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Active transform faults in the Gulf of Guinea: insights from
geophysical data and implications for seismic hazard assessment!
Mustapha Meghraoui, Paulina Amponsah, Paul Bernard, and Bekoa Ateba

Abstract: The seismotectonics of Western Africa show the occurrence of major earthquakes (e.g., 1636 southwestern Ghana,
1855 offshore Monrovia, 1939 offshore Accra, and 1983 Gaoual-Guinea) and prominent offshore transform faults. However, there
is no analysis that links the continental active tectonics with the oceanic fault zones of the Gulf of Guinea. We study the active
tectonics by firstly mapping the main transform faults using a combination of bathymetric, gravimetric, and magnetic data. The
data analysis associates regional seismicity (historical and instrumental) with focal mechanisms as extracted from the recently
published seismotectonic map of Africa. We identify active transform faults, the Chain (CFZ), Romanche (RFZ), Saint Paul (SPFZ),
and Arkhangelskiy (AFZ) fault zones. We also calculate strain rates on these faults from Late Cretaceous (-85 Ma) to present time
using paleomagnetic data and infer slip rates from the seismic moment data. The strain rates show a first stable trend around
2 cmfyear and then accelerate to 4 cm/year in the last 10 million years. The comparison of Late Quaternary strain rates with
geodetic strain rates shows an accumulation of seismic energy that could lead to the initiation of an Mw 7-7.5 earthquakes on
the Saint Paul transform fault. Our seismotectonic analysis clearly links oceanic and continental tectonics, with about a 20°-30°
anticlockwise fault trend rotation for CFZ, RFZ, and SPFZ. The potential for the occurrence of large earthquakes in the Gulf of
Guinea should be taken into account for a realistic regional seismic and tsunami hazard of the Gulf of Guinea.

Key words: West Africa, Gulf of Guinea, transform faults, seismic hazard assessment.

Résumé : La sismotectonique de I’Afrique de I’Ouest comprend de grands séismes (p. ex., ceux de 1636 dans le sud-ouest du
Ghana, 1855 au large de Monrovia, 1939 au large d’Accra et 1983 a Gaoual en Guinée) et d’'importantes failles transformantes
océaniques. Il n’existe toutefois aucune analyse reliant la tectonique continentale active aux zones de fractures océaniques dans
le golfe de Guinée. Nous étudions la tectonique active en cartographiant d’abord les principales failles transformantes a ’aide
des données bathymétriques, gravimétriques et magnétiques. L’analyse des données associe la sismicité régionale (sismicité
historique et instrumentale) a des mécanismes focaux extraits de la carte sismotectonique de I’Afrique publiée récemment. Nous
mettons en évidence des failles transformantes actives, les zones de fractures Chain (ZFC), Romanche (ZFR), Saint Paul (ZFSP) et
Arkhangelskiy (ZFA). Nous calculons également les vitesses de déformation le long de ces failles du Crétacé supérieur (-85 Ma)
au présent en utilisant des données paléomagnétiques et obtenons les vitesses de glissement a partir de données de moment
sismique. Les vitesses de déformation montrent une premiere tendance stable a environ 2 cm/an, pour ensuite augmenter a
4 cm/an dans les 10 derniers millions d’années. La comparaison des vitesses de déformation au Quaternaire supérieur et des
vitesses de déformation obtenues par la géodésie fait ressortir une accumulation d’énergie sismique qui pourrait mener au
déclenchement d’un séisme de Mw 7-7,5 le long de la faille transformante Saint Paul. Notre analyse sismotectonique établit un
lien clair entre la tectonique océanique et la tectonique continentale, qui comprend une rotation antihoraire d’environ 20°-30°
des directions de la ZFC, de 1a ZFR et de la ZFSP. Le potentiel de grands tremblements de terre dans le golfe de Guinée devrait étre
pris en considération pour établir une évaluation réaliste du risque sismique et de tsunami dans le golfe de Guinée. [Traduit par
la Rédaction]

Mots-clés : Afrique de I’Ouest, Golfe de Guinée, failles transformantes, évaluation de I’aléa sismique.

faults, particularly in its southern part where they show the phys-
iographic connection between the northeast Brazilian shield and
West African margins in the Gulf of Guinea (GOG). The intersec-
tion of the oceanic fracture zones with the African margin and
continental faults was suggested for the South Atlantic region
(Francheteau and Le Pichon 1972). However, the GOG region is

