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Inversion of teleseismic travel times of P-waves recorded by a temporary linear array of seismological stations has 
been carried out in order to investigate the deep P-wave velocity structure in the Central African Republic in a region 
where a large magnetic anomaly-one of the largest occurring over a stable continent-has been revealed by satellite 
and surface surveys. Because of the good azimuthal coverage of seismic sources, it turned out that most of blocks are 
sampled by rays crossing in widely different directions. Lateral inhomogeneities strongly bias 2-D inversion and explain 
why 3-D inversion improves the fit of the data. Structural variations persist down to a depth of 160 km. Crustal 
thickness is about 40 km. Lateral inhomogeneities may be related to the northern margin of the Congo craton where up 
to 4% higher velocities are observed. The similar patterns of the Bangui magnetic anomaly and of the seismic velocity 
distribution suggest a close relation between the two. The abnormal magnetic field could be due to a deep structure with 
a higher susceptibility. 

1. Introduction 

The Bangui magnetic anomaly was first de- 
tected from surface measurements in 1953 [l]. 
Further observations-aeromagnetic profiles at an 
altitude of 3 km [2,3] and measurements by satel- 
lites Pogo [4,5] and, more recently, Magsat 
[6]-provide independent evidence for these fea- 
tures (Fig. 1). The latest data confirm that this is 
one of the largest anomalies detected at the earth's 
surface in both intensity and dimension. Ground 
measurements [7] show finer structures with three 
abnormal areas: the largest intensity is found north 
of Grimari (- 1500 nT), the second zone is north- 
west of Bangui, between Bangui and Bossembelt 
(1- 600 nT) and it is at the same location as the low 
of the satellite values. The third one is centered 
south of the Bossangoa region (-400 nT); this 
area may be related to the massive outcrops of 
charnockite [8]. 

Interpretation of aeromagnetic profiles led 
Green [3] to propose a crustal origin for the 
anomaly. According to Han-Shou-Liu [9] the - 
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source would be a remanent magnetization due to 
compressional stresses within the crust. On the 
other hand, Regan and Marsh [lo] indicated that 
induced crustal sources could explain most of the 
observations. Galdeano [ l l ]  showed that the direc- 
tion of the magnetization is the same as the pre- 
sent field after reduction to the pole; he also noted 
that, in the reconstruction of the Gondwana con- 
tinent, there is a noteworthy continuity of anoma- 
lies between Africa and South America. These 
observations all support an induced magnetiza- 
tion. 

The anomaly is thus the result of the present 
earth's magnetic field acting on a body whose 
susceptibility is larger than that of the surrounding 
regions. This body can'extend as far as the depth 
related to the Curie isotherm so that it could 
extend as deep as the bottom of the crust or 
perhaps into the upper mantle. Moreover, this 
anomaly is not connected in a very clear way with 
surface geology. Gravity data also exhibit anoma- 
lous features. The Bouguer anomaly map de- 

- lineated by Albouy and Godivier [121 clearly indi- 
cates a gravity low with an amplitude of 50 mgal 
with respect to surrounding regions at about the 
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Fig. 1. Total magnetic field anomaly in Central African Republic from ground measurements after Vassal and Godivier [7]. Contour 
interval is 200 nT. In inset, total magnetic field anomaly in Africa from Magsat after Lange1 er  al. [30]. Contour interval is 4 nT. 
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same location as the magnetic anomaly. However, 
this gravity low may not have a deep origin, since 
it is partly related to the sedimentary series of 
Bangui-MbGki to the west, and northwest of 
Bangui to th'e Ubangian Series and to the granitic 
intrusions that cut them in the area of Sibut, 
Grimari and Bambari. Regan and Marsh [lo] pre- 
sented a model explaining the gravimetric and 
long-wave length magnetic observations. They at- 
tempted to satisfy these data only with crustal 
inhomogeneities. Their m'ode1 consists of an intru- 
sive body with its top at a depth of 3 km and its 
base at about 35 km; the susceptibility reaches 
l op2  cgs. This body is covered with a quartzite 

sedimentary series of low susceptibility and is sur- 
rounded by charnockites of higher susceptibility. 

