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Abstract. The Congo Basin has been affected by several earthquakes for which the in-situ stress has not yet been
reported. This study aims to determine the in-situ stress related to earthquakes in the Congo Basin, particularly
those located in the north portion of the Republic of Congo (RC) and in the northwest portion of the Democratic
Republic of Congo (DRC). The combined analysis of seismic history of the Congo Basin and of in-situ paleo-
stress in the Inkisi Group allowed us to distinguish onshore earthquakes that are linked with preexisting zones of
fractures on the continent and offshore earthquakes that are directly linked with transform faults. The Inkisi Group
has been affected by two phases of strike-slip tectonics. The first phase, with a direction of compression N142°, is
a result of the Gondwanide orogenesis in the Paleozoic. The second phase, with a compression direction of N078°,
is related to the present-day stress of earthquakes in the Congo Basin. This phase is still active and is likely
attributable to ridge push from the opening of the Atlantic Ocean. It is therefore appropriate that infrastructure
construction in Brazzaville and Kinshasa considers seismic risk in the Inkisi bedrock of this area. As an example,
we note that several masonry fences along the Congo river have developed fractures.

Keywords: Atlantic Ocean, Inkisi Group, Congo Basin, neotectonics, intraplate stress.
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1  Introduction

Brazzaville and Kinshasa are, respectively, capitals of the Republic of Congo (RC or Congo Brazzaville) and the
Democratic Republic of Congo (DRC or Congo Kinshasa). Both countries are located on the passive western
margin of the African plate. Although passive, this margin has experienced several recorded
earthquakes(Ambraseys and Adams, 1986), some of which caused great damage. This was the case in Equatorial
Guinea in 1983, where a 6.2 Richter scale magnitude earthquake resulted in nearly 300 deaths and 1,500 people
injured (Ambraseys and Adams, 1986). Similar earthquake intensities were also reported in Cameroon and Gabon
in 1945 and 1974, respectively (Ngatchou et al., 2018). These events illustrate that Central Africa, including both
RC and DRC, are areas with potential risk of earthquakes. Unfortunately, the construction of major structures in
Brazzaville and Kinshasa generally does not take this seismic risk into account, as no large-scale earthquakes have
been recorded in these two cities. Indeed, recent studies on earthquakes in Congo Brazzaville (Ayele, 2002; Bouka
Biona and Sounga, 2001) show that the epicenters coincide with faults delimiting the horsts and grabens of
basement rocks in the Congo basin. Ayele, (2002) supports these assertions, and suggests that the earthquakes that
occurred in March and April 1998 in the Congo Basin would be linked to an E-W compression resulting from the
current opening of the Atlantic Ocean. However, this author notes in his study the inability to observe the active
faults caused by these earthquakes and the resulting damage in Congo. Recently, structural studies conducted in
the Inkisi sandstones (Delvaux et al., 2016; Miyouna et al., 2018; Nkodia, 2017) report the same stresses as those
assumed by Ayele (2002). One of the tectonic phases highlighted by Miyouna et al. (2018) has been linked to ridge
push resulting from the opening of the Atlantic Ocean.

The objectives of this study are, first, to determine the in-situ paleo-stresses in the Republic of Congo (RC) and
the Demaocratic Republic of Congo (DRC), which are related to the stress of earthquakes reported in the Congo
Basin; second, to show that earthquakes recorded in the north portion of the Congo Basin do indeed impact the
cities of Brazzaville and Kinshasa, and probably also beyond Brazzaville in the department of Pool; third, to
demonstrate that earthquakes recorded in the Central African area result from the opening of the Atlantic Ocean,
with stress transfer into the continent through transform faults; finally, to influence Congolese decision-makers
into taking seismic risk into account for the construction of large-scale structures.

