
(Nyanzian)

37 - 41

0.25 -0.28

Tanzania Craton
(Dodoman)

37 - 42

0.24 – 0.26

Dugda et al., (2005)

Kenya

Mozambique Belt

37 – 42

Christensen and Mooney
(1995)
Rudnick and Fountain
(1995)
Zandt and Ammon (1995)

Global

Precambrian

41.5±5.8 (s.d.)

Global

43.0±6.3(s.d.)
43.6±4.6(s.d.)

Durrheim and Mooney
(1994)

Global

Archean
Proterozoic
Shields
Platforms
Archean
Proterozoic

Global

Kenya Rift

0.29
0.24 – 0.28

0.29±0.02(s.d.)
0.27±0.03(s.d.)
27 – 40
40 – 55

30

Figure 2-5

Map of the study region showing major geological features, Moho
depths, and Poisson’s ratios (the first and the second numbers next to
each station name) obtained from this study, Last et al., [1997] and Dugda
et al., [2005]. Geological features are the same in Figure 1.
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Figure 2-6

A plot of Moho depth versus elevation for all stations.
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2.6

SUMMARY AND CONCLUSION
Modeling of P-wave teleseismic receiver functions using the H-k stacking

method has been used to investigate crustal Poisson’s ratio and Moho depth for
Precambrian terrains of East Africa. The average crustal thickness for all but one of the
terrains is between 37 and 39 km. An exception is the Ubendian terrain, which has an
average crustal thickness 42 km. In all terrains, the average Poisson’s ratio is similar,
ranging from 0.25 to 0.26. The main finding of this study is that crustal structure is
similar across all terrains, which span more than 4.0 Ga of earth history. There is no
discernable difference in the crustal thicknesses and Poisson’s ratios between the
Archean and Proterozoic terrains, or between the Proterozoic terrains.
We have compared the crustal structure of East Africa with other regions
elsewhere in Africa and on other continents, where Archean and Proterozoic crust has
been well imaged. The Precambrian crustal structure in East Africa does not exhibit
the same degree of variability found elsewhere. Two models for the Precambrain
crustal structure globally have been reported, the first model by Durrheim and Mooney
[1991,1994] suggesting that crustal thicknesses beneath Archean and Proterozoic
terrains differs significantly and second model by Rudnick and Fountain [1995]
suggesting similarity in the crustal structure between Archean and Proterozoic terrains.
Our results are in agreement with the later model suggesting that there has been little
change in the process that form and modify the continental crust over most of earth’s
geological history. The lack of correlation between in Moho depth and elevations
indicates that variations in crustal thickness are not a first-order influence in elevation
in East Africa.
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CHAPTER 3
SHEAR WAVE VELOCITY STRUCTURE OF PRECAMBRIAN CRUST IN
EAST AFRICA WITH COMPARISON TO SOUTHERN AND WESTERN
AFRICA
3.1

INTRODUCTION
In this chapter, I investigate the shear wave velocity structure of the crust and

uppermost mantle beneath the Precambrian terrains in East Africa by jointly inverting
receiver functions and Rayleigh wave phase and group velocities to obtain new insights
about the nature and variability of Precambrian crust within East Africa, and between
East Africa and southern and western Africa. My results reveal substantial variability in
lower crustal structure both within terrains of the same age (i.e., Archean) and between
terrains of different ages (i.e., Archean versus Proterozoic).
On a global scale, many studies [e.g., Holbrook et al., 1992; Christensen and Mooney,
1995; Rudinck and Fountain, 1995; Rudnick and Gao, 2003] have examined the velocity
structure of Precambrian crust and used it to place constraints on the generation and
evolution of continental crust. A major difference between some of these studies is the
velocity structure of the lower crust, as well as the depth of the Moho. Results from this
study shed new light on the variability, or the lack thereof, in crustal structure within
Precambrian terrains in Africa.
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3.2

BACKGROUND

3.2.1

Precambrian tectonic framework of East Africa
The Archean Tanzania Craton lies at the centre of Precambrian framework of

eastern Africa and is surrounded by several Proterozoic mobile belts [Cahen et al., 1984]
(Figure 3-1). To the northwest and north of the Craton are the Mesoproterozoic
Kibaran and Rwenzori Belts, respectively, and to the southeast and southwest are the
Paleoproterozoic Usagaran and Ubendian Belts, respectively, and to the east of the
Craton is the Neoproterozoic Mozambique Belt.
The Archean Tanzania Craton covers an area over 350,000 km2 and has a mean
elevation of about 1260 m. The Dodoman terrain, located in the southern part of the
Craton, consists of granodiorites, granitic gneisses, migmatites, and other associated
high-grade metamorphic rocks. The northern part of the Tanzania Craton, referred to
as the Nyanzian terrain, is comprised of greenstone belts and granites [Cahen et al.,
1984, Schulter 1997, Manya and Maboko 2002].
The Kibaran Belt forms a linear NE-SW oriented terrain of amphibolite grade
rocks formed during the Kibaran orogeny which affected large areas of central, eastern
and southern Africa [Klerkx et al., 1987]. The Rwenzori Belt is an approximate E-W
trending belt, also referred to as the Buganda-Toro-Kibaran Belt, consisting of
metasedimentary rocks of passive-margin affinity and tholeites, folded and cut by 1850
Myr granitoids, all thrust onto the northern margin of the Tanzania Craton [ Begg et
al., 2009 ].

39
The Usagaran Belt consists mainly of granitoids and orthogneisses that were
partially derived from reworking and recycling of the Tanzania Craton [Cahen et al.,
1984; Schluter, 1997; de Waele et al., 2008]. The Ubendian Belt consists of granulite and
amphibolites facies gneisses and metasedientary rocks which formed during two
orogenic episodes, the first between 2100 and 2000 Myr and the second around 1860
Myr, which also involved the emplacement of numerous granitoids and exhumation of
granulites and eclogites [Cahen et al., 1984; Lenoir et al., 1994; Schulter, 1997].
The Mozambique Belt extends along the East African coast from Mozambique
in the south to Egypt and Arabia in the north [Shulter, 1997]. This belt is believed to
represent a Himalayan-type continental collision zone formed by multiple collisional
events dated between 1200 Myr and 450 Myr [Cahen et al., 1984 and Shackleton, 1896].
The Mozambique Belt consists of juvenile terranes and blocks of Archean to
Mesoproterozoic continental crust in the Northern part, while the southern part (i.e.,
basement of southern Tanzania and northern Mozambique) consists of Paleoproterozoic
to Neoproterozoic gneisses metamorphosed during the Pan-African Orogeny [Begg et
al., 2009].
Superimposed on the Precambrian tectonic framework is the Cenozoic East
African Rift System (EARS). The EARS is a classic example of a continental rift,
exhibiting characteristic patterns of rifting, volcanism, and plateau uplift. The location
of the rift is strongly controlled by Precambrian tectonics, with both the eastern and
western branches following the margins of the Archean Tanzania Craton [Ebinger,
1989; Hetze and Strecker, 1994; Huerta at al., 2009; Tesha et al., 1997; Nyblade and Brazier,
2002] (Figure 3-1). The eastern arm of the EARS starts from the Afar triple junction,
continues southwards through Ethiopia and Kenya, and terminates in northern
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Tanzania in a wide zone of block faulting. The western arm of the EARS extends from
northern Uganda to Mozambique, running along the borders of Uganda, the
Democratic Republic of Congo (DRC), Rwanda, Burundi, Tanzania, Malawi and
Zambia. The western arm includes several large lakes.

3.2.2

Previous studies of the crustal structure of East Africa.
The crustal structure of the Tanzania Craton, Ubendian Belt and Mozambique

Belt was previously studied using data collected by the Tanzania Broadband Seismic
Experiment (TBSE) Nyblade et al., [1996]. Using receiver functions and Rayleigh wave
phase velocities Last et al., [1997] Dugda et al., [2005] and Julia et al., [2005] reported
crustal thicknesses of 37-42 km for the Tanzania Craton, 36-39 km for the Mozambique
Belt, and 35-44 km for the Ubendian Belt. These results suggested that crustal
thickness does not vary greatly across the East African Plateau and that the
Mozambique Belt has not been thinned significantly by rifting in northern Tanzania.
The Kenya Rift International Seismic Project (KRISP) investigated crustal structure
within and surrounding the Kenya Rift using seismic refraction profiling [Prodehl et al.,
1997 and references therein]. Their results revealed that the crustal thickness varies from
about 35 km in the southern part of the Kenya Rift to about 20 km in the north beneath
the Turkana Basin. Away from the Kenya Rift, KRISP results revealed 40-42 km thick
crust in the Mozambique Belt, consistent with results of Dugda et al., [2005, 2009].
Recent investigation of the crustal structure of Precambrian terrains of East Africa
using the H-k stacking method [Chapter 2] reveals that there is no discernable
difference in the crustal thicknesses and Poisson’s ratios between the Archean and
Proterozoic terrains. We report an average crustal thickness between 37 to 39 km for
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all but one of the terrains. The exception is the Ubendian terrain, which has a crustal
thickness of 42 km. In all terrains, the average Poisson’s ratio is similar, ranging from
0.25 to 0.26, indicating a bulk crustal composition that is felsic to intermediate.