Most of the Central African Republic is late 
Precambrian in age, except for the Mesozoic sand- 
stone at Carnot in the ar east and several alluvial 
formations along the ri ers. The large extension of 
the sandstone quartzite shale series is seen in Fig. 
2. It represents a s all part of the Lindian- 
Ubangian rocks forme in,much of North Zaire. 
They are typical of sha low marine deposits. These 
series have a stronger i continental type here. The 
Lindian-Ubangian rocks represent the lid of an 
old platform (Congo craton) according to Verbeek 
[13], so that the Bangui-Mbdki series would have 
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been altered by the Pan-Afridan orogeny [14]. The 
mica-schist and sandstone formations, which en- 
circle the craton, consist of older series among the 
other metamorphic formations. The main struc- 
tural rocks strike NNW and from WSW to ENE. 

I t  seems that the area has not been tectonically 
active since the end of the Precambrian times and 
beginning of Paleozoic era (Pan-African episod). 
Nevertheless several small earthquakes have been 
felt, in the last few years (Boali, 1967 and 1972; 
Yaloke, 1974; Bangui, 1976$. Bossembelé, 1979), 
comparable to the seismicity reported around old 
stable areas [15]. 

2. Data 

In order to study the velocity structure within 
the crust and upper mantle, we installed 8 
Sprengnether smoked-paper recorders along a lin- 
ear ,profile from Bangui to Bossembelé across the 
maximum of the magnetic anomaly, the average 
distance between stations being 15-20 km (Fig. 2). 
The field experiment lasted two and a half months 
from mid December 1980 to early March 1981). 
The high quality of the sites permitted a gain up to 
90 db. The internal clock shift was controlled by 
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by station j ,  the absolute residual is: 

Ri,¡ = ( qj - T o )  - Cij 

Fig. 3. Plot of the epicenters of the events used in this study as 
a linear function of distance and azimuth. 

daily recording of WWV signals and was smaller 
than 0.1 s/day. 

About 300 events were collected during the ten 
weeks. The recording speed (120 mm/mn), sharp- 
ness of smoked-paper lines, time marks each sec- 
ond and careful reading with micrometric lens 
allowed us to pick the time with an accuracy of 
0.025 s. Each P or PKIKP phase was indepen- 
dently read by two persons and kept if the dif- 
ference was smaller than 0.15 s. We kept events 
recorded by more than six of the eight stations 
with epiaentral distances greater than 30" for P- 
waves. We did not keep PKIKP travel times for 
distances between 137' and 150' to prevent mis- 
readings of forerunners of triplicated core-phases. 
The final data set included 930 travel times from 
129 events, 98 with epicentral distances, A ,  in the 
range 30-100" and 31 with A greater than 110'. 
30% of the data showed differences in double 
reading smaller than 0.05 s and their standard 
deviation may be assessed less than 0.1 s. 

Events used in this study are plotted in Fig. 3. 
Azimuthal coverage and distance distribution are 
fairly good, but, for a given azimuth, distances do 
not vary in a large range due to the world seismic- 
ity distribution. 

In order to eliminate source and upper mantle 
propagation effects, residuals were calculated by 
the following procedure. Given an event i reported 

where qj = observedarrival time, To = origin time 
for event i ,  and Ci, = computed travel time for 
this hypocenter. 

The data were corrected for ellipticity and 
elevation. Residuals were calculated using the Jef- 
freys-Bullen tables. 

Ri j  is affected by various errors and anomalies 
including event mislocation and model biases. To 
take into account only the effects beneath the 
network of stations, we calculated the relative re- 
siduals rij: 

where mean residual Ri  for event i is the arith- 
metic mean of R i j :  

where ni = number of stations reporting the P 
arrival for event i .  

Finally, the mean station residual 5 was calcu- 
lated for station j :  

TABLE 1 
Summary of P- and PKIKP-wave residuals 

Station r U n 

(a) P - wuve datu 
BNG -0.13 0.16 88 

BAB -0.07 0.10 86 
MBA -0.16 0.11 89 

BOK -0.03 0.10 83 
BOS - 0.03 0.09 89 
BOT 0.05 0.10 93 
BOY 0.14 0.12 89 
BAK 0.24 0.13 83 

BNG - 0.09 0.10 28 
(b) PKIKP - wave data 

MBA -0.11 0.07 27 
BAB - 0.01 0.08 28 
BOK 0.05 0.09 26 

BOT 0.04 0.07 29 
BOY 0.02 0.10 25 
BAK 0.14 0.09 17 

r = mean station residual, u = standard deviation, and n = 
number of events. 