Introduction

Transform faults are major tectonic structures often character-
ized by large earthquakes (Mw > 6) with significant coseismic
horizontal movements. Also called fracture zones and either con-
tinental or oceanic, these major faults are often considered as

plate boundaries and the locus of important seismic strain rates
and active deformation (Wilson 1965; Brune 1968; Le Pichon and
Hayes 1971). The Atlantic Ocean expanded along these transform

thought to be a “stable” province from a tectonic and seismic
point of view, with major structures being linked to the pan-
African Proterozoic orogen (Langer et al. 1987; Antobreh et al.
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Fig. 1. Historical seismicity (box with date for largest pre-1900 event) (Table 1) (Ambraseys and Adams 1986; Amponsah et al. 2012; Rouland
et al. 2016) of the Gulf of Guinea region as an excerpt of the Seismotectonic Map of Africa (Meghraoui et al. 2016). Locations of 1855 and 1878
earthquakes are from Ambraseys and Adams (1986). The instrumental seismicity (circle) is from 1900 up to 2014 (compiled in Meghraoui et al.
2016) and from 2014 to first quarter of 2017 (International Seismological Centre 2017; Di Giacomo et al. 2014). Arrows indicate from north to
south the Arkhangelsky, Saint Paul, Romanche, and Chain transform faults (see also Fig. 2). The Saint Paul, Romanche, and Chain transform
faults are hidden below sedimentary cover near the African coastline. Focal mechanisms are from CMT-Harvard and the bathymetry and

topography are from GEBCO (Smith and Sandwell 1997). [Colour online.]

2009). Although evidence of faulted Quaternary units exists in
seismic profiles (Riboulot et al. 2012), the active tectonics along
major transform faults have been poorly investigated. This region
has been affected by several major earthquakes over the last four
centuries (Fig. 1). Among the major seismic events, the Accra
earthquake of 22 June 1939 (Mw = 6.5) caused significant human
and material damage (Langer et al. 1987; Kutu 2013; Meghraoui
et al. 2016). While transform faults in the GOG may generate large
earthquakes with coastal impacts and damage, their segmenta-
tion and seismic strain rate are poorly known.

The seismic activity inland seems to be linked to the reactiva-
tion of Paleozoic and Proterozoic tectonic structures of the West
African geology (Ambraseys and Adams 1986). However, this activ-
ity appears to be in continuation of the oceanic transform faults in
the GOG (Kutu et al. 2013). The seismic activity along the trans-
form fault of the GOG can be compared to the Gloria transform
fault that links the Azores triple junction in the mid-Atlantic
Ocean with the Gibraltar Straight and North Affrica active zone.
The Gloria fault was responsible for several large earthquakes and
among them the 1 November 1755 Lisbon earthquake and the
25 November 1941 seismic events reaching a magnitude larger than
8.0 generating a tsunami (Grimison and Chen 1986; Baptista et al.
1998; Batista et al. 2017). In the GOG, the historical seismicity
catalogue since the 17th century reports the occurrence of several
large seismic events reaching Mw 6.5 that can be related to the
Romanche, Chain, and Saint Paul transform faults (Ambraseys
and Adams 1986; Amponsah et al. 2012; Rouland et al. 2016).

In this paper, we explore the active tectonics and seismic behav-
iour of oceanic transform faults in the GOG and their continua-
tion in continental Africa based on the recent seismotectonic
analysis of West Africa and related margin. We compile previous
works on active faulting and seismic profiles and present evidence
of seismogenic faulting using a correlation between seismic
(historical and instrumental catalogues and focal mechanisms),
geodetic, palaeomagnetic, bathymetric-topographic, regional
gravimetric, and magnetic anomaly data. This correlation initially
allows the mapping of the different transform faults affecting the

region, their characterization as seismogenic segments, and their
continuation inland. The seismic strain rate is estimated from
offshore fault offsets, paleomagnetic data, and cumulative seis-
mic moments. The slip rate on faults is derived from the active
deformation at different time scales and their comparison with
the present-day geodetic strain. We also suggest a maximum mag-
nitude of earthquakes that can be generated on these faults and
their return period. Finally, we discuss the segmentation of seis-
mogenic faults and their connection with continental tectonic
structures.

Seismotectonic setting

The opening of the equatorial Atlantic Ocean is characterized
by an initiation of oblique rifting until the Cretaceous period
(125 Ma). This tectonic episode led to the segmentation of the
Brazilian and West African cratons and the formation of the mid-
Atlantic rifted margins. The latter have been affected by several
transform faults and among them the Romanche fault (Fig. 1)
(Antobreh et al. 2009). The regional seismotectonic context was
recently studied along with the development of a database during
the preparation of the Seismotectonic Map of Africa (UNESCO-
IGCP-601 project: Meghraoui et al. 2016).

In the GOG region, the stress field obtained mainly from focal
mechanisms (Delvaux and Barth 2010) shows a predominantly
strike-slip tectonic regime, with some reverse faulting in Gabon,
Cameroon, and Atlantic Sea (latitude 0°, longitude -5°) and nor-
mal faulting in Guinea and Ghana. Figure 1 and Table 1 show
several large earthquakes from historical and instrumental seis-
micity located inshore and offshore the GOG region. The seismic-
ity occurs also on old fault lineament of the Paleozoic bedrock
that is reactivated in the Quaternary, as is notably the case in the
Ghana marginal ridge (Blundell 1976; Wright 1976; Amponsah
et al. 2012) and Late Quaternary stratigraphic architecture of the
eastern Submarine Niger Delta. Other earthquakes such as the
11 March 1855 (Mw = 6.5) and 10 October 1878 (Mw = 6.3) offshore
Liberia seem to have been initiated on one of the transform faults
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Table 1. Major historical and instrumental earthquakes with Mw > 6 of the Gulf of
Guinea (Fig. 1) (Ambraseys and Adams 1986; Amponsah et al. 2012; Meghraoui et al.

