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ABSTRACT

The World Stress Map (WSM) database is a global compilation of recent tectonic stress from a wide
range of stress indicators. Earthquake focal mechanisms are the main source to obtain stress data for
the WSM. Globally, for most of the stronger earthquakes (Myw > 5.5) focal mechanisms are routinely
given by Harvard CMT-solutions. However, for the numerous earthquakes of smaller magnitude fo-
cal mechanism solutions are hardly available.

We developed a semi-automatic and frequency sensitive moment tensor inversion that allows us to
determine source mechanisms of magnitudes My, <5.5. For the case study of eastern Africa we pre-
sent focal mechanisms of 38 earthquakes with magnitudes of My, 4.4-5.5 that occurred between 1995
and 2002 and were not studied previously. We invert data of the permanent global seismometer net-
work with source-receiver distances up to 3300 km within variable frequency bands between 10 mHz
and 29 mHz. Since we use a one-dimensional earth model to calculate synthetic waveforms, the
method is easily transferable to other regions worldwide and thus can improve the understanding of
regional tectonics and give valuable information for seismic hazard assessment.

We combine these new results with all 90 CMT-solutions available for eastern Africa (1977-2005)
and 17 focal mechanisms determined by moment tensor inversion from other authors to perform a
stress inversion for ten separate areas, that are adopted from the Global Seismic Hazard Assessment
Program (GSHAP) and adapted to our data distribution. All over eastern Africa we obtain stable
stress tensors, that show a general East-West extension, most likely explained by the effect of gravita-
tional potential energy differences. Regional deviations from this pattern are probably related to the
existence of two distinct microplates that are located between the eastern and western rift branch.

INTRODUCTION

The WSM is a compilation of stress orientations of different indicators on different scales. Stress
information is deduced from earthquake focal mechanisms, well bore breakouts, drilling-induced
fractures, in-situ measurements (hydraulic fracturing, overcoring data and borehole slotter), strain
relief measurements and young geological data (Heidbach et al., 2004). The aim of the WSM is to
provide standardised and quality-ranked stress data on a world wide scale and to combine different
data resources on a user-friendly and online available database (http://www.world-stress-map.org).
The major part of the WSM stress data, however, is deduced from earthquake focal mechanism data
(Zoback, 1992), mainly provided by the routinely determined Harvard centroid moment tensor (CMT)
solutions (Dziewonski et al., 1987) and moment tensors by other institutions. Thus the distribution of
WSM stress information reflects the global seismicity pattern (Fig. 1a).

Figure 1b shows the magnitude statistics of CMT-solutions determined per year since 1976. Below
My = 5.0-5.5 the number of evaluated seismic events decreases significantly. Since earthquake magni-
tude statistics follow the logarithmic Gutenberg-Richter relation, the number of events 4.5 < My < 5.0
per year for which no moment tensor solution is calculated is greater than 2000. Thus the determina-
tion of low magnitude earthquake focal mechanisms especially for intraplate regions of moderate
seismicity holds a high potential of new stress information that can give important insights into active
tectonics (Fan and Wallace, 1991) and detailed information in terms of seismic hazard assessment.
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Figure 1: a) Global seismicity My > 4.5 (black dots, Engdahl et al., 1998) since 1996, overlayed by
WSM data locations (grey dots). Accumulation of black symbols indicate intraplate regions of inter-
mediate seismicity where only sparse stress information available. b) Number of CMT-solutions (grey
bars) and events without source information (black) per year versus moment magnitude My,.

We present a frequency sensitive moment tensor inversion that allows to determine low magnitude
earthquake focal mechanisms using data from regional and teleseismic seismometers. Intraplate re-
gions where only sparse stress information is available but intermediate seismicity is present are for
example eastern Africa, inner Asia including the Baikal region and the inner Indo-Australian plate
(Fig. 1a). As a case study we will determine new focal mechanism solutions for low magnitude events
Myw < 5.0 in eastern Africa using the permanent seismometer network. Finally, we will combine the
new mechanisms with CMT-solutions and other datasets to perform stress inversions for separate
regions and discuss the results in terms of eastern African tectonics.

THE EAST AFRICAN RIFT SYSTEM

The East African Rift System (EARS) is a rare example of active continental rifting. Passing for
nearly 3000 km through the continent, the EARS separates the Nubian subplate to the west from the
Somalian subplate to the east (Fig. 2). Beginning on the Afar triple junction, it crosses the Ethiopian
highland and leads to the eastern rift branch dispersing in northern Tanzania. Grimison and Chen
(1988), however, proposed an extended eastern branch that connects to the Davie Ridge along the
continental margin on the coast of eastern Africa, to explain the seismic activity in the northern Mo-
zambique Channel. The western branch starts in southern Sudan and runs through the rift valley lakes
to Mozambique, including Lake Tanganyika and Lake Malawi.