3.2.3

Precambrian tectonic framework of southern Africa
At the core of the Precambrian framework of southern Africa is the Archean

Kaapvaal and Zimbabwe Cratons sutured together by the Archean and Paleoproterozoic
Limpopo Belt (Figure 3-2). To the west of the Zimbabwe Craton lies the
Paleoproterozoic Okwa-Magodi Belt. To the south and south west of the Kaapvaal
Craton lies the Mesoproterozoic Namaqua-Natal Belt and the Kheis Province [de Wit et
al., 1992] (Figure 2).
The Kaapvaal Craton is an Archean granite-greenstone terrain, covering an area
of 1.2 million square kilometers formed between 3.7 to 2.7 Ga [de Wit et al., 1992]. It
can be further divided into sub-terrains based on the age distribution of out cropping
rocks and major structural boundaries. The major sub-terrains include the Kimberly
(3.0-2.8 Ga), the Pietersburg (3.0-2.8 Ga), the Witwatersrand (3.6 -3.1 Ga), and
Swaziland terrains (3.6 -3.1 Ga), and the Bushveld complex (2.05 Ga). The Zimbabwe
Craton consists of granite-greenstone terrains that formed between 3.6 t0 2.5 Ga in
three stages of crustal formation [Dirks and Jelsma, 2002]. The Archean Limpopo Belt
consists of highly metamorphosed granite-greenstone and granulite terrains which
underwent a series of orogenic events between 2.0 and 3.0 Ga during the collision of the
Kaapvaal and Zimbabwe Cratons [McCourt and Armstrong, 1998; Kramers et al., 2006].
The Magondi Belt formed between 2.0 to 1.8 Ga and is dominated by the passive
margin shelf sediments of the Magondi supergroup thrust eastwards onto the
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Zimbabwe Craton during the Magondi Orogeny [McCourt et al., 2001]. In the Okwa
Belt, formed about 2.05 Ga, rocks correlate to the Magondi Belt suggesting a
continuous northeast trending orogenic belt.
The Namaqua-Natal Belt is comprised of igneous and supracrustal rocks
accreted against the Kaapvaal Craton during the Namaqua Orogeny (1.2 -1.0 Ga)
[Cornell et al., 2006]. The Kheis Province separates the Kaapvaal Craton from the
Namaqua-Natal Belt and is comprised of siliciclastic rocks of the Olifantshoek
supergroup (1.2 -1.0 Ga).

3.2.4

Precambrian crustal structure of southern Africa
Most of what is known about the crustal structure in southern Africa comes

from studies using Southern Africa Seismic Experiment (SASE) data to estimate Moho
depths and the crustal Vp/Vs ratios [e.g., Nguuri et al., 2001: James et al., 2003; Nair et
al., 2006]. Results from these studies reveal Moho depths beneath the Kaapvaal and
Zimbabwe Cratons of between 35-45 and 34 -37 km, respectively. The studies reported
Moho depths for the Kheis Province, Bushveld Complex, Limpopo and Okwa/Magondi
Belt of 40 km, 40-53 km, 37-55 km, 40-45 km, respectively. They also reported crustal
Vp/Vs ratio’s for the Zimbabwe Craton (eastern part), Kaapvaal Craton, Limpopo Belt
and Bushveld complex of 1.73, 1.74, 1.74 and 17.6, respectively, and a Vp/Vs ratio of
1.74 for all post Archean mobile belts.
Results from the study by Kgaswane et al., [2009], for the same study area, using
a joint inversion of receiver functions and group velocities, found similar crustal
thicknesses to the above mentioned studies, and in addition, average crustal velocities of

43
3.6-3.7 km/s in Kaapvaal Craton, 3.6 – 3.8 km/s in the Zimbabwe Craton and 3.7 km/s
in the other terrains.

2.3.5

Precambrian tectonic framework of central Africa
The Precambrian tectonic framework of Central Africa has been studied by

several investigators[ e.g., Hedberge 1968; Fairhead and Odereke 1987; Deruelle et al 1999
and Tchameni et al., 2001]. The only estimates of crustal structure comparable to those
presented in this study come from Cameroon. In Cameroon, the Precambrian terrains
include the Oubanguides Belt and the Congo Craton (Figure 2). The Congo Craton
occupies a large part of Central Africa, and its northern edge in southern Cameroon is
referred to as the Ntem Complex. The Ntem complex is composed of Archean rocks
preserved in greenstone belts and characterized by the intrusion of mafic doleritic dykes
associated with a tectonothermal event ca. 1.8 Ga [Tchameni et al., 2001]. North of the
Congo Craton lies the Pan African Oubanguides Belt, which includes several mylonitic
shear zones.

3.2.6

Precambrian crustal structure in Cameroon.
Estimates of crustal structure for the Precambrian terrains in Cameroon come

from Tokam et al., [2010] who investigated crustal structure using the same method as
in this study. They found thick crust (43 – 48 km) with an average crustal Vs of 3.9
km/s beneath the Ntem complex, and crustal thicknesses of 35-39 km for the
Oubanguides Belt, with an average crustal Vs of 3.8 km/s.
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Figure 3-1

Map showing elevation, the tectonic framework of East Africa, and the
locations of temporary and permanent broadband seismic stations. The
squares and diamonds give locations of AfricaArray East Africa
broadband seismic experiment (AAEASE) phase I and II stations,
respectively. Triangles and hexagons give locations of stations from the
1994 Tanzania broadband seismic experiment (TBSE) and the 2002
Kenya broadband seismic experiment (KBSE), respectively. The circles
and inverted triangles represent the permanent AfricaArray (AF) and
GSN stations, respectively.
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Figure 3-2

Map showing topography and major Precambrian terrains in Cameroon,
east Africa and southern Africa. Terrain boundaries for east Africa and
southern Africa were adapted from the studies by Last et al., [1997] and
Kgaswane et al, [2009], respectively.

46
3.3

DATA AND METHODOLOGY

3.3.1

Data
The data used for this study were recorded between August 2007 and June 2010

by the AfricaArray East African Broadband Seismic Experiment (AAEASE), which
consisted of portable broadband seismometers installed in Uganda and southern and
western Tanzania (Figure 1). Each station was equipped with a broadband seismometer
(Guralp CMG-3T, Guralp ESP, or Streckeisen STS-2), a 24-bit Reftek data logger and
a GPS (Global Positioning System) clock. Data were recorded continuously at 40
samples per second. During the first phase of the deployment, twenty stations were
installed in August 2007 in Uganda and northwestern Tanzania and operated until 2008
December (Figure 3-1). In the second phase of the deployment from January 2009 to
July 2010, eighteen of the stations were removed from Uganda and northwestern
Tanzania, and redeployed in southern Tanzania. Station spacing was between 100 to
150 km. Data recorded by the permanent AfricaArray and IRIS/GSN stations in the
region were also used (Figure 3-1).