2016).

Earthquake event Date Latitude Longitude Mw
Gbefi, Ghana 10 July 1682 7 0.4 6.5
Offshore Monrovia Liberia (1) 11 March 1855 2 -17.5 6.5
Offshore Monrovia Liberia (2) 11 October 1878 2.5 -15 6.3
Accra, Ghana 22 June 1939 5.18 -0.13 6.5
Gabon 23 November 1974  -0.28 12.83 6.1
Mania, Sierra Leone 4 January 1957 7.4 -12.5 6.2
Gaoual, Guinea 22 December 1983  11.85 -13.5 6.2
Tungen Gendei, Nigeria 27 January 2011 11.02 3.98 6.2

of the GOG (Ambraseys and Adams 1986; Rouland et al. 2016).
From a seismotectonic point of view, all of these seismic events
question the stable character generally associated with the on-
shore and offshore West Africa region.

Several research projects in transform regions comparable to
the GOG have documented the seismic behaviour of oceanic trans-
form faults and their connection to the continental tectonic struc-
tures. The oceanic crust is older at the GOG due to the opening of
the North Atlantic before the South Atlantic (Francheteau and
Le Pichon 1972). One of the most noteworthy works that docu-
ments an oceanic transform fault and its continental continuity
is the seismotectonic study conducted by Grimison and Chen
(1986) on the Azores—Gibraltar Gloria fault. Grimison and Chen
(1986) documented the focal mechanisms and depths of 10 mod-
erate earthquakes (Mw < 6) from 1968 to 1973 and five large earth-
quakes (with Mw > 6) from 1954 to 1980. From the North Atlantic
region, the Gloria fault extends eastward and forms the plate
boundary between Eurasia and Africa in the western Mediterra-
nean. The fault is associated with the occurrence of large earth-
quakes with Mw 8.5-9.0 and up to ~4 cm/year mid-Atlantic
oceanic expansion rate (Burke 1969; Kreemer et al. 2014). The
Gloria fault reveals a transition between ocean-ocean conver-
gence with continental collision at passive margins of the Eurasia
(Iberia) — Africa plate boundary that implies a better characteriza-
tion of the seismic or aseismic character and earthquake rupture
segmentation of a major transform fault.

Data and methodology

Bathymetric and topographic data

The topographic and bathymetric data extracted from GEBCO
(Weatherall et al. 2015) used, have a resolution of 1 arc minute
(approximately 1.5 km). This level of resolution allows us to high-
light the sea-floor tectonic and geomorphological structures, such
as the segmentation and termination of oceanic transform faults,
which cannot be identified on low-resolution maps. The bathy-
metric data are taken from version 18 of the bathymetric model
derived from the combination of satellite altimetry and boat
depth surveys, prepared by Smith and Sandwell (1997). To increase
the visualization of fault escarpments on maps, a gradient was
applied to the bathymetry data. Their usefulness in this study is
mainly to obtain a better visibility of the different fault zones in
relation to the seismotectonic framework of the GOG (Meghraoui
et al. 2016).

Magnetic data

The magnetic data used in this study are primarily the global
magnetic anomaly presented in nanotesla (nT) from the EMAG2
project (Maus et al. 2009). These data were compiled from marine
magnetic anomaly acquisition campaigns, land, air, and satellite.
They consist of a nondirectional grid with 2 arc minutes resolu-
tion of (~3 km) at an altitude of 4 km above mean sea level. This
resolution allows a clear improvement in the visualization of the
world magnetic anomaly compared to previous projects and in

particular compared to the EMAG3 project, dating from 2007 and
related 3 arc minutes resolution (~5.5 km). For the same purpose
as the bathymetry and topography data, it was decided to apply a
gradient to these magnetic anomaly data. As shown by Maus et al.
(2009), the higher magnetic resolution is obtained in particular
for the ocean domain and is therefore the best model of magnetic
anomaly applied for the identification of tectonic structures and
transform faults of the oceanic lithosphere.

The timing of palaeomagnetic inversions available on the tec-
tonic map of Africa (Milesi et al. 2010) was also used in this study
to estimate deformation rates during the past geological tectonic
episodes. The velocities of tectonic blocks and related fault zones
were obtained measuring the displacement of the oceanic crust
produced for each paleomagnetic inversion on the West Africa
seafloor spreading. A deformation velocity ranging from 0.4 to
2.23 cmfyear depending on the oceanic rheology (rigidity modu-
lus) is thus inferred from palaeomagnetic inversions (C5 -9.7 Ma
to inversion M4 -126.7 Ma) for the area between latitudes 5°S and
10°N and up to inversion M25 for the area between latitudes 10°N
and 15°N.