2 Geological overview

This study was carried out on the Inkisi Group along the Congo River in the cities of Brazzaville and Kinshasa
and along the Loufoulakari River, a tributary of the Congo River, in Louingui in the Pool department. Our study
takes into account all available seismic data compiled from the Congo Basin in the area located between the
latitudes (-11.25,7.12) and the longitudes (-18.1, 23.51). These data are associated with several geological units
within Central Africa (Fig. 1), mostly in the Congo Basin.
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Figure 1 : Map of the study area and earthquakes. Ca: Cameroon; RC Republic of Congo, DRC: Democratic
Republic of Congo. Discontinuities on the map come from the work of Sabata, (2014), and the earthquakes from
USGS-earthquake data (https://earthquake.usgs.gov/). The mapping of compressive stress regimes comes from the
world stress map (O Heidbach et al., 2016). The transform fault zones were redrawn from the work of Heine et al.,
(2013).

Geologic rock units of the Republic of Congo (RC) and the Democratic Republic of Congo (DRC) range in age
from Precambrian to recent and have recorded several geological events. These events include the development of
the Congo Craton (Brito Neves et al., 1999), the Pan-African orogeny (Boudzoumou and Trompette, 1988; Cosson,
1955; Dadet, 1969), the development of the Congo basin (Crosby et al., 2010; Giresse, 1982, 2005a; Kadima et
al., 2011) and the opening of the Atlantic Ocean (Guiraud et al., 2005; Wilson, 1966). All of these events resulted
in fracture zones (Alkmim et al., 2006; Heine et al., 2013; Moulin et al., 2010) that are likely to be reactivated by
lithospheric dynamics.

The cities of Brazzaville and Kinshasa and the sub-prefecture of Louingui have the same underlying geology on
both sides of the Congo River. The subsurface of these regions is made up of the following four geological units
from bottom to top: (1) the Inkisi Group, which rests in angular unconformity on the formations of the West Congo
belt. This Group is made up quartzo-feldspathic sandstones of fluvial origin, ranging from Cambrian to pre-Karoo
age (Boudzoumou, 1986 ; Tack et al., 2008 ; Callec et al., 2015). The Inkisi Group outcrops south of Brazzaville
and Kinshasa along the Congo River and in the department of Pool. It extends into DRC and Angola. The Inkisi
Group is correlated with the Banalia and Banio Group on the eastern and northeastern edge of the Congo Basin
(Linol et al., 2015). The Inkisi Group is overlain by (2) the Stanley Pool Group, which is essentially composed of
sands and fossiliferous clays of fluvio-lacustrine origin (Callec et al., 2015). This Group is only encountered by
subsurface drilling. Above the Stanley Pool Group is (3) the Batéké Group, which is comprised essentially of
quartzo-feldspathic sands in the lower Batéké (Batl), which is the lateral equivalent of polymorphic sandstones in
Kinshasa and loose sands in the upper Batéké ( Bat2), which correspond to the Neogene of Kinshasa. (4) All of
these units are covered by the yellow ocher sands of the Cover Formation (Miyouna et al., 2016, 2019).

The Congo Basin area is delimited by several cratonic blocks (Fig. 2). To the west the basin is delimited in the
Congo craton with the Ntem and Chaillu blocks, respectively, in Gabon and RC. To the southeast the basin is
bounded by the Kasai blocks and to the northeast by the Tanzanian blocks. These blocks are of Archean to
Proterozoic age. They include magmatic, volcano-sedimentary deposits and metamorphic complexes. The Congo
basin would have been developed by a displacement of the Kasai block towards the south, along a dextral NE-SW
strike slip fault in the Proterozoic (Giresse, 1982). Within the basin, individual aborted rifts resulted in structure
development during Meso-Proterozoic to Neoproterozoic age, including the Sembée-Ouesso basin (Boudzoumou
and Trompette, 1988); the Lindi basin, and the Liki-Bembe basin (Delpomdor and Préat, 2015).
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Figure 2 : Simplified structural map of the location of the Congo Basin and major structures around and in the
basin. RFZ, CFZ, AFZ and RGFZ, respectively the transform fault zones of Romanche, Chain, Ascension and Rio
de Grande. The areas of discontinuities come from the work of Sabata, (2014). The transform faults were redrawn
from the work of (Heine et al., 2013)

3 Study Methodology

The methodology consisted of four steps: the first focused on data collection and localization of earthquakes that
have occurred on the west-equatorial margin of the Atlantic Ocean from 1971 through 2019, as reported in the
USGS earthquake research catalog of the United States Geological Survey (https://earthquake.usgs.gov/) . The
second step consisted of downloading in MS Excel format compiled data of world stresses in the earth's crust from
the website: www.world-stress-map.org. Third, we utilized a geographic information system to map the location
and concentration of earthquake zones on the continent and in the ocean. We superimposed the major fractures
and lineaments of the Congo Basin and the transform fault zones of the Atlantic Ocean with earthquake locations
in order to determine the possible sources of these earthquakes.