3.3.2

Receiver Functions
The teleseismic P wave coda contains S waves generated by P-S conversions at

seismic discontinuities in the crust and upper mantle. Receiver functions are time-series
containing the P-S converted and multiple reverberated phases, and are created by
deconvolving the vertical component waveforms from the horizontal component
waveforms to isolate the receiver site effects from other information contained in the
teleseismic P-wave coda [Langston, 1979, Ligoria and Ammon 1999]. The deconvolution
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effectively removes the signature of the source and instrument response from the
waveforms keeping only information on the structure local to the station.
P wave receiver functions (PRF) were computed for each station using
teleseismic events with magnitudes equal to or greater than 5.5, and at epicentral
distances between 300 and 900 (Figure 3-3). We exclude events with epicentral distance
less than 30o because their propagation path may have interacted with the 410 km and
660 km discontinuities. Also, events with epicentral distances greater than 90o are
excluded because their propagation path may have interacted with the core-mantle
boundary.
For computing receiver functions, the waveforms were decimated to 10 samples
per second, windowed between 10s before and 100s after the leading P arrival, detrended, tapered and high pass filtered to remove the low frequency and instrument
noise. The horizontal seismograms were rotated to obtain the radial and transverse
seismograms. The vertical component was deconvolved from both radial and transverse
components using an iterative time domain deconvolution with 500 iterations [Ligoria
and Ammon 1999]. The advantage of time domain deconvolution is that it has high
stability with noisy data compared to frequency domain methods.
The receiver functions were evaluated for quality using a least squares misfit
criterion to assess the percentage of recovery of the original radial component. This
misfit criterion provides a measure of closeness of the receiver function to the ideal case,
and it is calculated by using the difference between the radial component seismogram
and the convolution of the vertical component seismogram with the already determined
radial receiver functions. PRF’s with a fit of 85% and above were considered for further
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processing. In addition, events with large amplitude tangential receiver functions were
not used, even if they passed the 85% threshold.
3.3.3

Joint inversion of Receiver functions and Rayleigh wave group and phase

velocities.
For the joint inversion with receiver functions, Rayleigh wave group velocities
between 10 and 50 sec period were obtained from a revised model of the one presented
by Pasyanos and Nyblade [2007]. Rayleigh wave phase velocities from 45 to 143 sec
were obtained from Adams [2010] and Adams and Nyblade [2011]. The error estimates
in the Rayleigh wave phase group velocities range from 0.15 km/s for the inner nodes
and 1.5 km/s for the outer nodes. For the Rayleigh wave group velocities uncertainties
are about 0.10 km/s for areas with good path coverage.
The joint inversion was performed using the method developed by Julia et al.,
[2000, 2003]. In performing the joint inversion, the receiver functions and dispersion
measurements should be consistent (i.e., must have sampled the same area). In this
study, we use three groups of receiver functions each corresponding to a range of ray
parameters from 0.05 to 0.059, from 0.06 to 0.069 and 0.07 to 0.079. For each group of
receiver functions, we computed and stacked two sets that have overlapping frequency
bands; i.e., a low frequency of f < 0.5 Hz and high frequency of f < 1.25 Hz,
corresponding to Gaussian bandwidths of 1.0 and 2.5, respectively. The lower frequency
bandwidth provides better constraints of longer wavelength features in the subsurface,
while the higher frequency bandwidth provides better constraints on shorter
wavelength features [Cassidy, 1992; Julia et al., 2005].
The starting model used in the joint inversion consisted of an isotropic medium
with a 37.5 km thick crust and with a linear shear wave velocity increase in the crust
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from 3.4 to 4.0 km/s. The crust overlays a flattened PREM model for the mantle
[Dziewonski and Anderson, 1981]. The model parameterization consists of constant
velocity layers that increase in thickness with depth. Layer thicknesses were 1 and 2 km
at the top of the model, 2.5 km between 3 and 60.5 km depth, 5 km between 60.5 and
260.5 km depth, and 10 km below a depth of 260.5 km.
The S-velocity structure was modeled to a depth of 290km. To determine the
best velocity to use below 300km depth, we performed three suites of inversions for
several stations, where the structure below 290 km was constrained to be equal to the
PREM, 5 percent lower than PREM, and 10 percent lower than PREM. An example for
station DODT is shown in Figure 3-4. It is noted that the best fit to the longest periods
is achieved for a five percent lower than PREM model. Thus for all inversions,
velocities below a depth of 290 km were fixed to 5 percent lower than PREM.
To illustrate the quality of the fit to the data obtained from the joint inversions,
Figure 3-5 shows results from stations BEND and PIGI. The inversion results for all
other stations are provided in Appendix C.
To estimate the uncertainties in our model results, we followed the approach by
Julia et al., [2005] and repeatedly performed inversions using a range of weighing
parameters, constraints, and Poisson’s ratio. We found uncertainties in layer velocities
of about 0.1 km/s for the crust and about 0.2 km/s for the upper mantle, which lead to
uncertainties in Moho depth of about 2.5 km.
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Figure 3-3

The distribution of earthquakes used in this study. Black circles and
white circles represent earthquake locations used for the computation of
receiver functions for phase I and phase II AAEASE stations,
respectively, plotted using an equal distance projection. The large circles
are plotted at distances of 30, 90, and 150 degrees from the center of the
seismic network.
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Figure 3-4

Diagram for station DODT to illustrate the procedure used for
determining structure below 290 km in the joint inversion. Shown are
different models tested for the structure below 300km depth using
velocities from PREM, and 5% and 10% less than PREM. Top panel;
observed (black line) and predicted (red line) receiver functions. Middle
panel; observed (black line) and predicted (red line) group and phase
velocity curves. Bottom panel; shear wave velocity models obtained from
the joint inversion (red line) and the PREM shear wave velocity model
(blue line) for reference. The 5% less than PREM velocities below 300
km depth gives the best fit to the longest period phase velocities..
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3.4

RESULTS
For stations KYLA, BUTI and KATE which were installed on rift sediments,

the results of the joint inversion did not yield good fits to the receiver functions and
therefore are not presented.

The results obtained from the other 37 stations are

discussed here together with published results obtained using the same joint inversion
method for other stations in East Africa [Julia et al., 2005; Dugda et al., 2009].
Figure 3-6 shows the results grouped by tectonic terrain. Crustal thickness
beneath each station was determined by placing the Moho at the depth where the shear
wave velocity exceeds 4.3 km/s. Shear wave velocities for typical lower crustal
lithologies obtained from experimentally determined Vp/Vs ratios [Christen and Mooney
1995; Christen 1996], show that shear wave velocities in the lower crust cannot be
higher than 4.3 km/s. Shear wave velocities exceeding 4.3 km/s reflect lithologies
typical of the mantle. For many of the stations, there is a significant increase in the
velocity at the depth at which the shear velocity exceeds 4.3 km/s, expect for stations
SUMB, MIKU, JNJA and URAM, where the change in shear velocity is gradational
from the lowermost crust to the upper mantle. To further analyze the variability shear
wave velocity structure lower crustal layers, I varied the crustal velocities between 3.9
to 4.1 km/s. I found that on some stations the layer thicknesses were somewhat
different using 3.9 km/s and 4.1km/s, while in most cases the values were in agreement
at either using a 3.9km/s and 4.0 km/s or using 4.0 km/s and 4.1 km/s reference lines.
Therefore a 4.0 km/s reference line was used to define layers with high shear wave
velocities. Table 3-1 gives a summary of crustal parameters derived from the profiles
shown in Figure 3-6.
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3.4.1

Rwenzori Belt
The crustal thickness varies from 36 to 41 with an average crustal shear velocity

of about 3.7 km/s for the terrain. For the crust below 20km depth, shear wave velocities
are 3.8-3.9 km/s, on average. A high velocity layer (Vs ≥ 4 km/s) is observed at the
base of the crust with a thickness of about 2-3 km. The uppermost mantle has an
average shear wave velocity of 4.5 km/s.
3.4.2

Kibaran Belt
The crustal thickness varies from 36 to 43 km and an average shear wave

velocity of 3.7 km/s is found at most of the stations, similar to what is observed in the
Rwenzori Belt. The shear wave velocity below 20 km depth is 3.8-4.0 km/s, and a high
velocity layer (Vs ≥ 4.0 km/s) with a thickness of 4 km is observed at the bottom of the
crust. The uppermost mantle has an average shear wave velocity of 4.5 km/s.
3.4.3

Ubendian Belt
The crustal thickness of the Ubendian Belt shows greater variation than in other

terrains, ranging from 36 -51 km. The average crustal shear wave velocity is 3.7 km/s,
and for the crust below 20km depth, the shear wave velocity is between 3.9 – 4.0 km/s.
A 5 km thick high shear wave velocity layer (Vs ≥ 4 km/s) is observed at the bottom of
the crust. The uppermost mantle has an average shear wave velocity of 4.5 km/s.
3.4.4

Usagaran Belt
The crustal thickness varies from 33-41 km, and the average crustal shear wave

velocity is 3.6 km/s. The shear wave velocity for the crust below 20 km depth is
between 3.8-4.0 km/s. A 6 km thick high shear wave velocity layer (Vs ≥ 4 km/s) is
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observed at the base of the crust. The uppermost mantle has a shear wave velocity of 4.4
km/s.
3.4.5

Tanzania Craton (Nyanzian)
Crustal thickness ranges from 36-40 km, and the average crustal shear wave

velocity is 3.7 km/s. For the crust below 20 km depth, the average shear wave velocity
is 3.9 km/s. A 4 km thick high shear wave velocity layer is observed at the base of the
crust. The uppermost mantle has a shear wave velocity of 4.6 km/s.
3.4.6