Source mechanisms in eastern Africa were examined by several studies using both first motion analy-
sis (e.g. Fairhead and Girdler, 1971) and waveform inversion. Shudofsky (1985) used Rayleigh-
waveform inversion to calculate source mechanisms for earthquakes with magnitudes My > 5.0 from
the years 1964 to 1977. He obtained 23 focal mechanisms all over Africa and thus demonstrated the
viability of this technique in a region of moderate seismicity and sparse data. Since 1977—the begin-
ning of routine determination of the Havard CMT's (Dziewonski et al., 1987)—90 focal mechanisms
were given in the study region until end 2005 (CMT catalog, http://www.globalcmt.org). The global
level of completeness for CMT-solutions is approximately Mw > 5.5 (Arvidsson and Ekstrom, 1998),
whereas for eastern Africa the level of completeness is My > 5.3 (Barth, 2007), including events as
low as My = 4.7. Thus for strong and most of moderate magnitude events the CMT-solution is given.
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Figure 2: Result of the frequency sensitive moment tensor inversion showing the 38 newly determined
focal mechanisms (large grey beach balls). Smaller black mechanisms are given by CMT-solutions
and other publications (see text for references). Triangles indicate seismic stations.

FREQUENCY SENSITIVE MOMENT TENSOR INVERSION
Data

We use recordings of broadband and long-period seismometers with source-receiver distances up to
3300 km to investigate source mechanisms of earthquakes My < 5.0 in eastern Africa. Additionally,
we restrict the moment tensor inversion to the times after 1995, for which sufficient data are available.
We use seismic data of 13 seismometers receiving a good azimuthal distribution with respect to east-
ern Africa (Fig. 2). Waveform data of all stations are available online via the IRIS-datacenter Wash-
ington (http://www.iris.edu/SeismiQuery). Earthquake locations were taken from the Engdahl cata-
logue of relocated earthquakes (Engdahl et al., 1998) and only events are considered for that no
Harvard CMT-solution was determined previously.

Frequency sensitive processing

We apply a damped least squares moment tensor inversion in the frequency-domain to fit the spectral
amplitude pattern (Giardini, 1992; Bernardi et al., 2004). Synthetics are generated by normal mode
summation (Woodhouse, 1988) for the one-dimensional PREM earth model (Dziewonski and Ander-
son, 1981), that makes the inversion routine easily transferable to regions worldwide. However, this
restricts the inversion to long-period waves, that are less influenced by structural heterogeneities than
short periods (Larson and Ekstrom, 2001). Sileny (2004) showed that periods T > 35 s are sufficient
for the determination of moment tensors for low magnitude events using a one-dimensional earth
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model. Beside this short-period limit, the usable waveform data are also limited for long-period waves.
Low magnitude earthquakes provide amplitudes higher than the seismic noise level only at waves of
rather short periods when recorded at teleseismic distances. Thus, for the moment tensor determination
in regions of only intermediate seismicity and sparse seismometer coverage, source-relevant data of
long-period waves (T > 100 s) disappear within the seismic noise. These two limits restrict the data
used in this study to periods T =35-100s (f=10-29 mHz). Harvard CMT-solutions are calculated
automatically inverting long-period body and surface waves using two constant pass-bands of periods
of T > 45 s respective T > 135 s recorded by permanent seismometers of the global network in tele-
seismic distances (Dziewonski et al., 1987). However, analysing low magnitude events with little
seismic data the inverted frequency band of waveform data has to be chosen adequately in dependence
of the earthquake magnitude and distribution of seismic stations, (Braunmiller et al., 2002). Since
these effects have differing influences on the individual waveforms, a reliable waveform dataset has to
be compiled to perform a stable earthquake source study. For this purpose we automatically invert the
source-relevant long-period part of each waveform trace at first solely to determine waveforms with a
high signal-to-noise ratio (Barth et al., 2007).

To account for these difficulties of source mechanism analysis we perform the frequency sensitive
moment tensor inversion. The semi-automatic data processing follows a strict scheme and includes
three steps: 1) Determination of an initial dataset N,; 2) Extraction of the final data set Ngp, in de-
pendence on hypocentral depth and inverted frequency range; 3) Frequency sensitive analysis for the
final dataset to determine the final frequency range Fy,, and the optimum hypocentral depth. Here we
will give a short overview concerning the inversion procedure. A detailed description can be found in
Barth et al. (2007).