Fourth, we utilized Equation 1, below, to calculate the recurrence (1) of each event and its number of occurrences,
where m corresponds to the number of occurrences of the event and N is the total number of years since the
occurrence of the event. Eq. (1)

=% (€]

Fifth, we determined the paleo-stresses that have affected the Inkisi Group by using the numerical inversion
method (Angelier, 1989, 1994), using the Win-Tensor program with data obtained from the field study. This
method is based on the determination of stress tensors which minimize the difference between the theoretical striae
and the calculated striae of each fault. It is described in Delvaux and Sperner, (2003) and allows reconstruction of
four (4) parameters of the reduced stress tensor: the orthogonal orientation of the main stress axes o1; 02; 03
(where g1 > 02 > ¢3) and the ratio R = (62 - 63) / (01 - 63) (where 0 <R <1). An index R’= 2-R allows one to
determine the stress regime of any tensor (Fig. 3). From field criteria (overlap relation, conjugate faults etc.)
(Dunne and Hancock, 1994) and those of the software (Delvaux and Sperner, 2003), we determined the
chronology of the different phases of deformation.
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4 Results

4.1  Insitu stress of Inkisi Group
4.1.1  Field Characterization.

The Inkisi Group displays two fracture systems. The first system is made up of a set of NW-SE joints (Fig. 4a)
145  and conjugate strike slip faults that are associated dominantly with NW-SE sinistral strike slip (Fig. 4a) and a few
of dextral E-W strike slip (Fig.8a). In the field, joints have been observed with plumose structures on their surfaces
(Fig. 4c) that are parallel to strike slip faults. The second system of fractures consists of essentially NE-SW joints
(Fig. 6a) and a group of conjugate strike slip faults that are associated dominantly with NE-SW dextral strike slip
(Fig. 4 d) and a few with E-W to WNW-ESE sinistral strike slip (Fig. 8b). The two systems can be distinguished
150  asseparate features because the second system offsets the first system by 2 to 12 cm in different observed locations,
particularly in Brazzaville and Kinshasa. In this study, our observations only made it possible to characterize the

first and second systems in Brazzaville; in Louingui and Kinshasa, only the second system was studied.

Figure 4 : Faults and joints in the field. (a) a sinistral strike slip fault zone of the first system. The corridor is
155  associated with extension fracture (b) A dextral strike slip fault associated with displaced pebbles (c)Joint surface

with plumose structures. (d) A dextral strike slip fault zone with extension fractures in the corridor.
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Figure 5 : Cross-cutting relation between the first and the second systems of fracture. (A) Cross-
cutting zone (B) interpretation of the cross-cutting zone, F1 fault of the first system is offset over 2 cm
by F2 Fault of the second system. (C) Profile view of the cross-cutting zone. (D) Development of
corrugation in the cross-cutting zone

Homes in Brazzaville have been affected by movement along several tectonic-related bedrock fractures along the
Congo River. Observed linear breaks in concrete and masonry walls and fences frequently occur as a continuation
of fractures or faults affecting the Inkisi sandstones (Fig. 6). Such linear breaks and fractures showed mostly E-W
to NE-SW orientation. According to residents, the cracks reoccur on houses and fences despite several repairs, as

shown in Figure 6.
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Figure 6 : : Home linear breaks. (a) Linear breaking of a fence in parallel direction with faults in the sandstones of
the Inkisi sandstones. Fractures even affect the foundation of the fence. (b) Home placed for sale due to the
appearance of linear breaks (c) A lateral movement along the wall of the fence.