Gravity data

The gravimetric data used in this study correspond to version 23
of the world Bouguer’s anomaly model of the gravimetric field in
milligal (mGal) developed by Sandwell et al. (2014). As for the
bathymetric and topographic data, their resolution is 1 arc minute
and about 2 mGal accuracy, which is a significant improvement
with regards to previous models (Sandwell et al. 2014). Our main
interest in using these data is the possibility of identifying tec-
tonic and geomorphological structures whose gravimetric signals
are characterized by short wavelengths. Indeed, they allow the
identification of these structures even if concealed by a sediment
cover as is the case in the GOG and more precisely in the Niger
Delta. To better observe the anomalies on the generated maps, it
was decided to limit their amplitude to 240 mGal (from -120 to
120 mGal). This amplitude limitation of the anomaly has the effect
of increasing the contrast between the regional gravimetric field
and the anomalies, thus allowing a better visualization of the
latter. As for the bathymetry and magnetic anomaly, a gradient
was applied to the gravimetric anomaly to emphasize the surface
trace of the faults. A more detailed investigation of the termina-
tion of transform faults at the ocean/continent is possible using
topographic, bathymetric, magnetic, and gravimetric data.

Historical seismicity

The regional historical seismicity provided in our study was
obtained from the database and catalogue prepared for the Seis-
motectonic Map of Africa (Meghraoui et al. 2016). It corresponds to
the seismicity recorded before 1900, homogenized and harmonized
according to the standardized intensity scales and converted to mo-
ment magnitude (Mw). This catalogue was constructed through
the research work of historical earthquakes at the regional scale
and from a compilation of previous publications, reports, and
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field accounts (Ambraseys and Adams 1986; Amponsah et al. 2012;
Rouland et al. 2016).

Instrumental seismicity

The regional instrumental seismicity is, as for historical seis-
micity, provided by the catalogue used for the preparation of the
seismic map of Africa for earthquakes from 1900 up to 2014
(Meghraoui et al. 2016). This catalogue was then completed thanks
to the database put online by Di Giacomo et al. (2014) for the
International Seismological Centre (2017) for 2015, 2016, and the
first quarter of 2017 (ISC Bulletin; ISC 2014-2017). The energy of
earthquakes that have occurred in the GOG region is homoge-
nized and harmonized according to the standardized magnitudes
(Ms, M;, m;) and converted into moment magnitude Mw (Scordilis
2006).

Focal mechanisms

Focal mechanisms used in our study are predominantly strike-slip
faulting taken from the online global CMT catalogue (globalcmt.
org) provided by Ekstrém et al. (2012) according to the methodol-
ogy defined by Dziewonski et al. (1981). The catalogue thus covers
the period from 1976 to 2017 for earthquakes of moment magni-
tude greater than 5. The interest of using these data is, in addition
to the understanding of the deformation regime at the level of
transform faults, the access to seismic moments of the different
earthquakes. It is based on the formula of the scalar seismic mo-
ment defined by Aki (1972):

(1) Mo = uSAU

where p is the rigidity of the medium, S is the surface of earth-
quake rupture, and AU is the average displacement on the surface
S. Hence, the summation of seismic moments of seismic events
that occurred along the oceanic transform faults is then possible
(Brune 1968). It provides access to the seismic deformation veloc-
ity of the study area for a given period t and in particular for short
and recent time scales. The most commonly used formula is the
seismic summation of Kostrov (1974):

A | N o n
(2) & = _Z[LVt nlelJ

where £; corresponds to the rate of geological deformation (cen-
timetres per year), Vis the crustal volume, 2Mjj is the cumulative
seismic moment tensor, and t is the time window in years of
seismicity catalogue. This equation is thus viable if the framework
corresponds to a volume. However, the media affected by defor-
mation is in our case transform faults, which can be assimilated to
planes of length L, width or thickness of seismogenic crust W, and
surface S =L x W. To try to quantify the deformation velocity at the
level of these fault planes by directly using this formula could lead
to a non-negligible error. The objective of this calculation is to
estimate as precisely as possible the deformation velocity for each
fault plane identified as seismogenic. The estimation volume af-
fected by the seismogenic activity along the given fault segment
must therefore be as precise as possible, although it is difficult to
have access to field investigations in the GOG oceanic context. To
avoid this problem and quantify the deformation velocities result-
ing from seismic moments for the considered time scales, the
following equation resulting from a simplification of Kostrov’s
summation is proposed:

.7l.
(3) U= MSMO

where S is the surface affected by deformation and Mo is the
deformation velocity resulting from the seismic moment summa-
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tion. It thus makes it possible to free oneself from the limits
linked to the poor knowledge of the volume affected by each fault.
The slip rate obtained for each fault plane is then summed to
estimate the deformation velocity using the cumulative seismic
moments for the entire study area. Compared to the long-term
geological velocity obtained from the cumulative displacements
and related ages using paleomagnetic data, it finally allows a bet-
ter understanding of the accommodation of the deformation at
the fault plane level and in particular to observe whether a change
of deformation regime occurs in recent times (hundreds to thou-
sands of years) with regards to old times (million years).