Tanzania Craton (Dodoman)
Crustal thickness ranges from 35-40 km, and the average crustal shear wave

velocity is 3.7 km/s. The crust below 20 km depth has an average shear velocity of 3.9
km/s. A 3 km thick high shear wave velocity layer (Vs ≥ 4 km/s) is found at the base of
the crust. A shear wave velocity of 4.6 km/s is found for the uppermost mantle.
3.4.7

Mozambique Belt
Crustal thickness ranges from 35 to 40 km with an average crustal shear

velocity of 3.6 km/s. The crust below 20 km depth has an average shear wave velocity
of 3.8km/s. A high shear wave velocity layer at the base of the crust is only 1 km thick
on average. The average shear wave velocity of the uppermost mantle is 4.4 km/s.
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Figure 3-6

Shear wave velocity profiles grouped by tectonic terrain. Moho depths are indicated with horizontal lines and numbers
in km. Reference lines at 4.0 km/s (solid) and 4.3 km/s (dashed) are shown in each profile. Red lines represent models
from this study. Black lines represent models from Julia et al., [2005] and Dugda et al., [2009].
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Figure 3-6 continued
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Figure 3-6 Continued

59

Figure 3-6 Continued
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Figure 3-6 Continued
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Figure 3-6 Continued
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Figure 3-6 Continued
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3.5.0

DISCUSSION

Results obtained for Moho depths in this chapter are consistent with results obtained for
Moho depths using the H-k method reported in Chapter 2-2. The difference in Moho depths of
no more than 4 km observed at all but 3 of stations falls within the ranges of the uncertainties
reported (Table 3-1). Differences in crustal thicknesses for KBLE, MLBA and KITU are 5-6
km. Across all Precambrian terrains in east Africa, the shear wave velocity structures are
similar. For all terrains, we find average shear wave velocities between 3.6 – 3.7 km/s for the
whole crust, between 3.8 – 3.9 km/s for the crust below 20 km depth, and between 4.4 – 4.6
km/s for the uppermost mantle.

We next compare our results to the shear wave velocity structure of Precambrian terrains
elsewhere in Africa imaged using the same joint inversion method as in this study [Kgaswane et
al., 2009 for southern Africa and Tokam et al., 2010 for west Africa]. The crustal parameters
that we compare are summarized in Table 3-2, and geological descriptions of terrains were
provided in section 2.
3.5.1

Archean terrains

For Archean terrains, the average crustal shear wave velocities (3.7 km/s) for the Dodoman
and Nyanzian terrains of the Tanzania Craton, are similar to the average crustal shear wave
velocities (3.6 – 3.7 km/s) for Archean terrains in southern Africa. However, the shear wave
velocities in the Ntem terrain in the Congo Craton, west Africa, are somewhat faster (3.9 km/s)
than in the Archean terrains in east and southern Africa.
In contrast to the similarity in average crustal shear wave velocities between the Archean
terrains, considerable variability is observed in the lower part of the crust. The average shear
wave velocity below 20 km depth for the Nyanzian, Dodoman, Kimberly, Witwatersrand
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terrains as well as the western part of the Tokwe terrains is 3.8 – 3.9 km/s, while for the other
Archean terrains (Swaziland, Pietersburg, eastern part of Tokwe, Ntem, Limpopo Belt) it is 4.0
– 4.1 km/s. Similarly, there is a substantial difference in the thickness of the lower crust layers
with shear wave velocities (≥ 4.0 km/s) between the two groupings of terrains. For the former
group, the average thickness of layers with shear wave velocities ≥ 4 km/s is ≥ 7 km, while for
the latter group, it is ≥ 11 km reaching a maximum of 23 km for the Ntem terrain. There is no
pronounced difference in crustal thicknesses between the terrains in east and southern Africa,
but the Ntem terrain in west Africa has significantly thicker crust than any other terrain.
3.5.2

Paleoproterozoic terrains

For the Paleoproterozoic terrains, (Ubendian and Usagaran Belts, Kheis and Okwa
Provinces) the average shear wave velocity structure of the crust is 3.6 – 3.7 km/s, and the
average shear wave velocities for the crust below 20 km is 3.9 km/s. There is more variability
in the thickness of the lower crustal layers with shear wave velocities ≥ 4.0 km/s, which ranges
from only 4 km for the Ubendian Belt to 13 km for the Okwa Province. Crustal thickness is
similar between these terrains.
5.3

Mesoproterozoic terrains
For the Namaqua-Natal Belt in southern Africa and Kibaran and Rwenzori Belts in east

Africa, the shear wave velocity for the whole crust is similar 3.7 – 3.8 km/s, but for the crust
below 20 km, the shear velocity in the Namaqua-Natal Belt is 0.2 km/s faster than what is
observed in the Rwenzori and Kibaran Belts. A 12 km thick high shear velocity layer (Vs ≥ 4.0
km/s) characterizes the lower crust in the Namaqua-Natal Belt compared to layers of 4 and 2
km thicknesses observed in the Kibaran and Rwenzori Belts, respectively. Crustal thicknesses is
similar between these terrains.
3.5.4

Neoproterozoic terrains
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Comparing the Mozambique and Oubanguides Belts, we find average crustal shear
velocities that are 0.2 km/s faster in the Oubanguides Belt than in the Mozambique Belt, and
that for the crust below 20 km, shear wave velocities in the Mozambique Belt is 0.1 km/s
slower than the Oubanguides. A 6 km thicker layer with high shear wave velocity (≥ 4.0 km/s)
is observed beneath the Oubanguides Belt compared to the Mozambique Belt. Crustal thickness
is similar between terrains.
To summarize, we find that while there is little difference in the mean shear wave
velocities for the entire crust across all of the Precambrian terrains, and also in the thickness of
the crust, there exists substantial variability in the lower crustal structure. This variability is
reflected primarily in the thickness of the lower crustal layers with shear wave velocities ≥ 4.0
km/s. This variability is found both within terrains of the same age (i.e., Archean) as well as in
terrains of different ages.
To interpret the variability in the lower crustal structure, we compare our results to
several previous studies that have examined the structure of continental crust [e.g., Holbrook et
al., 1992; Christensen and Mooney, 1995; Rudinck and Fountain, 1995; Rudnick and Gao, 2003]. In
these studies, they report that mafic lithologies commonly found in continental crust, such as
amphibolites, garnet-bearing and garnet-free mafic granulite, and mafic gneiss, have high shear
wave velocities (> 3.9 km/s) while intermediate-to-felsic lithologies have lower shear wave
velocities (< 3.9 km/s). Rudnick and Fountain [1995] and Rudnick and Gao [2003] argued that
high velocity (Vp ~ 7 km/s and Vs ~4.0 km/s) layers, irrespective of the age of the crust, (i.e.,
Archean versus Proterozoic), indicate the presence of mafic rocks in the lower crust, and that
such layers are common in most Precambrian terrains globally.
In contrast, studies by Durrheim and Mooney [1991, 1994] reported large differences in
crustal thicknesses and lower crustal composition between Archean and Proterozoic terrains.
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They compiled results from 18 studies using a variety of seismic methods globally and
concluded that average Proterozoic crustal thickness ranges from 40-55 km, while the Archean
crustal thickness ranges from 27-40 km.
Our results indicate larger variability in the lower crustal structure within terrains of
similar age and between terrains of different ages than suggested by either the Rudnick and Gao
[2003] study or the study by Durrheim and Mooney [1991, 1994]. This finding is illustrated in
Figure 3-7, which shows a plot of thicknesses of the high shear wave velocity layers in the
lower crust versus Moho Depth. In this plot the data are grouped according to the ages of
terrains. The plot shows that for Precambrian terrains of all ages, there is significant variability
in the thickness of the high velocity layers in the lower crust and that is there no correlation
with crustal thickness. The relation between the Poisson’s ratio for the whole crust and
thickness of layers with high shear wave velocities in the lower crust could not be easily
established in East Africa. This may be probably due to the fact that there exists thin high
velocity layers that do not affect the whole crustal composition as illustrated in Figure 3-8.
The recognition that there is significant variability in the lower crustal structure
between terrains of similar age, at least within Africa, suggests that drawing inferences about
the formation and evolution of continental crust based on global averages of crustal velocity
structure is difficult to do. The results of this study indicate that the local geological history of
each terrain can lead to significant variability in the crustal structure, irrespective of age of
terrain, thus making the use of global averages less representative than previously thought.
The presence or lack of the mafic lithologies in the lower crust of Precambrian terrains
is influenced by a number of processes such as emplacement of the mafic and ultramafic
components below the lower crust during a tectonothermal event, and by the subsequent
reducing of the mafic and ultramafic components either by crustal extension, delamination or
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differentation [e.g., Arndt and Goldsen 1989, Messiah and Mooney, 1998, Jull and Kelemen 2001
and Nair et al, 2006]. For example, in the Kimberly terrain of the Kaapvaal Craton, areas
underlain by intermediate to felsic lower crust coincide with regions where the the crust was
extended during the Ventersdrop tectonothermal event [Kgaswane et al., 2009]. It is suggested
that extension along crustal scale listric faults systems during the Ventersdrop
tectonomagmatic event could have resulted in the thinning, and hence effective removal of the
lower crust, creating a felsic to intermediate composition lower crust [de Wit and Tinker 2004;
Kgaswane et al., 2009].