4.1.2  Stressinversion
We determined four tensors associated with two stress stages:

- The first stress stage started with the development of NW-SE joints. Their evolution then developed into
systems of conjugate strike slip faults oriented NW-SE (sinistral) and E-W (dextral). The development of
joints indicates a tensor consistent with an extension regime oriented NE-SW and a compression direction
acting NW-SE (Fig.7a). The evolution of joints into strike slip faults is indicated by a slight rotation of
the stress with a new-determined tensor, indicating a NW-SE compression in a strike slip regime (Fig.
8a). Evidence of this well-constrained stage was only found in Brazzaville.

- The second stress stage also started with the development of NE-SW joints (Fig. 7b), which then evolved
into a system of conjugate strike slip faults oriented NE-SW (dextral) and WNW-ESW to E-W (sinistral).
The development of joints is indicated by a stress tensor with an extension regime oriented NW-SE (Fig.

EGU
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7b). These joints have evolved into a strike slip regime whose the tensor indicates horizontal E-W
compression in Brazzaville, Kinshasa and Louingui (Fig. 8b, c, d).
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Figure 7 : Tensor and phases of deformation associated with joints. (a) Beginning of the first phase by an extension
190 regime. (b) Beginning of the second phase by an extension regime.
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Figure 8 : Stress tensors and different resulting phases of deformation. (a) and (b) The first and second tectonic
phases, determined at Brazzaville, in RC. (c) and (d) second phase of deformation determined respectively at
Kinkala, in RC, and Kinshasa, in RDC.

195

Table 1: Stress tensors for different stress stages. N : the number of faults & fractures recorded ; nt : the total
number of faults used ; o1, 02, 03 : stress axes (pl : plunge, Az : azimuth) ; R : stress-ratio, a : weighed mean
misfit angle between observed and modeled slip directions. The regime and the index regime R’ and 1o standard
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deviation of R’. Reg : stress regime as in stress world map (NF : normal faulting, SS : strike-slip, NS : normal
200 faulting and strike-slip), QR : quality rank (A : excellent, B : good, C : medium, D : poor).

Data 1 2 3 R Regim 1
Sites Szl Comments ? g ’ ¢ st ’
stress
N nt Pl Az PI Az Pl Az R' Reg
Joints 22 22 78 129 11 333 5 242 05 46 05 NF Oé5
Stage 1 conjugate 18 04
strike slip 180 0 1 322 89 129 0 232 031 91 169 SS 7
faults
Brazzaville 05
joints 25 25 81 40 9 223 1 133 5 44 05 NF 2
Stage 2 conjugate 18
strike slip 183 3 5 78 85 254 0 348 055 49 145 SS 04
faults
conjugate 05
Kinshasa  Stage 2 strike slip 18 18 5 262 80 140 8 353 0,19 33 181 TS 2
faults
conjugate 05
Louignui Stage 2 strike slip 38 3 0 276 89 12 1 186 048 34 152 SS 2
faults

4.2 Analysis of existing seismic data

Analysis of earthquake location data (Table 2) indicates that the passive western margin of the Atlantic Ocean has
205 been affected by several earthquakes. These earthquakes can be grouped into two zones: onshore earthquakes and

offshore earthquakes.

Table 2: Earthquake data in the study area (source: https://earthquake.usgs.gov/)

Year Time Latitude Longitude Depth (Km) Magnitude
2019 2019-12-19T15:25:58.816Z 18.052 8.184 10 5.5
5019 2019-09-06T11:29:40.330Z -0.2855 -6.6324 10 47
5018 2018-12-10T20:48:00.230Z -0.7144 5.8186 10 4.4
2018 2018-04-18T13:07:20.180Z -0.4104 -6.5808 10 5
2016 2016-04-14T16:44:33.580Z -0.5373 -11.582 10 5.2
2016 2016-03-04T18:40:09.460Z -0.8539 45183 15.61 46
2014 2014-01-26T06:20:21.280Z 22 486 188,601 9.66 42
2013 2013-08-20T20:19:48.430Z -2.8749 -0.2473 7.16 47
2013 2013-04-15T01:38:19.790Z -5.417 7.761 10 4.1
2010 2010-05-26T13:03:46.130Z -0.793 6.409 10 45
2005 2005-06-10T01:07:43.190Z 4.647 17.628 10 45
2005 2005-06-10T01:00:10.830Z 4,597 17.643 10 43
2005 2005-06-10T00:36:53.890Z 457 17.565 10 39
2005 2005-06-09T13:57:08.950Z 4.683 17.504 10 4.7
2005 2005-03-19T11:49:18.440Z 4.181 11.023 10 4.6
2005 2005-01-13T10:04:57.690Z 0.64 17.391 10 4.6
2002 2002-03-18T18:34:41.020Z 1.077 17.514 10 34
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Onshore earthquakes