BOS 0.01 0.07 28 



where ni = number of events observed at station 

R i  will include travel-time errors due to mislo- 
cation and long-wave length inhomogeneities in 
the source region and in the lower mantle which 
are assumed to affect all stations similarly. 

(1) We checked that absolute residuals, R , ,  as a 
function of distance are similar to those generally 
observed ([16,17], for example), and thus not due 
to the local structure anomaly. Therefore there 
should be no major bias introduced by this reduc- 
tion. 

(2) Meari station residuals, 5, are listed in Table 
l a  with standard deviation and number of events. 
Earliest arrivals are observed at the southeastern 
end of the array (BNG and MBA) and the latest 
ones at the northwest (BOY and BAK), the dif- 
ference amounting up to 0.4 s. Velocities are there- 
fore higher in the southeast than in the northwest. 
Variations are not regular: the values increase 

j .  
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more rapidly between BNG and BAB than be- 
tween BOT and BAK (0.1 s between two neighbor- 
ing stations). The standard deviation is larger at 
the ends than in the middle of the array. This may 
be explained by azimuthal variations with larger 
amplitudes as we shall see later. Mean station 
residuals for PKIKP phases have also been calcu- 
lated .(Table l b). Residuals and standard devi- 
ations are smaller in absolute values for rays 
emerging more vertically and, consequently, less 
perturbed by lateral inhomogeneities. However, 
the azimuthal coverage is not as good as that of 
the P phases: more than 70% of the observed 
PKIKP rays have azimuths between 90" and 150" 
and the variations of P-wave relative residuals 
along the profile are weaker in this direction. This 
fact may explain the differences between P and 
PKIKP values. 

( 3 )  Relative residuals, rij, as a function of 
azimuth are shown in Fig. 4. At BNG,(Bangui) a 

-31 

Fig. 4. Relative residuals as a function of azimuth for each station. There is a distinct variation of opposite sign at both ends of the 
profile (stations BNG, MBA in the southeast and stations BOY and BAK in the northwest) but not in the middle of the profile 
(stations BOS and BOT). 
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double swing is seen with lower values at about 
50" and 250-300" and higher values a t  O" and 
140". Amplitude of the variations is about 0.4 s. 
The next station MBA shows the same pattern but 
with a smaller amplitude, and a negative offset, 
and therefore, the mean residual is more negative 
here than at BNG. Such a situation is still ob- 
served at BAB, again with a very small amplitude 
(about 0.2 s). The three following stations (BOK, 
BOS and BOT) do not show a clear azimuthal 
variation. For the two last stations (BOY and 
BAK) a clear variation is seen again, but contrary 
to the first stations, peaks are observed at 50" and 
250-300" and troughs at O" and 130"; amplitude 
is about 0.4 s. If we try to explain all these 
observations of residuals r,, by variations in the 
thickness of the crust or in crustal velocities, we 
have to use models dipping more than 30" or 
having unreasonable velocities. Thus we have to 
look for inhomogeneities within the upper mantle. 
Attempts have been made to set up simple two-di- 
mensional models of two or three blocks centered 
below the array; this was unsuccessful since we 
could not obtain the observed azimuthal distribu- 
tion of residuals. 

To summarize the observations and preliminary 
results: 

-Variations of the station mean residuals r, up 
to 0.4 s along the profile may correspond to an 
increase of 2.5 km in crustal thickness or to a 6% 
decrease in average crustal velocity, from the 
southeast to the northeast. 

-The azimuthal variations for residuals r will 
not be explained in this manner and lateral inho- 
mogeneities are necessary to fit  residual data in 
azimuth and in amplitude. 

-Reading errors (0.1 s) can explain less than 
30% of variance of the data (3 X lov2 s2). There- 
fore lateral inhomogeneities have to account for 
70% of this variance, and thus we have to try an 
inversion of the velocity structure beneath the 
network. 