.
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Figure 3-7 A plot of average Moho depth for each terrain versus the thickness of crustal
layers with Vs ≥ 4.0 km/s.
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Fig 3-8

Plot of Layer thicknesses of high shear wave velocity Vs (≥ 4 km/s)
against Vp/Vs ratio. The data points are only for new stations in
Tanzania and Uganda.
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3.6.

SUMMARY
A joint inversion of Rayleigh wave phase and group velocities and receiver

functions has been used to investigate the shear wave velocity structure of the crust and
uppermost mantle beneath the Precambrian terrains of East Africa. Results from this
study have been compared to with results from other studies of Precambrian crustal
structure for southern and west Africa obtained using the same joint inversion method.
We find that while there is little difference in the mean shear wave velocities for the
entire crust across all of the Precambrian terrains, and also few differences in the
thickness of the crust, there exists substantial variability in the lower crustal structure.
This variability is reflected primarily in the thickness of the lower crustal layers with
shear wave velocities ≥ 4.0 km/s. This variability is found both within terrains of the
same age (i.e., Archean) as well as terrains of different ages.
In global studies of continental crustal structure, it is shown that high velocity
(Vp ~ 7km/s and Vs ~4.0 km/s) lower crustal layers indicate presence of mafic rocks,
and that such layers are common in most Precambrian terrains globally. In contrast,
our results show large variability in lower crustal structure between terrains of similar
age, at least within Africa, suggesting that making generalizations about the structure
and evolution of continental crust based on global averages of the crustal velocity
structure is difficult to do. The results of this study indicate that local geological history
of each terrain can lead to significant variability in the crustal structure, making the use
of global averages less representative of global processes than previously thought.
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CHAPTER 4

CRUSTAL STRUCTURE BENEATH THE LAKE ALBERT, LAKE EDWARD
AND THE NORTHERN LAKE MALAWI RIFTS.

4.1

INTRODUCTION
In this chapter, I investigate the crustal structure beneath three seismic stations that

were installed in Cenozoic rift valleys for which I was unable to obtain estimates of
Moho depths using the receiver function methods applied in Chapters 2 and 3. The
three stations (KATE, BUTI, KYLA) are located in rift basins that are part of the
western branch of the Cenozoic East African Rift System (EARS) (Figure 4-1).
The EARS is a classic example of a continental rift, exhibiting characteristic
patterns of rifting, volcanism, and plateau uplift. The location of the rift is strongly
controlled by Precambrian tectonics, with both the eastern and western branches
following the margins of the Archean Tanzania Craton [Ebinger, 1989; Hetze and
Strecker, 1994; Huerta at al., 2009; Tesha et al., 1997; Nyblade and Brazier, 2002] (Figure
1). The eastern arm of the EARS starts from the Afar triple junction, continues
southwards through Ethiopia and Kenya, and terminates in northern Tanzania in a wide
zone of block faulting. The western arm of the EARS extends from northern Uganda to
Mozambique, running along the borders of Uganda, Democratic Republic of Congo
(DRC), Rwanda, Burundi, Tanzania, Malawi and Zambia. The western arm consists of
many elongated and narrow sedimentary basins, mostly occupied by deep rift lakes.
The rift basins are approximately 100-km-long, bounded by normal faults with throws
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of between 1-6 km, alternating along the length of the western arm [ Ebinger, 1989].
The three seismic stations are located in the Lake Albert and Edward rift basins in
Uganda and at the northern end of the Lake Malawi rift in southern Tanzania (Figures
4-1).
The Lake Albert rift is currently under exploration for hydrocarbons. Recent
gravity and magnetic data together with 2D and 3D seismic data give approximate
sediments thickness of up to 6 km [Kashambuzi and Mugisha 2039; Abeinomugisha and
Kasande 2009]. The initiation age of rifting in the Lake Albert and Lake Edward rifts is
considered to be early Miocene and they are possibly the oldest basins in the western
branch of the EARS [Kampunzu et al., 1998]. Extension in the northern part of Lake
Malawi probably initiated during the late Miocene [Ebinger, et al., 1989].
Apart from the study by Wolbern et al., [2009] who used receiver functions to
estimate crustal structure beneath the Lake Edward basin, the Lake Albert and northern
part of Lake Malawi rifts have not been studied in detail. Wobern et al., [2009] modeled
receiver functions from station MWEY, located approximately 5 km from KATE
station (Figure 4-1), and reported a crustal thickness of 28 km and a sediment thickness
of about 3 km.
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Figure 4-1

Map showing the Lake Albert and Lake Edward Rifts in Uganda,
northern part of Lake Malawi, Cenozoic rift faults and the Tanzania
Craton. The triangles represent AAEASE stations, and the circle
represent station MWEY from the study by Wolbern et al., [2009]
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4.2

DATA AND METHODOLOGY

Due to the fact that the Ps conversions from the sediment-bedrock interface and its
multiples obscure the Ps conversion from the Moho on the receiver functions from
station BUTI, KATE and KYLA, the H-k stacking and joint inversion methods
(Chapters 2 and 3) did not yield reliable estimates of the Moho depth and crustal shear
wave velocities. In this chapter, I use a simpler forward modeling approach of receiver
functions in a further attempt to estimate sediment thickness and Moho depth.
4.2.1

Data
The data used for this study were recorded between 2007 August and 2010 June

by the AfricaArray East African Seismic Experiment (AAEASE) from stations BUTI,
KATE and KYLA (Figure 4-1). Stations BUTI and KATE stations were equipped with
a Guralp CMT-3T and Streckeisen STS-2 broadband seismometers, respectively, and
were operated from August 2007 to November 2008. Station KYLA was equipped with
a Streckeisen STS-2 seismometer, and was in operation from December 2008 to July
2010 during the second phase of the AAEASE deployment. All three stations were
equipped with a 24-bit Reftek data logger and a GPS (Global Positioning System) clock.
Data were recorded continuously at 40 samples per second.
4.2.2

Receiver Functions
The teleseismic P wave coda contains S waves generated by the P-S conversion

velocity discontinuities in the crust and upper mantle beneath seismic stations. Receiver
functions are time-series containing Ps converted and multiple reverberated phases
generated at seismic discontinuities beneath a recording station. Receiver functions are
radial and transverse waveforms created by deconvolving the vertical components

85
waveforms from the horizontal component waveforms to isolate the receiver site effects
from other information contained in teleseismic P-wave coda [ Langston, 1979, Ligoria
and Ammon 1999]. The deconvolution effectively removes the signature of the source
and instrument response from the waveforms keeping only information on the structure
local to the station.
P wave receiver functions (PRF) were computed for each station from
teleseismic events, with magnitude equal or greater than 5.5, and lying in the epicentral
distance between 300 and 900 (see Figure 2-2). Events of magnitude 5.5 and above are
used because they provide good signal to noise ratio. We exclude events with epicentral
distance less than 30o because their path of propagation may have interacted with the
410 km and 660 km discontinuities. Also, events with epicentral distances greater than
90o are excluded, because their path of propagation may have interacted with the
mantle-core boundary and therefore their responses become very difficult to deconvolve.
In the computation of receiver functions, the selected events were decimated to
10 samples per second, windowed between 10s before and 100s after the leading P
arrival, de-trended, tapered and high pass filtered to remove the low frequency and
instrument noise. The horizontal components were rotated using the great circle path
to obtain the radial and transverse components. The vertical component was
deconvolved from both radial and transverse components using iterative time domain
deconvolution [Ligoria and Ammon 1999], with 500 iterations. The advantage of time
domain deconvolution is that it has high stability with noisy data compared to
frequency domain methods. The receiver functions were computed using Gaussian
filters of 1.0, 2.5 and 5.0.
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The receiver functions were further evaluated for quality using the least square
misfit criterion to assess the percentage of recovery of the original radial component
(Figure 4-2). This misfit criterion provides a measure of closeness of the receiver
function to the ideal case, and it is calculated by using the difference between the radial
component seismogram and the convolution of the vertical component seismogram with
the already determined radial receiver functions. PRF’s with a fit of 85% and above were
considered for further processing.
4.2.3