Geodetic data

The geodetic data used in this study correspond to the velocity
field for Africa as modeled by displacement directions (also using
focal mechanisms) and global GPS and VLBI data (Kreemer et al.
2014). The geodetic velocities used in the study are shown in Fig. 2.
These results were established through a network of about a hun-
dred permanent GNSS stations coupled with a threshold value of
2.5 years. Some plate boundary velocities correspond to the most
recent estimate of relative plate deformation velocities and are
calculated from a treatment defined by Bos et al. (2013). In our
case, the velocities used correspond to the deformation velocities
of the mid-Atlantic ridge expansion. From these, a simplification
of the “seismic moment deficit” is carried out by using the follow-
ing equation (Murray and Segall 2002):

@ def”ﬁm—mas

where M, is the seismic moment deficit, U, is the geodetic rate
between the tectonic blocks separated by the locked fault, and U is
the fault slip rate based on the measured dated displacement. It is
necessary to characterize the seismic moment deficit because it
may give access to the seismic energy to be accommodated along
a given fault zone of the GOG region. The GOG is thus charac-
terized by two geodetic velocities, 2 cm/year in the north and
2.3 cmfyear in the south of the GOG region. To respect our adopted
approach, these velocities are summarized taking into account
two tectonic blocks to the north and south of the faults to account
for all of the cumulative deformation.

Analysis of strain distribution in the GOG

The correlation of historical and instrumental seismicity data
with topography and bathymetry contributes to a better under-
standing of the seismotectonic structures of the GOG. In Fig. 1, the
east-west-trending seismicity and topography can be correlated
with the Saint Paul (SPFZ), Romanche (RFZ), and Chain (CFZ) trans-
form faults, but the fault traces are concealed below Quaternary
deposits near the African coastline. The regional gravity and mag-
netic anomalies show the transform fault extensions to the coast-
lines and related offsets of tectonic structures (Figs. 3a, 3b, and 4).

The gravity and magnetic data of the oceanic domain presented
in Figs. 3a and 3b show prominent offshore fault scarps with fresh
morphology in comparison with the tectonic framework pre-
sented in Fig. 1. This improvement of fault visibility is particularly
accurate to the south of the Romanche fracture zone (RFZ) and
indicates the structural characteristics of analogue transform
faults of the GOG. Figures 3a and 3b appear to show two main
types of anomalies that include small, point, and small positive
gravity anomalies coupled with the positions of continental and
oceanic African volcanoes that appear to correspond to the Neo-
gene and Quaternary volcanic fields. Several rectilinear long-
range negative anomalies (about a few hundred to a thousand
kilometres) are then visible and therefore represent the main
transform faults affecting the GOG.
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Fig. 2. Geodetic expansion rates (arrow with total deformation) across the plate boundaries around Africa (Kreemer et al. 2014; Meghraoui
et al. 2016). Green triangles are GPS stations in continental Africa and neighbouring islands. Bathymetry and topography are from GEBCO

(Smith and Sandwell 1997). [Colour online.]

The combination of these anomalies shows a consistent super-
position with the morphological traces of the bathymetric data
and contributes to better visualize the fault traces under relatively
thick quaternary sedimentary cover near the coastline. This is the
case across the Niger Delta sedimentary basin, whose total thick-
ness of Mesozoic, Cenozoic, and Quaternary sediments is between
8 and 12 km (Mvondo Owono 2010).

The earthquake distribution also characterizes the four main
seismic fracture zones (i.e., Arkhangelskiy (AFZ), SPFZ, RFZ, and
CFZ) in the GOG (see for instance Bonatti et al. 1994 for the CFZ).
The four transform fault zones (Figs. 1, 3a, and 4) show a pattern of
deformation that is consistent with the tectonic studies previ-
ously carried out on the opening of the equatorial Atlantic Ocean
(Antobreh et al. 2009). Each of the transform faults of GOG has
recorded moderate to large earthquakes (with Mw > 5) in the last
35 years and shows a maximum seismicity rate along the Roman-
che fault (see Table 2).

Crustal deformation and variable seismic strain rate

The choice of the value of the rigidity modulus u is an impor-
tant step to better estimate the rate of active deformation in the
oceanic domain of the GOG. As shown in egs. 1, 2, and 3, the
rigidity modulus is a determining parameter for seismic moment
calculation of earthquakes and hence the velocity of crustal de-
formation. The usual value of this parameter is 3.3 x 10'°© N/m?
when the medium affected by one or more earthquakes corre-
sponds to the continental lithosphere. In our case, the study area
corresponds to an oceanic lithosphere that has colder and denser
rheological characteristics that match a lower rigidity modulus.