(Step 1) To determine the initial dataset Ny, we invert each single waveform component for the mo-
ment tensor to decide whether its waveform could be explained by an arbitrary source mechanism and
the one-dimensional earth model. The inversion is performed for a sliding 8 mHz wide frequency band
between 8§ mHz and 29 mHz and a constant hypocentral depth given by Engdahl et al. (1998). The
moment tensor inversion minimises for the data variance ¢ between observed d and synthetic wave-
forms s:

a=(d—s)2/d2. (1)

To receive a robust initial dataset, we define limits for the data variance o to separate explainable data
and such biased by noise and effects of crustal complexity. Thus for each frequency range an initial
dataset Nj,;; is determined that only includes waveforms that result in variances below this limit. Fi-
nally, we take the initial dataset Ny, for the frequency range with the largest number of high quality
components and extend it to frequencies with a similarly high amount of explainable data.

(Step 2) Next we define the final dataset Ngy,, by reducing N, to the set of waveforms that could be
explained by a common moment tensor: One by one the waveform explained worst is excluded from
the dataset and the inversion is performed again until the waveform components for all stations have
an individual variance below the threshold. Again this step is repeated for a sliding 8 mHz frequency
band, but this time with discrete crustal source depths. This iterative procedure reduces N, to an
individual dataset for each depth-frequency combination. The dataset with the lowest variance o is
chosen as final waveform dataset Ng,,, whereas the according focal mechanism solution must be
similar to the mechanisms of adjacent inverted frequencies. We define similarity of two focal mecha-
nisms by an average difference in orientation of the principal axes of two moment tensors less than
30° (Bernardi et al., 2004).

(Step 3) As the previous steps are necessary to obtain the waveform dataset, we now perform the
frequency sensitive inversion for the final dataset Ng,,. The inversion for the deviatoric moment
tensor is applied for the discrete source depths by sliding frequency bands. The depth-frequency pair
with the lowest variance is selected and the band-width extended to Fgy,, that is the widest range of
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similar focal mechanisms. Finally, we determine the hypocentral depth with the lowest variance by
inverting the fixed dataset Ng,, and frequency band Fy;,, for the discrete source depths.

Inversion results

As described in Barth et al. (2007) we determined 38 reliable moment tensors for eastern Africa within
the years 1995-2002 and moment magnitudes that range from My 4.4 to My 5.5 (median My, = 4.8).
The individual focal mechanism solutions are shown in Figure 2. As expected the majority of analysed
events concentrates along the East African Rift System, but 13 moment tensors are determined for
earthquakes in neighbouring regions. The predominant regime is normal faulting.

Congo - My 4.7 earthquake, 2000-12-02

A representative earthquake to demonstrate the frequency sensitive moment tensor inversion is the
event of 2 December 2000, 04:16:43 UTC that occurred west of the western rift branch in the Democ-
ratic Republic of Congo at 7.3°S/27.8°E. The inversion is performed using ten waveform components
of seven seismometers with source-receiver distances between 800 and 3100 km (Barth et al., 2007).

The frequency sensitive inversion of Ng,, for discrete source depths (step 3) is given in Figure 3. The
inversion is performed for 8 mHz wide frequency pass-bands within the frequency range Fi, = 15-
29 mHz and shows an area of similar and low variance normal faulting mechanisms for the central
frequency bands. On the low-frequency edge mechanisms tend to flip into the opposite regime,
whereas for high frequencies data variance increases. The depth-frequency combination with lowest
variance is found at Fg,, = 16-24 mHz for a source depth of 18 km. Similarly low variances result for
shallower depths, while deeper origins can be excluded. To demonstrate the necessity of a frequency
sensitive inversion we invert the dataset Ngy,, for the full frequency band from 10 mHz to 29 mHz
(Fig. 3, right column). Compared to the stable, low variance depth-frequency region inverted for the
narrow frequency bands, variances for this rather wide frequency band are high and focal mechanisms
are partly rotated (Barth et al., 2007). The inversion of Ngy, for Fgy, fits the surface wave-trains in
phase and amplitude very well (Fig. 4) and results in a seismic moment of 1.36:10'° Nm (My, = 4.7).
The solution shows a normal faulting mechanism, striking in northeast/southwest orientation. The
nodal planes dip with 40° and 53°, respectively. The mechanism roughly agrees with Harvard CMT-
solutions determined previously for that region (compare Fig. 2).