Forward modeling
For the forward modeling procedure, synthetic receiver functions were

computed using the matrix formalization of Kennett [1983], which includes all internal
multiples, but is limited to horizontal layered (1D) structure. The input parameters
included layer thicknesses, densities and velocities. Models were parameterized using 3
layers (sediments, crust and mantle half space). A grid search was used to examine
parameter space to find models that yielded a good match to the data.
In the search, sediment thickness was varied between 0.25-6 km, P wave
sediment velocities varied between 1.2 to 5.8 km/s, and Moho depth varied between 25
and 35 km. Poisson’s ratios of 0.18 (Vp/Vs = 1.6) to 0.4 (Vp/Vs = 2.7) were used for the
sediments and a Poisson’s ratio of 0.25 (Vp/Vs = 1.73) was used for the crystalline
rocks [Kahler and Meisser 1983 and Burger et al., 1992], and densities of 2.2 kg/m3 and
2.7kg/m3 were used for sediments and crystalline rocks respectively. For each station,
576 synthetics were generated, and visual inspection was used to find the best fitting
synthetics to the data. The synthetics were computed using Gaussian filters of 1.0, 2.5
and 5.0, and a ray parameter of 0.06 s/km, similar to the ray parameter for the stacked
receiver functions shown in Figure 4-2.
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To test the robustness of this method, I modeled synthetics for a two-layer
model within the sediments (consolidated and unconsolidated), overlying a crustal
thickness of 30 km and made a comparison with synthetics of 1 layer model of
consolidated and unconsolidated sediments, with crustal thickness of 30 km as well.
Figure 4-3 show consistent fits with synthetics and therefore results obtained using this
method are reliable. Parameters used to construct synthetics are given Table 4-1.
Table 4-1 Parameters used to construct synthetics in Figure 4-3
Trace Description
Sediment
Vp in sediments Vp/Vs
Synthetics
thickness (km)
(km/s)
ratio
A
B
C

2-layer
sediments
1 -layer
1-layer

0.5 unconsolidated
0.5 consolidated
1 unconsolidated
1 consolidated

2.0 unconsolidated
2.3 consolidated
2.0
2.3

2.7
2.0
2.7
2.0

Moho
depth
(km)
30
30
30
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Figure 4-2A Radial and transverse receiver functions plotted as a function of time
versus ray parameter for station KATE computed with Gaussian filter of
2.5.
Figure 4-2B Radial and transverse receiver functions plotted as a function of time
versus ray parameter for station BUTI computed with Gaussian filter of
2.5.
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Figure 4-2C

Radial and transverse receiver functions plotted as a function of ray
parameter for station KYLA computed with Gaussian filter of 2.5.
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Figure 4-3 (A-C) Synthetic receiver functions plotted as a function of time versus
amplitude for models shown in Table 4-1. (A) Synthetic computed with a
2 layer model for sediments (consolidated and unconsolidated). (B)
Synthetic computed with I layer unconsolidated sediments. (C) Synthetic
computed with 1 layer of consolidated sediments.
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4.3

RESULTS AND DISCUSSION
In this section, results for the BUTI, KATE and KYLA stations are presented.

The effects of low velocity sedimentary layers on receiver functions are well known
from both theoretical [Cassidy 1992] and observational studies [e.g., Cassidy 1995;
Sheenan et al 1995]. The width of the direct P-arrival can be broadened and its amplitude
decreased by the presence of very high Poisson’s ratios in the sedimentary layer.
4.3.1

KATE
Figure 4-4 shows the data (stack of 4 receive functions) and synthetic receiver

functions, obtained with different combinations of sediment velocities and crustal
thickness representing a range of parameter space to illustrate goodness of the fit
between the data and synthetics. The parameters used to construct synthetics are
contained in Table 4-2. The best fit to the data is obtained with a sediment layer of 1
km, a Vp of 2 km/s and a Poisson’s ratio of 0.4 (Figure 4-4(b-d)). We observe that the
variation of sediment thickness and Poisson’s ratio greatly affects the fit to the data
(Figure4-3(e-g)) while the variation in the Moho depth does not affect the shape of
seismograms within the first 5 seconds.. Figure 4-4h illustrates that the crustal modal
for station MWEY from Wolbern et al., [2009] provides a poor match to the data.
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Table 4-2 Parameters use in computing synthetics in Figure 4-4.
Trace Description
Sediment
Vp in
Vp/Vs ratio,
thickness (km) sediments
(Poisson’s ratio)
(km/s)
a
Data
b
Synthetic
1
2
2.7 (0.4)
c
Synthetic
1
2
2.7 (0.4)
d
Synthetic
1
2
2.7 (0.4)
e
Synthetic
2
2
2.7 (0.4)
f
Synthetic
3
2
2.7 (0.4)
g
Synthetic
1
4
1.6 (0.18)
h
Wolbern et al. 3
3.4
1.6(0.18)
(2009)
4.3.2

Moho
depth
(km)
25
30
35
30
30
30
28

BUTI

Figure 4-5 shows a range of fits between the data and synthetics for station BUTI,and
Table 4-3 gives a summary of the parameters used for computing the synthetics. It is
observed that the best fit is obtained for a sediment thickness of 1 km, Vp of 2 km/s and
Poisson’s ratio of 0.4. We observe that increasing the sediment thickness or a vp does
not produce a better fit to the data. Variations in the Moho depth from 25 to 35 km
produces insignificant changes in the synthetic receiver functions Figure 4-5(b-d).
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Table 4-3 Parameters used in computing synthetics in Figure 4-5.
Trace Description Sediment
Vp in
Vp/Vs ratio
thickness (km) sediments
(Poisson’s ratio)
(km/s)
a
Data
b
Synthetic
1
2
2.7 (0.4)
c
Synthetic
1
2
2.7 (0.4)
d
Synthetic
1
2
2.7 (0.4)
e
Synthetic
1.5
2
2.7 (0.4)
f
Synthetic
2
2
2.7 (0.4)
g
Synthetic
3
2
2.7 (0.4)
h
Synthetic
1
4
1.6 (0.18)

4.3.3

Moho
depth
(km)
25
30
35
30
30
30
30

KYLA
Figure 4-6 shows a range of fits between the data and synthetics for station

KYLA, and Table 4-4 gives a summary of the parameters used for computing the
synthetics. It is observed that the best fit is obtained for a sediment thickness of 1 km,
Vp of 2 km/s and Poisson’s ratio of 0.4. We observe that increasing the sediment
thicknesses and Vp does not produce a better fit to the data. Variations in the Moho
depth from 25 to 35 km produces insignificant changes in the synthetic receiver
functions Figure 4-6(b-d).

Table 4-4. Parameters used in computation of synthetics in Figure 4-6
Trace Description Sediment
Vp in
Vp/Vs ratio
thickness (km) sediments
(Poisson’s ratio)
(km/s)
a
Data
b
Synthetic
1.5
2.5
2.7 (0.4)
c
Synthetic
1.5
2.5
2.7 (0.4)
d
Synthetic
1.5
2.5
2.7 (0.4)
e
Synthetic
2.0
2.5
2.7 (0.4)
f
Synthetic
3.0
2.5
2.7 (0.4)
g
Synthetic
1.0
4.0
2.7 (0.18)

Moho
depth
(km)
25
30
35
30
30
30
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Our results show sediment thickness of 1km beneath the Lake Edward and Lake
Albert rifts. Studies using 2D and 3D seismic data for this area have estimated sediment
thicknesses of up to 6 km [Kashambuzi and Mugisha 2009 and Abeinomugyisha et al.,
2011]. We find our estimates for the sediments somewhat lower than what is reported
for the whole basin, but the stations are at the edge of the basin, and so our results are
not necessarily inconsistent with the other studies. Wolbern et al., [2009] estimated a
Moho depth of 25 – 28 km for the Lake Edward Rift and a sediment thickness of 3 km.
However, the Vs model obtained from station MWEY in their study does not match the
receiver functions observed at KATE station (Figure 4-4h). Our results for the northern
part of the Lake Malawi Rift reveal slightly thicker sediments compared to the Lake
Edward and Lake Albert basins. High Poisson’s ratios indicates (0.4) indicates
unconsolidated sediments [Kahler and Meissner 1983] for all three stations, consistent
with the low Vp and Vs velocities obtained and the young age of the rift basins.
It should be noted that the 3-layer model used in this study simplifies the crustal
structure greatly and using a more complicated model could possibly yield better fits
between the synthetics and data. Nonetheless, the approach used in this study indicates
that the sediments can be no more than a few kilometers thick and are poorly
consolidated.
It is also noted that for all three stations identifying the Ps conversion from the
Moho discontinuity is difficult. The converted phase from the Moho is masked by the Ps
conversion from the sediment-bedrock interface and its multiples. Therefore, Moho
depth cannot be determined.