The USGS earthquake catalog lists forty-three (43) earthquakes recorded in the area of this study with magnitudes
between 3.4 and 6.2 (Fig. 9a) on the Richter scale. Earthquakes of magnitude 4 to 5 have been most frequent (Fig.
9c¢). The most intense earthquake took place in central Gabon with a magnitude of 6.2 in 1974. In RC, the majority
of earthquake epicenters were located in the south portion of the Likouala department. In the DRC, six (6)
earthquakes are listed. The first listed earthquake in DRC took place in 1998 and the last in 2014. The epicenters
of these quakes are mainly located in the northwest portion of the country and have magnitudes that vary between

4 and 5 (Fig. 9d).

10
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Figure 9 : Relationship between earthquakes and their years of occurrence in the Congo Basin. (a) earthquakes
throughout the study area. (b) the frequency of earthquakes throughout the study area. (c) earthquakes in relation
to their magnitude in RC. (d) earthquakes in relation to their magnitude in the DRC.

Table 1 : Recurrence of earthquakes in the study area

Reccurrence Interval
Magnitude Occurences (years)
6+ 4 12
5-6 21 2
4-5 6 8
3-4 1 46

In the onshore domain, two zones of earthquake concentrations (Fig. 10) are observed: the first zone of
concentration of seismic epicenters (C1) is located in the northwest Congo basin; the second zone (C2) is located
in the southwest of Cameroon in the Oubanguides chain. In the first zone (C1), the seismic epicenters line up in
the NE-SW and NW-SE directions. In the second zone (C2), the earthquake epicenters line up along the Central
African Shear Zone (CASZ).

Offshore earthquakes

Offshore earthquakes of the western Atlantic Ocean margin (Fig. 10) align with the main transform fault zones.
We noted eleven (11) earthquakes in the study area. The magnitudes of these earthquakes do not exceed five (5)
on the Richter scale. The transform fault "Chain" of sinistral movement and the transform fault "Ascension™ of
dextral movement, respectively, form continuities that are easily followed up to zones C1 and C2 (Fig. 10).

11
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Figure 10 : Earthquake distribution map in the study area. The second stress stage obtained on the Inkisi Group is
parallel to that obtained from focal mechanism for earthquakes. Two areas of concentration are distinguished. The
zones of discontinuities come from the work of (Sabata, 2014)), and the earthquakes from USGS-earthquake
(https://earthquake.usgs.gov/). The mapping of compressive stress regimes comes from the world stress map
(Heidbach et al., 2016). The transform faults zones were redrawn from the work of (Heine et al., 2013)

Data on world stress regimes, obtained from focal mechanisms (Heidbach et al., 2016, 2018) in RC and Gabon,
showed that a compressive regime is active in the north and the northeast of the RC (Fig. 10), as well as in central
Gabon.

The azimuth of the crustal stress varies from the mid-oceanic ridge to the continent. It is compressive and
horizontal, oriented E-W (084 °) at the mid-oceanic ridge then gradually becomes NE-SW (077 ° to 044 °) in the
seismic zone C1 (Fig. 10, A-A ). However, at latitudes further south towards the northeast of Angola, this variation
is weak over 3676 km (Fig. 11, B-B’); the crustal stress goes only from 082° azimuth to 097° from the mid-oceanic
ridge to the continent.
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Figure 11 : Azimuth variation of the principal maximum stress (S1AZ) from the mid-oceanic ridge to the
continent. The zones of discontinuities are derived from the work of (Sabata, 2014)), and the earthquakes from
USGS-earthquake (https://earthquake.usgs.gov/). The mapping of compressive stress regimes comes from the
world stress map (Heidbach et al., 2016). The transform fault zones were redrawn from the work of (Heine et al.,
2013)