' 2  

3. Inversion 

As a model for the structure beneath the array 
we shall use a stack of rectangular homogeneous 
blocks. Aki et al. [I81 and Aki.and Richards [19] 
have shown that the vector m of the perturbations 
of the P-wave velocity is a solution of the equa- 

tion: 

Gtn = d 

where d is the vector of relative residuals of P-wave 
arrivals, tn, the vector of unknown velocity per- 
turbations, and G,  a matrix with reduced travel 
times. 

Selection of an initial model requires a reasona- 
ble knowledge of the vertical velocity distribution, 
because perturbations are not linearly related to 
the observations. Estimations of the crustal thick- 
ness and velocity can be found by calculating 
spectral ratios of horizontal and vertical ampli- 
tudes of the P-waves at the S.R.O. station at 
Bangui (Table 2) according to the method of Phin- 
ney (201. We tried to fit these spectral ratio with 
different crustal models. Solutions are not unique 
and peak positions depend on the travel time 
within the crust, thence on crustal thickness and 
velocity (Fig. 5) .  This thickness ranges from 36 to 
42 km as the P-wave velocity varies from 6.1 to 6.7 
km/s. A shot of 350 kg TNT in a quarry near 
Bangui provides arrival times compatible with this 
crustal model. We tried several initial models tak- 
ing into account these results and different upper 
mantle velocity distributions ([21], PEM [22], 
AFRIC [23]), but the solution does not drastically 
depend on a specific model and we selected the 
model of Herrin in the following. 

The block size that needs to be chosen is related 
to wavelength, angles of incidence, distance and 
azimuth of rays and also to the geometry of the 
network, and is controlled by the usual trade-off 
between resolution or details of models and accu- 
racy of the model parameters. The number of 
blocks and their horizontal size are fixed in the 
first layer by the station distribution and they have 
not been perturbed for the different trials. Rota- 
tion of the blocks did not modify the obtained 
solution significantly and increasing the block size 
spreads the resolution, but does not change the 
pattern drastically. 

The damping constant B2 = u,,"/.; of the sto- 
chastic inverse solution [24,25]-un. is the standard 
deviation of data and u,, that of the model-may 
be calculated a priori and we reported before that 
u," was 3 X low2 s2. A reasonable estimate of ut: 
may be 20(%)2. We tried several values of B 2  
between 0.0001 and 0.015 (s/%)'. Higher values of 
B 2  reduce the number of degrees of freedom, 
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therefore the perturbation reveals large-scale 
anomalies, while lower values have the effect of 
increasing small-scale fluctuations. A fair trade-off 
is obtained with a value of 0.001 (s/%)*. 

Because the network was linear, we began with 
looking for two-dimensional models: the block size 
is largely increased perpendicularly to the profile. 
We could not obtain models that reduce the vari- 
ance of the data by more than 64%. However, we 
previously stated that we had to justify 70% at 
least. 

Data from a field experiment in Senegal [26], 
performed in very similar conditions, have been 
reprocessed using the same technique as applied 
here [27]. We found that most of the data could be 
explained with a two-dimensional model. Indeed, 
in that case the geological settings show a clear 
structural trend perpendicular to the profile which 
explains the success of the 2-D inversion. 
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Fig. 6. Vertical cross sections beneath the line of stations for different models. The numbers are velocity perturbation in one-tenth of 
percent. Oblique hatching: negative perturbation. Vertical hatching means that the block is not well resolved. (a) 2-D inversion. Note 
the low-velocity anomaly for the first 3 layers in the northwest and high velocity in the southeast. Below 80 km the structure looks 
homogeneous. (b) 2-D “unbiased” inversion. Two rows were added on each side of the central row to take into account possible 
lateral heterogeneities. The first layer is very similar to that shown in (a), but anomalies appear below 40 km. (c) 3-D inversion. The 
results for the central row are very similar to those given in (b). 
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Senegal; therefore it is noteworthy that we cannot 
reduce more the variance of the data even though 
their number and the azimuthal and distance 
coverages are fairly better. Moreover, in this case 
also, the strike of the px‘ofile has been chosen 
roughly perpendicular to the structural features as 
shown by the main trend of the magnetic anomaly. 
In Senegal the resultk of the inversion of the 
seismological data are confirmed by other geologi- 
cal and geophysical observations. The structural 
context is rather simple and clearly shows a sym- 
metrical situation on both sides of the station line, 
easily modelled in two dimensions. Indeed this 
inversion allows us to get an idea of the accuracy 
and of the resolution with such data and their 
results can be used as reference. In the Bangui 

region the geological -and geophysical patterns are 
not as simple as in Senegal and that certainly 
explains the failure of the first attempts. So we are 
led to show how the 2-D model is eventually 
biased by 3-D inhomogeneities. 