95

Figure 4-4(a-h)Panels showing data (a), synthetic receiver functions (b-g), receiver
function from Wolbern et al., 2009 model (h), all plotted as a function of
time versus amplitude for station KATE. For each trace, sl = sediment
layer thickness (km), Vp = P-velocity in sediment (km) and M = Moho
depth (km).
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Figure 4-5 (a-h)

Panels showing data (a) and synthetic receiver functions (b-h),
plotted as a function of time versus amplitude for station BUTI.
For each trace, sl = sediment layer thickness (km), Vp = Pvelocity in sediment (km), M = Moho depth (km).
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Figure 4-6 (a-g) Panels showing data (a) and synthetic receiver functions (b-g), plotted
as a function of time versus amplitude for station KYLA. For each trace,
sl = sediment layer thickness (km), Vp = P-velocity in sediment (km), M
= Moho depth (km).
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4.4

CONCLUSION
Crustal structure beneath three of the rift basins in the western branch of the

East African Rift Systems (Lake Albert, Lake Edward and the northern part of the Lake
Malawi basin) have been investigated using forward modeling of receiver functions. The
results place constraints on sediments thickness. Sediment thickness of about 1 km are
found beneath stations BUTI and KATE in the Uganda rifts, while a sediment thickness
of about 1.5 km is found for station KYLA in the northern part of Lake Malawi basin.
The Poisson’s ratios obtained (0.4) indicate that the sediments are poorly consolidated.
The thin sedimentary layer (1 – 1.5 km) and the high Poisson’s ratio is consistent with
the young age of the rift basins. The Ps from the Moho cannot be easily identified
because the first 5-6 sec of data are dominated by the Ps conversion from the sedimentbedrock interface and its reverberations. Therefore crustal thickness beneath these
stations remains unknown.
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CHAPTER 5
CONCULSIONS

In this thesis, I have investigated crustal structure of Precambrian terrains in East
Africa to place constraints on the formation, evolution and composition of the crust. In
addition, crustal structure of three Cenozoic basins in the western branch of the EARS
has been studied. The data used in this thesis were collected between 2007-2010 by the
AfricaArray East Africa seismic experiment.
In Chapter 2, the H-k method was used to model teleseimic receiver functions to
place constraints on Poisson’s ratio and crustal thickness [Ammon 1990, Zhu and
Kanamori 2000]. I combined my results with results from previous studies [Last et al.
1997 and Dudga et al 2005] to examine Precambrian crustal structure throughout East
Africa.
The main finding in this chapter is that the crustal structure is similar across all
terrains, which span more than 4.0 Ga of earth history. There is no discernable
difference in the crustal thickness and Poisson’s ratio between the Archean

and

Proterozoic terrains. The average crustal thickness for all but one of the terrains is
between 37 and 39 km. The exception is in the Ubendian terrain, which has an average
crustal thickness of 42 km. In all terrains, the average Poisson’s ratio is similar, ranging
from 0.25 to 0.26. This is in contrast to other areas in Africa, as well as within other
continents, where the Precambrian crustal structure on a regional basis exhibits larger
variability [ i.e., Nair et al., 2006 and Kgaswane et al., 2009 for southern Africa; Tokam et
al., 2010 for west Africa; Chevron and Hilst, 2000 for Australia; Chen et al., 2010 for
China].
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In comparison to the global investigations of crustal structure by Durrheim and
Mooney [1991, 1994], I find somewhat different results. Durrheim and Mooney [1991,
1994] concluded that average Proterozoic crustal thickness ranges from 40-55 km,
while Archean crustal thickness ranges from 27-40 km. I do not find such differences in
the crustal thickness between the Archean and Proterozoic terrains in East Africa. In
contrast Rudnick and Fountain [1995] found no significant difference between the
thickness of Archean and Proterozoic crust. My results concur with the findings of
Rudnick and Fountain [1995]. However, the mean crustal thickness of the Precambrian
terrains in East Africa (37-39 km) is slightly less than the mean crustal thickness of 43
and 44 km reported by Rudnick and Fountain [1995] for Archean and Proterozoic
terrains. In another study, by Zandt and Ammon [1995], they found the crustal
thickness of shields and platforms to be between ~37 and 42 km and Poisson’s ratios for
the bulk crust to be 0.27. My results are consistent with findings of Zandt and Ammon
[1995].
In Chapter 2 I also used Airy isostacy to examine whether variations in crustal
thicknesses have an influence on uplift in the East Africa. I found that there is a lack of
correlation between Moho depth and elevation indicating that variations in crustal
thickness are not a first-order influence on elevation in East Africa.
In Chapter 3, Rayleigh wave phase and group velocities were inverted together
with teleseismic receiver functions using a joint inversion algorithm [Julia et al., 2000,
2003] to obtain estimates for shear wave velocity structure of the crust. I combine my
results with the previously reported results from East Africa using the same method
[Julia et al., 2005, Dugda et al., 2009] to obtain further insights about crustal structure of
East Africa. I compared my results with results from terrains of similar age in southern
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and western Africa that have been investigated using the same joint inversion method
[Kgaswane et al., 2009 and Tokam et al., 2010].
Previous studies that have examined the structure of continental crust [e.g.,
Holbrook et al., 1992; Christensen and Mooney, 1995; Rudinck and Fountain, 1995; Rudnick
and Gao, 2003] report that mafic lithologies commonly found in continental crust, such
as amphibolites, garnet-bearing and garnet-free mafic granulite, and mafic gneiss, have
high shear wave velocities (> 3.9 km/s) while intermediate-to-felsic lithologies have
lower shear wave velocities (< 3.9 km/s). Rudnick and Fountain [1995] and Rudnick and
Gao [2003] argued that high velocity (Vp ~ 7 km/s and Vs ~4.0 km/s) layers,
irrespective of the age of the crust, (i.e., Archean versus Proterozoic), indicate the
presence of mafic rocks in the lower crust, and that such layers are common in most
Precambrian terrains globally. In contrast, studies by Durrheim and Mooney [1991,
1994] reported large differences in crustal composition between Archean and
Proterozoic terrains.
I find that while there is little difference in the mean shear wave velocities for
the entire crust across all of the Precambrian terrains, and also in the thickness of the
crust, there exists substantial variability in the lower crustal structure. This variability
is reflected primarily in the thickness of the lower crustal layers with shear wave
velocities ≥ 4.0 km/s. This variability is found both within terrains of the same age (i.e.,
Archean) as well as in terrains of different ages. My results indicate larger variability in
the lower crustal structure within terrains of similar age and between terrains of
different ages than suggested by either Rudnick and Gao [2003] or Durrheim and Mooney
[1991, 1994].
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The recognition that there is significant variability in the lower crustal structure
between terrains of similar age, at least within Africa, suggests that drawing inferences
about the formation and evolution of continental crust based on global averages of
crustal velocity structure is difficult to do. The results of this study indicate that the
local geological history of each terrain can lead to significant variability in the crustal
structure, irrespective of the age of a terrain, thus making the use of global averages less
representative than previously thought.
In an attempt to extract information on crustal structure from these stations, in
Chapter 4 I use a forward modeling procedure to compute synthetic receiver function
based on the matrix formalization by Kennett [1983] and use them in a grid search
procedure to find models that yield a good fit to the data. I find that the Moho Ps
cannot be easily identified because the arrivals in the first 5 -6 second are dominated by
the Ps conversion from the sediment-bedrock interface and its reverberations. Therefore
Moho depth cannot be estimated. However, the results from the forward modeling
procedure do yield constraints on the sediment thickness beneath each station.
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APPENDICES

Appendix A1. List of teleseismic events used in computation of receiver functions for Phase-I
of AfricaArray East Africa Seismic Experiment
Date
(Julian)

Time,
(UT)

Latitude,
(deg)

Longitude,
(deg)

Depth,
(km)

Distance,
(deg)

Back
Azimuth,
(deg)

2007.249
2007.255
2007.256
2007.257
2007.262
2007.263
2007.275
2007.277
2007.297
2007.329
2007.329
2007.329
2007.331
2007.356
2008.004
2008.006
2008.009
2008.014
2008.016
2008.022
2008.039
2008.041
2008.045
2008.051
2008.051
2008.054
2008.055
2008.056
2008.056
2008.056
2008.060
2008.063
2008.073
2008.075
2008.080
2008.089
2008.093
2008.103
2008.105

18.02
11.19
3.44
6.10
7.37
8.40
3.52
12.48
21.11
3.01
16.12
20.03
4.37
12.34
7.38
5.19
8.34
13.46
12.02
17.23
9.47
12.31
10.14
8.17
18.32
16.06
14.55
8.45
18.15
21.11
8.26
2.46
13.35
14.51
22.40
17.39
14.41
8.55
9.54