5  Discussion
5.1  Deformations in the Inkisi Group

The Inkisi Group is affected essentially by brittle deformation that consists of joints and faults. Horizontal
slickenlines, subvertical dip and horizontally displaced pebbles (Fig. 4b) prove the identification of strike slip
faulting (Fossen, 2016; Sylvester, 1988). The presence of plumose structures on the surface of the fractures clearly
indicates the presence of the joints (Hodgson, 1961; Pollard and Aydin, 1988).

The offset of a second system of fractures by the first system (Fig. 5) confirms that the second system comes later
than the first. Additionally, several places in the field have shown systematic displacement of these systems
ranging between 2 and 12cm. This observation clearly supports the conclusion that the first system is prior to the
second system as shown by Miyouna et al. (2018).

The distinction between the two systems of fractures is clear in the field because each system develops conjugate
fractures with a different orientation of the maximum principal compressive stress (o). In the field, the conjugate
fractures related to the first system of fracture have shown a principal maximum compressive stress o, oriented
NW-SE while the conjugate fractures of the second system showed a principal maximum compressive stress-
oriented E-W. This is also confirmed by extension fractures along fault zone (Figs. 4a, d), as extension fractures
are parallel with the direction of principal maximum compressive stress (Bons et al., 2012; Olson and Pollard,
1991; Woodcock and Schubert, 1994). The first system of fracture has shown extension fractures mainly oriented
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N138°; this implies a NW-SE oriented principal maximum compressive stress for this system. The second system
of fracture has shown extension mainly oriented N280°, indicating that it is generated by E-W oriented stress.

The principal stresses determined in the field corroborate with those determined by the stress inversion method of
the Win-Tensor program. The first stage of stress originates the first system of fracture and corresponds with the
first phase of deformation (D1). It is characterized by a maximum horizontal principal compressive stress, which
underwent a slight anti-clockwise rotation towards the west, from the development of joints (o,= 78/129°) to the
development of a system of strike slip faults (o, =01/142°, in Brazzaville), (Figs. 7a and 8a). As joints have shown
similar orientation with faults and plumose structures sometimes overprinted with slickenlines, it is clearly
indicated that strike slip faults evolved from joints. Therefore, the transition from an extension regime to a strike
slip regime is made clear. This phenomenon of nucleation of strike slip faults from joints has also been
demonstrated by Segall and Pollard, (1983) in the granites of the Sierra Nevada, and by several other authors (Kim
et al., 2001; Martel, 1990). This first phase (D1) was well identified in Brazzaville. However, our observations in
Kinshasa and Louingui did not allow us to determine a well-constrained tensor for this study. The studies of
Delvaux et al., (2014), (2016), (2017) in Kinshasa in the DRC also clearly report this phase of deformation. The
second stress stage engendered the second system of fractures. It corresponds to the second phase of deformation
(D1). It is characterized by a principal maximum compressive horizontal stress, which underwent a slight
clockwise rotation towards the east, from the development of the NE-SW joints (with o,= 80/040°) to the
development of a system of strike slip faults (with o,=05/078°, in Brazzaville). This phase (D2) is present in
Brazzaville (with 6,=05/078°, Kinshasa (with o; = 05/082), and in Louingui (with ¢,= 00/096 °) (Fig. 8). The
different orientations of stresses determined for the second phase (D2) in Brazzaville, Kinshasa, and Louingui
show a weak variation and are oriented in parallel in the E-W direction. The joints have only been observed in
Brazzaville and Kinshasa, as the quarry cliffs have made it easier to observe fault surfaces. However, in Louingui,
along the Loufoulakari River, outcrop conditions did not favor sighting of the joints.