In their study of the RFZ, Bonatti et al. (1994) recommend a Young

Modulus E = 60 GPa and a dimensionless Poisson coefficient v =

0.25, consistent with those of a basaltic rock (Handin and Carter

1987). Thus, the presumed nature of the upper part of the oceanic

crust may vary and have different physical properties.
Considering the following equation:

(5) = E2(1 +v)

The value obtained for p is 2.6 x 10'° N/m?2. Our calculation of the
cumulative moment rate and seismic slip deficit is obtained tak-
ing into account both values of rigidity modulus with u, = 2.6 x
10'° N/m? and pu, = 3.3 x 10° N/m?2.

Correlation with continental structures

To better understand the possible role of oceanic transform
faults in crustal deformation and associated seismic activity in the
GOG, it is important to first study their eastern endings. The in-
fluence of fracture zones in the GOG on seismicity was also as-
sumed by Burke (1969), especially on the Guinean coast, as early
as the 1960s. The connection between oceanic and continental
structures is hence made through the 2000 m high fault scarp of
the Ivory Coast - Ghana continental marginal ridge (Mascle and
Blarez 1987; Delteil et al. 1974; Blundell 1976). More recent studies
with seismic profiles and detailed seafloor deformation highlight
the alignment of continental tectonic structures such as the Ak-
wapim fault zone in Ghana with the RFZ (Guiraud et al. 1997;
Edwards et al. 1997). In the Guinean coast, where the RFZ is termi-
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Fig. 3. (a) Gravity anomaly (Sandwell et al. 2014) and regional seismicity (Meghraoui et al. 2016; box for historical, circle for instrumental). We
observe that in contrast with Fig. 1, the Saint Paul, Romanche, and Chain transform faults can be traced clearly until they reach the African
coastline. Focal mechanisms are CMT-Harvard. (b) Detail of gravity anomaly of Fig. 3a with a focus on the eastern end of the Romanche
transform fault (arrow). The offshore 2200 m high scarp forms the marginal ridge that connects with the continental Akwapim fault zone
south of Accra (Ghana) (Blundell 1976; Guiraud et al. 1997). Farther south, the eastern end of the Chain transform fault (arrows) crosses the
Niger delta and expose faulted Quaternary deposits (Riboulot et al. 2012). Seismicity (circle and box) is as in Fig. 1 and triangles mark the

Cameroon volcanic line. [Colour online.]

nated, recent tectonic studies in the region are increasingly high-
lighting the interaction of continental structures with RFZ, such
as the Akwapim, Adina, and Fenyi-Yakoe faults in Ghana. Indeed,
it has recently been shown that these faults may be linked to
continental terminations of the RFZ in the Keta Cenozoic basin
(Amponsah et al. 2012). In addition, previous studies show that the
Accra earthquake of 22 June 1939 (Mw = 6.5) occurred about 40 km
off the coast of Ghana (position: 5°11'N, 0°8'W; Kutu et al. 2013)
and could be initiated at the junction between the Romanche
oceanic fault and Akwapim continental fault zone (Blundell 1976).
This work also highlights the presence of escarpments of conti-
nental faults linked to this earthquake whose epicentre is oceanic
(which would prove that the epicentral location is approximate).
This latter point would thus suggest an interaction between these
continental faults and the RFZ for seismic activity in the Accra
region, which lies between the Birimian and Dahomeyan tectonic
blocks (Blundell 1976). In addition, the correlation between conti-
nental and oceanic tectonic structures for RFZ (Wright 1976)
seems to confirm the occurrence of the 11 September 2009
(Mw 4.2) earthquake in southwest Nigeria. The latter study indi-
cates an epicentre very close to the RFZ and has resulted in the

reactivation of cracks affecting the Precambrian basement in a
compressive context (Akpan et al. 2009).

A coupled plastic and elastic deformation in the brittle litho-
spheric plate may trigger earthquakes, implying stress transfer
with displacement continuity along fault zones (Lin and Parmentier
1989). The mechanism of crustal fault propagation with stress
transfer from the oceanic domain across the continental shelf
may explain the link between the oceanic transform faults and
continental faults (e.g., between the Romanche fracture the Ak-
wapim fault zone). Other earthquakes also seem to indicate a
possible stress transfer between the oceanic and continental do-
mains at other fault/fracture zones. For example, the Gaoual-
Guinea earthquake of 22 December 1983 (Mw 6.2; see Table 1 and
Figs. 1 and 3), characterized by the reactivation of preexisting
continental faults, is in line with several oceanic transform faults,
including AFZ (Langer et al. 1987). The Mania earthquake in Sierra
Leone on 4 January 1957 (Mw 6.2; see Table 1 and Fig. 1) is also a
continuation of the AFZ. This coastal earthquake activity suggests
a possible correlation between the continental and oceanic trans-
form faults at the West African margin.
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Fig. 4. Magnetic anomaly (Maus et al. 2009) and regional seismicity (Meghraoui et al. 2016; box for historical, circle for instrumental with
legend similar to Fig. 1). East-west-trending focal mechanisms (CMT-Harvard) delineate the transform faults. The red triangle is a volcanic
crater. As for gravity anomalies of Figs. 3a and 3b, magnetic anomalies mark the main transform fault zones extending eastward from the

mid-Atlantic ridge to the African coastline. [Colour online.]