24.34
-4.44
-2.13
-4.08
-2.75
-2.00
-4.24
2.54
-3.90
-2.81
-8.28
-8.22
16.06
2.09
-2.78
37.22
32.29
10.41
32.33
1.01
10.67
-60.80
36.50
2.77
36.29
-57.34
-2.40
-2.49
-2.33
-2.24
3.93
-2.18
-45.49
2.71
35.49
2.86
-4.88
-14.51
-56.02

122.22
101.37
99.63
101.17
100.89
100.14
101.21
92.90
101.02
101.16
118.34
118.45
119.84
96.80
101.03
22.69
85.17
92.87
85.16
97.44
-41.90
-25.59
21.67
95.96
21.78
-23.43
99.93
99.97
99.89
99.81
93.48
99.82
35.01
94.60
81.47
95.30
69.24
67.08
-28.04

53
34
22
23
35
30
22
35
21
56
35
35
35
32
35
75
10
43
9
20
9
8
29
26
10
14
22
25
25
25
35
25
10
25
10
20
10
10
140

89.2
70.3
68.4
70.1
71.1
69.0
71.5
59.4
69.9
71.6
87.3
87.4
86.2
65.6
69.4
37.4
59.8
62.0
59.8
66.2
73.7
75.2
36.9
64.8
36.7
72.4
68.7
68.8
68.7
68.7
63.8
68.7
46.1
61.1
58.2
64.1
38.3
38.5
74.8

65.81
94.90
91.23
94.53
92.46
92.36
92.82
88.03
94.34
91.32
98.27
98.21
74.11
87.98
92.44
348.51
52.38
78.57
52.33
89.16
280.89
205.19
346.89
87.23
346.93
207.72
91.53
92.88
92.71
92.62
85.02
92.56
176.46
87.82
47.54
87.12
98.60
114.45
210.68
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2008.133
2008.136
2008.138
2008.144
2008.150
2008.152
2008.153
2008.155
2008.158
2008.160
2008.179
2008.180
2008.182
2008.197
2008.223
2008.235
2008.238
2008.241
2008.254
2008.254
2008.269
2008.270
2008.271
2008.279
2008.279
2008.280
2008.282
2008.285
2008.302
2008.303
2008.315
2008.319
2008.321
2008.327
2008.327

6.37
14.32
17.18
19.44
15.55
4.45
2.08
22.15
20.09
12.30
11.48
13.02
6.27
3.31
8.28
7.52
13.29
15.29
11.05
13.17
1.55
18.50
3.19
16.00
23.03
8.39
14.15
9.12
23.16
11.38
1.31
2.12
17.13
16.10
18.55

31.00
-57.91
32.24
7.31
64.00
-41.20
20.13
-8.10
35.88
37.96
11.00
10.85
-58.22
35.80
11.04
-17.88
30.90
0.08
26.74
8.00
30.83
3.07
13.48
39.54
33.89
29.76
29.74
43.37
30.64
30.60
37.56
-53.79
1.27
-4.35
-1.14

103.32
-25.48
104.98
-34.90
-21.01
80.48
121.37
120.23
-0.66
21.52
91.82
91.71
-22.10
27.86
91.81
65.39
83.52
-17.31
55.83
-38.69
83.47
65.32
120.54
73.77
69.47
90.30
90.30
46.25
67.35
67.46
95.83
8.73
122.09
101.26
-13.90

19
35
9
8
9
9
35
14
4
16
17
15
19
52
10
10
12
10
12
10
10
10
10
35
10
10
10
16
15
14
19
12
30
24
10

74.4
73.7
74.6
67.0
73.5
58.6
90.0
89.2
48.0
38.4
61.1
60.9
72.3
35.3
61.1
38.3
58.0
48.8
35.1
70.4
57.9
33.9
87.6
54.8
47.7
63.2
60.7
47.9
45.5
45.5
69.7
57.5
89.2
70.2
45.5

58.02
207.78
56.70
279.05
338.97
137.95
70.00
98.06
323.97
347.37
77.80
77.96
206.54
355.02
77.75
120.46
53.31
269.60
40.10
278.24
53.36
82.47
76.61
39.68
41.84
56.69
56.57
13.82
45.34
45.47
49.91
195.75
88.75
94.81
267.84
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Appendix A2. List of events teleseimic events used in computation of receiver functions for
Phase-II of AfricaArray East Africa Seismic experiment.
Date
Julian

Time,
(UT)

Latitude,
(deg)

Longitude,
(deg)

Depth,
(km)

Distance,
(deg)

Back Azimuth,
(deg)

2009.004
2009.028
2009.043
2009.047
2009.059
2009.065
2009.095
2009.096
2009.105
2009.106
2009.167
2009.182
2009.188
2009.209
2009.222
2009.228
2009.228
2009.240
2009.245
2009.250
2009.250
2009.261
2009.264
2009.264
2009.273
2009.274
2009.285
2009.295
2009.302
2009.308
2009.312
2009.313
2009.332
2009.343
2009.357
2010.005
2010.027
2010.064
2010.067
2010.096
2010.101
2010.129

23.20
0.09
4.00
23.22
14.42
11.01
13.01
1.39
20.10
15.06
20.13
9.36
16.37
8.52
20.03
7.47
12.57
2.01
8.04
16.22
22.48
6.34
9.01
19.46
10.25
2.01
3.20
19.58
17.51
18.51
19.52
0.26
6.15
21.37
1.20
5.04
17.49
16.16
2.39
22.23
22.14
6.08

36.44
-0.26
3.95
37.13
-60.52
80.32
-5.26
42.33
-3.12
-60.20
-54.37
34.16
-26.74
-5.50
14.10
-1.48
-1.45
37.70
-7.78
-10.20
42.66
12.62
27.33
20.40
-0.72
-2.52
-17.10
36.52
36.39
36.15
-8.21
-43.46
-10.41
2.77
-1.43
-58.17
-14.10
-3.76
38.87
2.24
36.96
3.73

70.88
98.28
126.41
20.78
-24.80
-1.85
68.55
13.33
100.47
-26.86
5.87
25.47
67.48
101.70
92.89
99.49
99.43
95.72
107.30
110.63
43.44
120.43
91.44
94.79
99.87
101.50
66.69
70.95
70.72
-33.87
118.63
39.61
118.90
95.91
99.39
-14.70
-14.55
100.99
39.99
97.05
-3.54
96.08

187
20
26
15
15
9
10
9
22
20
10
19
10
10
5
20
21
13
46
23
15
12
14
84
81
10
10
186
202
10
18
10
22
19
19
10
10
35
12
46
610
61

56.7
63.0
90.2
44.4
68.5
89.4
37.4
51.2
68.4
69.1
52.4
42.9
40.2
70.4
60.9
68.6
64.0
70.0
75.8
78.9
50.8
85.5
67.4
62.5
69.1
70.5
36.5
56.8
55.7
78.6
86.8
37.8
87.0
63.7
67.6
62.7
45.6
69.9
47.3
66.6
54.0
65.9

38.21
86.31
86.03
348.22
207.47
354.73
90.35
343.13
89.95
206.96
201.58
347.50
124.56
93.56
69.16
89.08
87.80
45.81
96.39
99.11
7.39
76.68
57.00
62.84
88.32
90.41
110.21
38.18
34.55
309.45
97.79
169.81
100.06
82.69
87.98
205.33
256.53
91.66
4.98
84.79
325.73
83.03
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2010.151
2010.153

20.00
1.57

11.12
-57.37

93.70
-26.45

128
127

64.9
67.7

74.60
209.63

2010.163
2010.201

19.35
17.26

7.70
-29.13

91.97
-13.17

35
19

62.5
50.1

77.93
238.84
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APPENDIX B1
Plots of radial and transverse receiver functions as a function ray parameter versus time
The vertical lines in the plots represent the theoretical move-out curves calculated for phase
(Ps, PpPs, PsPs+PpSs) for a 40 (km) thick crust.
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APPENDIX B2
Results from the obtained H-k stacking method

This Appendix contains H-K stacking results for each station. To the left of each receiver
function the top number gives the event azimuth and the bottom number gives distance in
degrees. Contour map out percentage values of the objective function given in the test.
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APPENDIX C
Results from the Joint inversion method

In this appendix, the results of Joint inversion method are provided for each station. For each
station, top panel: observed (black line) and predicted receiver functions, middle panel: observed
(black line) and predicted (red line) group and phase velocity curves. Bottom panel; shear wave
velocity models obtained above 300 km depth.
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