Several cement masonry fences at dwellings along the Congo River show linear breaks and fractures (Fig. 6).
Most of these linear breaks and fractures are parallel to the second fracture system, with orientations NE-SW to
E-W. This confirms their relationship with the second fracturing phase (D2). The reactivation of this deformation
phase is probably linked to seismic activities imperceptible by the population. The multiple repairs and fracturing
of one fence and its foundation (Fig. 6) after our visits in 2015, 2016, and 2017 provide evidence of micro
seismicity in the area. While our correlation to the bedrock fractures may be true, this type of recurrent cracking
can also be due to soil conditions like presence of swelling clays or lack of adequate support in soft soils that are
moving downhill. In our opinion, this seismicity should be monitored by installing seismographs.

5.2  Congo Basin earthquakes

The low frequencies and magnitudes associated with earthquakes described in our study area imply that these
earthquakes originated from intraplate movement. These earthquakes are preferentially concentrated along the
western passive margin of the African continent. The same types of intraplate earthquakes are also described with
similar characteristics on the opposite side of the Atlantic in Brazil (Assumpgao, 1998; Assumpcéo et al., 2004;
Bezerra et al., 2014) and in Canada (Atkinson et al., 2000; Stein et al., 1979). The calculated recurrence of higher
magnitude earthquakes (6) on the Richter scale is twelve (12) years and that of average earthquakes (magnitudes
4 and 5) is 2 years (Fig. 9 and Table 3). This implies a real possibility of seeing the study area affected in the future
by an earthquake of magnitude of at least 6. Although passive margin earthquakes have a seismic moment of 0.5%
(Sandiford and Egholm, 2008), their effects can be very dangerous (Zoback, 1999). This is the case of the 5.8
magnitude earthquake in 1989 at Newcastle in Australia along a passive margin, which caused 13 deaths and ~ 4
billion dollars in damage (Sandiford, 2003; Sandiford and Egholm, 2008). The danger is therefore very real for
the RC and the DRC.

The areas of concentration of the C1 and C2 earthquakes (Fig. 10), respectively, show a link with the pre-existing
faults in the Congo Basin and the Oubanguide chain in Cameroon. In zone C1, the majority of the faults of the
Congolese basin or the Congo basin are steeply dipping and the NW-SE oriented sub-basins are separated by strike
slip faults of around 100 km (Giresse, 1982, 2005). These steeply dipping faults can be reactivated in the case of
a strike slip regime with horizontal compression, as emphasized by the fault reactivation laws of Sibson (1985).
In addition, the depth of faults in the Congo Basin (Crosby et al., 2010) corresponds to the depth of earthquake
epicenters ~9 km (Table 1). This link between earthquakes in the Congo Basin and pre-existing faults in the basin
has also been suggested by Bouka Biona and Sounga, (2001). However, a determination of the in-situ stress has
still not been possible. In zone C2 (Fig. 9), the earthquakes are directly linked to the dextral fault (NE-SW) of the
Central African Shear Zone (CASZ), as also demonstrated by Ateba et al., (1992) and Ngatchou et al., (2018).
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The alignment of the offshore earthquakes parallel to the "Ascension" and "Chain" transform fault zones (Fig. 10)
clearly demonstrates the accumulation of intraplate stresses within the African plate. This phenomenon has also
been demonstrated by Wiens and Stein, (1984), suggesting that an oceanic lithosphere older than 35 Ma begins to
accumulate compressive stresses responsible for earthquakes. Stress regime data in the Congo Basin area and the
Atlantic Ocean passive margin show evidence of horizontal compression. Based on the results of the earthquake
focal mechanism (Heidbach et al., 2016, 2018), the compression of the present-day stresses on the passive margin
of the eastern Atlantic Ocean is mostly oriented E-W to NE-SW (Fig. 11). Thus, earthquakes in the Congo Basin
are due to intraplate stresses originating from the E-W ridge push of the opening of the Atlantic Ocean. Several
earthquakes line up almost in a straight line, from the mid-ocean ridge to the equatorial margin of the eastern
Atlantic Ocean (Fig. 10). The transform fault "Ascension”, of dextral movement, probably plays in transfer of
stress towards the continent. The kinematics of the "Ascension" fault correspond well to that of zone C2.