Table 2. Seismogenic faults and related characteristics with fault length, thickness of seismic layer,
and maximum earthquake magnitude recorded in the last 35 years along respective fault.

Length of Thickness of
Seismogenic fault zone seismogenic seismogenic Largest event with
(from south to north) fault plane (km) crust (km) recorded magnitude
Chain 211136 3-11 28 August1992 Mw 6.8
Romanche 834172 7-20 29 August 2016 Mw 7.1
Saint Paul 564125.5 1619 10 December 1996 Mw 6.68
Arkhangelsky 572165.7 15.1249.5 1 November 1984 Mw 7

Note: Uncertainties in fault length are obtained from the maximum magnitude inferred from fault length
(Hanks and Kanamori 1979; Wells and Coppersmith 1994). Uncertainties in the seismogenic layer are estimated
from the seismicity distribution and body wave inversion along fault zones (Abercrombie and Ekstrém 2001;

Ekstrom et al. 2012).

Further studies have been conducted to better understand the
transition between the oceanic and continental crust in the GOG.
The most notable work is that of Davies et al. (2005) who under-
took a 3D modeling of the eastern termination of the CFZ and
suggested a transitional crust as the ocean—-continent boundary.
Seismic profiles performed across the southern Niger delta show
faulted Late Quaternary deposits that attest for active tectonics
along the Chain transform fault (Riboulot et al. 2012). Further
north, and despite the lack of seismic profiles and instrumental
seismicity, the seismogenic region of Axim-Elmina in Ghana may
be linked to the reactivation of the SPFZ (Kutu 2013). Due to the
quiet character of this fault along strike near the coastline, an
acquisition of seismic profiles could be an alternative to charac-
terize the ocean—continent transition.

It is also necessary to refer to the tectonics of the Brazilian
passive margin where its history is indeed linked to that of West
Africa (Le Pichon and Hayes 1971). These two margins have been
affected by the same oceanic transform faults. In particular, the
work of Gomes et al. (2000) led to a better understanding of
the ocean—continental transition at the north-northeast part of the
Brazilian margin. This work revealed a transitional crust charac-
terized by the presence of the Pernambuco and Rio Grande do
Norte plateaux, which corresponds to a thin and extensive conti-
nental crust (Gomes et al. 2000). This type of transitional crust is
also found in the GOG and more precisely in the Niger Delta
(Davies et al. 2005). Another common point with the GOG is the
presence of northeast-southwest-orientated volcanic fields com-
parable, for example, to the volcanic line of Cameroon. These
fields are also thought to be related to the tectonic activity of
transform faults affecting the north-northeast margin of Brazil
(Gomes et al. 2000). A tectonic reactivation of the fracture zones

would have taken place following magmatic activity due to a hot
spot. The acquisition of seismic profiles at the level of these faults
also makes it possible to characterize their morphology, marked
by large discrepancies between the various crustal segments at
the margin level (Gomes et al. 2000).

Discussion

Comparison of long-term geological rate, seismic strain
rate and seismic moment deficits

As stated previously, the deformation velocities resulting from
the seismic moments were summarized and compared with the
deformation velocities obtained using paleomagnetic inversion as
well as geodetic velocities by following eqs. 3 and 4. The earth-
quake ruptures were derived from the parameters of Table 2. The
timing parameters for the calculation of elastic velocities (using
the summation of seismic moments), seismic moment, and the
results of velocity calculations and seismic slip deficits are shown
in Tables 3 and 4. The total deformation rate resulting from the
summation of the seismic and geodetic moments for the GOG are,
respectively, 5.5 cmfyear if u = 2.6 x 10'° N/m? and 4.1 cm/year if
@ = 3.3 x 101° N/m?2.

The estimated fault slip rates of Table 3 allowed the construc-
tion of the velocity graph (Fig. 5) obtained using eq. 3 for the four
seismogenic transform faults of the GOG. The graph shows the
summation velocities of the seismic moments for both p = 2.6 x
10%° and 3.3 x 1010° N/m2. From a first observation, the graph
shows that the velocities obtained from paleomagnetic inversion
data have the same trend for the four transform faults. They all
have an oceanic crust expansion rate of ~2 cmjfyear from the
South Atlantic opening marked by paleomagnetic inversion MO to
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Table 3. Cumulative seismic moment and slip rate elastic velocity for two different rigidity moduli n and for each transform fault zone of the Gulf

of Guinea region.