STRESS INVERSION

The formal stress inversion from focal mechanisms are based on following assumptions for the study
region (Michael, 1984): (a) The stress field is uniform and invariant in space and time. (b) Earthquake
slip occurs in direction of maximum shear stress (Wallace-Bott hypothesis, Bott, 1959).
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To take account of the ambiguity between focal and auxiliary plane of the source mechanism we apply
a statistical approach, that inverts different combinations of fault planes to see which stress tensor is
most likely. The composition of each dataset is twofold: At first a bootstrap routine is performed that
picks n mechanisms at random from the original » events. Each dataset then will have some mecha-
nisms repeated two or more times. Thereafter the fault plane is chosen randomly from the two auxil-
iary planes (Michael, 1987). Thus, several thousand synthetic datasets are compiled by one original set
of focal mechanisms and inverted for the orientation of maximum shear stress. A statistical analysis
then gives the best fitting stress orientation. Since this strategy does not decide for one fault plane and
the dependence on individual focal mechanism solutions is decreased, this method is appropriate.

Focal mechanism solutions for eastern Africa

We combine the 38 newly determined focal mechanisms of this study with other mechanisms calcu-
lated by moment tensor inversion to invert for the regional stress field in eastern Africa (Fig. 2). The
greatest number is taken from the Harvard-CMT catalogue that provides 90 focal mechanisms from
1977 until 2005 within the study region. Beside this, 17 additional mechanisms of strong events are
given by four publications from 1964-1977 (all 17 by Shudofsky, 1985 and re-evaluations by Foster
and Jackson, 1998 {5}; Grimison and Chen, 1988 {1} and Nyblade and Langston, 1995 {1}).

Zonation and resulting stress orientations

Since the focal mechanism data are not consistent for the inversion of entire eastern Africa and thus
the misfit between orientation of maximum shear stress and slip direction is rather high (Barth, 2007),
we divide the region into sub-areas to study regional changes in stress orientation. For this purpose the
zonation of the Global Seismic Hazard Assessment Program (GSHAP) is applied. These worldwide
zonations take into account the recent and historic seismicity and hence define areas with a common
seismic risk (Giardini, 1999). Hereby, eastern Africa is divided into 21 areas from the Afar-region in
the north to southern South Africa, eight of which are located in our study region (Midzi et al., 1999).
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By this means, datasets of focal mechanism solutions are defined, for that the stress inversion can be
performed. Since some events are not binned into one of the GSHAP-areas and some areas include up
to 50 events, we adapt the GSHAP-classification to our dataset of 145 focal mechanisms. The inver-
sions of these ten areas reveal a general trend of east/west extension (corresponding to the orientation
of minimum horizontal stress Sy) all over eastern Africa (Fig. 5). Moreover a clear trend of changing
stress pattern from northwest to southeast is obvious. While the northwestern segments of the EARS
(areas 1,3-5) and the region south of it on the high plateau of Zambia and southern Congo (area 8)
have extensional regimes with west-northwest/east-southeast orientation of Sy, the eastern rift branch
(area 7b), the southernmost rift segment along Lake Malawi (area 6) and the continental margin in-
cluding Madagascar (area 9) reveal a S;, orientation of east-northeast/west-southwest. Only the distinct
areas along the Aswa fault-zone (area 2) and the area between the eastern rift branch and Lake Victo-
ria (area 7a, high misfit) show north/south oriented extension (Barth, 2007).

DISCUSSION
Moment tensor inversion

The misfit between observed and calculated data in the frequency domain is given by the variance
(Eq. 1), that is on average 6 = 0.41 with 0.17 <5 <0.71 for the 38 moment tensor inversions (Barth et
al., 2007). Compared with other studies the solutions provide a good fit (Bernardi et al., 2004). For the
main part of the results variance ¢ increases with decreasing earthquake magnitude, since for weak
events the amplitude of the seismic signals can be as low as the seismic noise level, hence biasing the
transient wave signal. The generally low level of ¢ is obtained by systematically excluding waveform
components with high variances by step 2 of the semi-automatic processing. In combination with the
frequency sensitive analysis this allows the determination of source mechanisms for magnitudes as
low as My 4.4 and thereby the decrement of the magnitude threshold of moment tensor inversion for
eastern Africa from My ~ 5.3 (Harvard CMT-solutions) to My ~ 5.0 (Barth, 2007).
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The relation between inverted frequency band and moment magnitude for the 38 moment tensor
inversions shows that the high-pass frequency is lower for higher magnitudes, as described by previ-
ous studies (Braunmiller et al., 2002). The average number of inverted waveform traces per earth-
quake is nine with a maximum of 19 waveforms. Inverting less than six waveforms, the small amount
of data can be fitted by various mechanisms, for structural heterogeneities could wrongly be mapped
into the source process (Rao et al., 2002). This can lead to rotated beach balls when the frequency
band is varied little, with small depth-frequency regions of stable focal mechanisms. Thus only earth-
quakes that provide a good signal-to-noise ratio for a sufficient amount of data are analysed. Since
inversions for only six to eight waveforms do not result systematically in high variances the limit of
six waveforms is an adequate restriction.