5.3  Link between Inkisi Group deformation and earthquakes in Congo basin

The earthquakes recorded in the Congo Basin inevitably affected rocks throughout the study area. It should be
noted that we speak of neotectonics when the faults are considered to have been active in the last 35,000 years or
have been active repeatedly during the last 500,000 years (Keller and Pinter, 2002). Both determined tectonic
phases have been described by several authors (Delvaux et al., 2017 ; Nkodia, 2017 ; Miyouna et al., 2018). The
first tectonic phase began after the end of the Paleozoic (Miyouna et al., 2018) due to a far-field propagation of
the stress in south Gondwana (Delvaux, 2001; Delvaux et al., 2012) and was reactivated in the Cretaceous when
the Atlantic Ocean opened. Guiraud et al. (1992), (2005) suggest that the opening of the Atlantic Ocean in
Cretaceous time induced a major compression in Central Africa that has been recorded in the Benué Basin in
Nigeria (Benkhelil, 1982, 1986; Guiraud et al., 1989), also in Dosa, Dosé, and the Salamat basin in Chad (Genik,
1992).

As the Inkisi Group is post Pan-African and pre-Karoo (Tack et al., 2008), the geodynamic events responsible for
its deformation are therefore constrained to the period between the post-Karoo and present-day. In the kinematic
history of the opening of the Atlantic Ocean, it is shown (Heine et al., 2013) that at about 120 Ma, compressive
intraplate stresses started to accumulate on the Atlantic margins. The extension of the Atlantic oceanic rift goes
from NW-SE to E-W. Accumulation of intraplate stresses due to the opening of the Atlantic Ocean until the present
time would therefore cause the tensor of the second deformation phase (D2) observed within the Inkisi group. This
effect of the intraplate stress due to the opening of the Atlantic ocean has also been noted by the geophysical
studies of Ngatchou et al., (2018) which report that the Central African shear zone in Cameroon would be
reactivated by the ridge push effect caused by the opening of the Atlantic Ocean. More importantly, the stresses
obtained from focal mechanisms on earthquakes in the Congo basin indicate a mostly compressive regime oriented
E-W with a slight strike slip component (Delvaux and Bath, 2010; Heidbach et al., 2016, 2018). The E-W
orientation of the principal maximum horizontal compressive stress of the focal mechanism is parallel to that of
our second phase of deformation (D2) determined in the Inkisi Group in Brazzaville, Kinkala, and Louingui (Fig.
8b, ¢, and d). Although the general tendency of the variation of the azimuth of the principal maximum compressive
stress by focal mechanism shows that there are some disturbances in the propagation of the stress from the mid-
oceanic ridge to the continent (Fig. 11), the E-W stress is preserved in most areas. This inevitably shows the
western passive margin of Africa is affected by neotectonics.

The stresses from earthquake data recorded in the Congo Basin are of similar orientation with stresses associated
with the second phase in the Inkisi Group as calculated in Brazzaville, Kinshasa and Louingui. This undoubtedly
proves that Congo Basin earthquakes and the second phase of deformation in the Inkisi Group originated from a
unique tectonic event. They have been produced by the ridge push effect of the opening of the Atlantic on the
continent.

6  Conclusion

This present work shows the cities of Brazzaville and Kinshasa are affected by neotectonic activity. The Inkisi
group has been affected by two tectonic phases. The first phase (D1) is oriented NW-SE. It is probably linked to
two tectonic events, the far-field stress propagation in south Gondwana in the Paleozoic and the compression in
the Cretaceous during the opening of the Atlantic Ocean. The second phase (D2) is oriented E-W and is linked to
the opening of the Atlantic Ocean. Phase D2 is directly correlated to earthquakes recorded in the western Congo
Basin region, particularly in northern RC and northwestern DRC, which are caused by the ridge push effect on the
continent from the opening of the Atlantic Ocean. The transform faults within the central Atlantic Ocean segment
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ensure the transfer of stress between the mid-oceanic ridge and the western passive margin in Central Africa. The
cracks and fractures observed in masonry houses and fences along the Congo River, which line up mainly in the
NE direction, are echoes of earthquakes caused by the opening of the Atlantic Ocean. It is therefore appropriate
that the construction of walls and buildings considers the seismic risk of the basement rocks of Brazzaville and
Kinshasa.
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