In a first step we try to remove these con- 
taminating effects related to lateral inhomogenei- 
ties off the linear direction of the array. To achieve 
this, we use a model with three rows of blocks 
parallel to the strike of the array. The central row, 
40 km large, is directly beneath the line of stations. 
The two outer rlows act to “absorb” the effects of 
off-azimuth heterogeneities. The central row can 
then be interpreted as an unbiased 2-D model and 
the outer rows can be used qualitatively to com- 
pare the off-azimuth effects. 

. 
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CROSS-SECTION TRANSVERSE TO THE PROFILE 

Fig. 8. Values of the elements of the resolution matrix for blocks in a vertical cross-section transverse to the 3-D model. Bold 
characters inside each block indicate the value of the diagonal element of the resolution matrix for this block. Italicized characters 
represent off-diagonal elements of this matrix corresponding to neighbouring blocks. Only off-diagonal elements greater than 0.10 are 
presented. Note that the distribution of off-diagonal elements is isotropic for well-resolved blocks (diagonal element of the resolution 
matrix greater than 0.50). ( ) = block in front; [ ] = block behind. 

compare its vertical section along the profile with 
that of the unbiased 2-D inversion in order to 
control the stability of the inversion process. 70% 
of the variance of data are explained with a simple 
model consisting of 2 layers, 80 km thick. This 
model is compatible again with the unbiased solu- 
tion. We shall perturb this new model further by 
building up a stack of layers extending down as 
deep as 160 kin. Beyond a depth of 160 km, most 
of the blocks are not resolved. It is clear that there 
is no resolution near the surface for off-line ele- 
ments and that resolution increases in depth with 
the number of rays crossing within these blocks 
like for the on-line parts. 

Our best model is listed'in Table 3. It consists 
of six layers with two blocks within the crust and 
it explains 85% of the data variance. The magni- 
tude of remaining residùals (0.07 s) is in agreement 
with the errors estimated previously. 

The vertical section (Fig. 6c) along the array is 
comparable to that of the 2-D unbiased model. 
This result indicates that the .3-D inversion is 
stable. Therefore we shall discuss this model fur- 
ther later on. 

Horizontal projection of the ray paths -through 
each block of three layers of the model are shown 

in Fig. 7. This figure allows us to understand how 
the 3-D inversion of the data of a linear array may 
be successful. Neighboring resolved blocks do not 
share the same rays, but are sampled by rays 
coming from various directions or distances. This 
is due to the good azimuthal coverage of the 
different seismic sources (see Fig. 3). If the num- 
ber of rays crossing through a block and coming 
from different source regions becomes small (gen- 
erally less than lo), then this block is found unre- 
solved in the model. 

Another verification of the 3-D resolution can 
be found by looking at the off-diagonal elements 
of the resolution matrix. Fig. 8 shows the values of 
these elements for a vertical section transverse. to 
the profile. The figure indicates that the values for 
each resolved block are not greater in roughly 
vertical directions as would be the case i f  there was 
a strong correlation along the rays, but i t  shsws 
more or less isotropic variations. 

4. 3-D velocity model 

The final solution is shown in Fig. 9 where the 
velocity values are indicated only for blocks with 
the Rii component of the resolution matrix greater 
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TABLE 3 

Characteristics of the 3-D velocity model 

Layer Velocity Thickness IV, L, IVll LI, M 
No. 
1 6.00 15 1 20 8 16.5 8 
2 6.75 25 3 20 10 16.5 30 
3 8.07 40 5 20 12 16.5 60 
4 8.11 40 7 20 14 16.5 98 
5 8.17 40 9 20 14 16.5 144 
6 8.25 40 11 20 1.8 16.5 198 

N,, L, = number, length of blocks in a direction perpendicu- 
lar to the profile; NI,, LI, = number, length of blocks in a 
direction parallel. M = number of blocks in the layer. 

second layer. Boundaries between fast and slow 
regions strike roughly perpendicular to the profile. 
In the northeast a wide region of lower velocity 
appears which was not observed in the three first 
layers. Perhaps this feature may extend upwards, 
but the absence of off-line resolution in these three 
layers does not permit to reveal it. 