Eastern African stress pattern

The stress inversion reveals a general trend of east/west extension. Moreover, from northwest to
southeast a smooth change from west-northwest/east-southeast to east-northeast/west-southwest
extension is visible. Figure 5 shows averaged stress data contained in the World Stress Map (WSM)
database (Miiller et al., 2003; Reinecker et al., 2005), excluding focal mechanism data used in this
study. Beside some overcoring data south of 20°S, where no focal mechanisms are known, borehole
breakouts and data from geological field observations are available. Compared to the S; orientations
resulting from our stress inversion, the WSM-data partly support the stress change of Sy, from north-
west to southeast.

Coblentz and Sandiford (1994) showed by two-dimensional finite element modelling that first-order
stress pattern are a mostly a consequence of differences in gravitational potential energy. However,
their two-dimensional model cannot resolve a stress change as determined in this work, probably
because the regional tectonics are mainly influenced by three-dimensional structures such as existing
microplates. Calais et al. (2006) observed deviations in the direction of motion of microplates in
eastern Africa. By GPS- and earthquake slip-data from CMT-solutions they concluded that the EARS
consists of at least two distinct microplates named Victoria and Rovuma. The Victoria block is located
around Lake Victoria south of the Aswa fault-zone between the eastern and western rift branch. The
Rovuma block between the Lake Malawi and the Davie Ridge borders in the north on the Victoria
block. An opposite rotation of these two microplates (Victoria counter-clockwise, Rovuma clockwise),
as proposed by Calais et al. (2006) influenced by local mantle up-wellings could possibly explain the
spatially changing stress field.

CONCLUSIONS

For the case study of eastern Africa we determined 38 focal mechanisms with My =4.4-5.5 for
source-receiver distances up to 3300 km. The investigation of focal mechanisms of low magnitude
earthquakes calculated from sparse teleseismic waveform data reveals a strong dependence on the
inverted frequency pass-band. To take into account this dependence, we developed an iterative and
frequency sensitive processing to perform the moment tensor inversion. This semi-automatic proce-
dure determines a dataset of high quality waveform data, the maximum width frequency pass-band of
similar and low variance moment tensors and the hypocentral depth. Thus, all determined moment
tensors have low variances and are stable within the finally inverted frequency band. We inverted only
waveforms with periods longer than 35 s that are less affected by structural heterogeneities than short
period waves and only periods shorter than 100 s, since source-relevant data of long-period waves
(T > 100 s) disappear within the seismic noise.

The separate stress inversions for ten distinct areas result in a prevailing extensional stress regime in
eastern Africa with predominantly east/west oriented S,. Beyond this, the orientation of S; changes
from west-northwest/east-southeast in the northwest to east-northeast/west-southwest in the southwest
of the study region. While the first-order pattern of east/west extension in eastern Africa can be ex-
plained by the effect of gravitational potential energy differences (Coblentz and Sandiford, 1994), a
possible reason for the stress change is probably related to the existence the two microplates Victoria
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and Rovuma, that are located between the Nubian and Somalian subplate. Hence, local mantle up-
wellings could be the reason for the spatial changes in the stress field around these microplates and
their opposite rotation, as constrained by GPS-data (Calais et al., 2006).

We have shown that even with a sparse teleseismic station distribution moment tensor inversion of
earthquakes with My, < 5.0 is possible. By using a one-dimensional earth model (Dziewonski and
Anderson, 1981) and waveform data of the permanent global seismometer network, the described
processing is easily transferable to other regions of intermediate seismicity. Thus frequency sensitive
moment tensor inversion has a high potential of enlarging the number of calculated focal mechanism
solutions worldwide to increase the global stress information and improve the understanding of re-
gional tectonics.
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