Below 160 km low velocities continue to be 
observed in the northeast, but inhomogeneities are 
of a smaller scale. There is no more lateral resolu- 
tion. 

In conclusion, the three-dimensional travel-time 
inversion illustrates that differences in structure 
extend down to 160 km and may be deeper. A 
high-velocity body is clearly indicated with a sharp 
boundary tp the northeast. The geometry of the 
network prevents us from knowing if this pattern 
extends up to the surface. If this is the case, the 
fast region would roughly consist of a sort of 
wedge with sides striking respectively SW-NE and 
NW-SE, the first one dipping steeply toward the 
northwest and the other one subvertically. 

5. Discussion 

The location of the northern boundary of the 
Congo craton is still an open problem. In 
Cameroon the limit to the west is well determined 
until 14-16"E and in the Central African Repub- 
lic and in Zaire it is found again for longitudes 
greater than 22"E. Bessolles and Trompette [14] 
and Cornacchia and Dars [28] do not agree upon 
the latitude which may vary up to several tens of 
kilometers: between 2" and 4"N for the eastern 

end in Cameroon and between 4" and 5"N at 
longitude 22"E, northwards according to Cornac- 
chia and Dars, southwards according to Bessolles 
and Trompette. Between.14-16"E and 22"E radio- 
metric datings are poor markers of the craton and 
the Pan-African mobile zone. The margin could be 
hidden under upper Precambrian series which may 
not have clear characteristics allowing to assert 
that these series are cratonic coverage. 

Poidevin [29] from new geological observations 
showed that this margin of the Congo craton is 
characterized by a suture which presents a se- 
quence of sinistral offsets approximatively striking 
N020". One of the edges defined by these offsets, 
northwest of Bangui, roughly coincides in location 
with the high-velocity zone revealed by the inver- 
sion. Therefore these deep P-waves velocity inho- 
mogeneities could be related to the Congo craton 
or to some old suture in its surroundings. 

Moreover, Poupinet [17] showed a close relation 
between P-wave residuals and ages of the underly- 
ing lithosphere. He found a mean residual of - 1.36 
s, corresponding to an age of 3 Ga at Bangui 
station. In this case this station would be located 
on the craton, whereas Bessolles and Trompette 
[14] think that the whole Central African Republic 
belongs to the Pan-African mobile zone. We oper- 
ated a temporary seismological station during 
several days, 20 km west from Bossembelt, 40 km 
west from the northwestern end of the profile. 
Compared to BNG a mean differential residual of 
0.64 +0.14 s has been calculated based on only 11 
events. In this case absolute residuals would be 
about -0.72 s and the underlying lithosphere 
would be about 1 Ga old. We think that the 
northern margin of the Congo craton is located 
between the extremities of the profile. 

Looking again at the magnetic map from surface 
measurements (Fig. l), it is seen that the low 
magnetic anomaly spreads widely towards the 
southeast and terminates to the northwest along 
an ESE/WNW direction crossing the seismologi- 
cal station profile and also, in a less clear evidence, 
to the northeast of the network. Both anomalies 
are therefore characterized by a similar wedge 
shape with sides trending parallel to both main 
structural directions in this region, just at the place 
where the boundary of the craton may be located. 
If a geometrical relation between structural and 
magnetic anomaly looks fairly well established, we 



did not establish how this structure may induce 
the observed magnetic field; We did not try to 
build up a model of an induced magnetic anomaly 
because of the poor constraints that we would be 
able to introduce: lateral extensions southwards 
and also upwards in the first layers are not defined 
by our data. Moreover, large variations of the 
Curie isotherm depth may be considered. Further 
constraints must be introduced, but this investiga- 
tion is beyond the range of this paper. 

6. Conclusion 
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A seismological investigation of the large mag- 
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