Transform fault zone Elapsed Cumulative seismic Slip rate (elastic) Slip rate (elastic)
(from south to north) time (years) moment (102> dyn-cm) = 2.6 x 10 dyn/cm? = 3.3 x 10 dyn/cm?
Chain 39 6.56 1.81 1.2

Romanche 38 31.3 2.23 17

St. Paul 39 5.07-6.12 (including historic seismicity) 0.55 0.4

Arkhangelsky 39 8.87 1.01 0.8

Note: Seismicity data are for the 1900-2017 period (Ambraseys and Adams 1986; Amponsah et al. 2012; Meghraoui et al. 2016) (see also Fig. 1).

Table 4. Geodetic rate (Kreemer et al. 2014) and seismic deficit for two different rigidity modulus u
and for each transform fault zone of the Gulf of Guinea region.

Seismic slip rate

Seismic slip rate

Transform fault zone Geodetic rate deficit (cm/year) deficit (cm/year)

(from south to north) (cm/year) if u = 2.6 x 101 dyn/cm? if u = 3.3 x 10" dyn/cm?
Chain 2.3 0.49 11

Romanche 2.3 0.07 0.6

St. Paul 2.3 1.75 1.9

Arkhangelsky 2.0 0.99 1.2

Fig. 5. Slip rate of the four transform faults Arkhangelskiy fault, St. Paul fault zone, Romanch fault zone, and Chain fault zone of the Gulf of
Guinea estimated from paleomagnetic data (Milesi et al. 2010). Deformation rates from the cumulative moment summation are here linked to

the Romanche fault zone. The square indicates the cumulative geodetic rate in the Gulf of Guinea (Kreemer et al. 2014). [Colour online.|

Chron 6 (20.1 Ma). An acceleration of this expansion rate of up to
3.9 cm/year is then performed from Chron 5 (9.7 Ma) to the current
one. The lack of resolution of the most recent paleomagnetic
inversion in the GOG does not allow us to calculate deformation
velocities based only on paleomagnetic data (Milesi et al. 2010).
The current velocities resulting from the seismic moment sum-
mation show in a first case a continuation of the acceleration
of the deformation velocity along the transform faults (u = 2.6 x
10'° N/m?) up to a cumulative 5.05 cm/year (Table 3; Fig. 5). The
second configuration indicates a cumulative deformation velocity
of 4.1 cm/year. The geodetic velocity affecting the GOG (Kreemer
et al. 2014) represented in Fig. 5 by the black rectangle has a value
of 4.3 cmfyear comparable to the slip rate value of the second
configuration. The seismic moment deficits calculated here ac-
cording to eq. 4 and the two possible models show variable results.
Indeed, considering u = 2.6 x 10° N/m?, the deficits of the CFZ and
AFZ seem to show a seismic strain rate that does not accommo-
date part of the deformation. Similarly, the seismic activity of the
SPFZ would not accommodate a large part of the deformation.

Thus, there would be a medium (CFZ and AFZ) to high (SPFZ)
accumulation of deformation at these faults. With regard to the
RFZ, the value of its deficit would be almost zero (0.07), which
would mean that its seismic activity would almost entirely accom-
modate the deformation along the fault itself and the accumula-
tion of deformation through the fault would therefore be very
small. If a value of p = 3.3 x 10'° Nfm? is taken into account, the seismic
slip rate deficit increases for all faults from 0.49 to 11 cmfyear
for the CFZ, from 0.07 to 0.6 cm/year for the RFZ, from 1.75 to
1.9 cm/year for the SPFZ, and from 0.99 to 1.2 cm/year for the AFZ.

In this model, a non-negligible accumulation of deformation
for recent times would occur for all four faults of the GOG. How-
ever, if the RFZ, CFZ, and AFZ show relatively significant varia-
tions in the value of the seismic slip deficit, the SPFZ shows a
strong accumulation of seismic strain. The SPFZ also has similar
values for the models (1.75 and 1.9 cm/year) (Table 4). If for seismic
hazard estimation purposes, a 50 year period is considered, this
accumulation of deformation would be equivalent to a displace-
ment of 87.5-95 cm. According to the scaling relations of Wells
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and Coppersmith (1994), this displacement would correspond to
an Mw ~7 earthquake. If the period considered is a century, this
displacement would be between 1.75 and 1.9 m, which would be
equivalent to an earthquake of Mw ~7.5. It would then be a major
earthquake with a break in the order 0of100 km, which, depending
on its epicenter position, could damage coastal cities and even
generate destructive tsunami waves.

However, several points need to be addressed to validate the
possibility of the occurrence of such a large earthquake. First, a
better knowledge of the rheology of the regional upper crust
would allow a better characterization of the upper crust stiffness
modulus. The absence of geodetic data makes it impossible to
determine precisely the geodetic deformation velocity of the re-
gion and thus the deficiency of the seismic moment. A point of
improvement to better understand the accommodation of defor-
mation at these fault planes could be the calculation of the true
seismic moment deficiency (in dyne centimetres per year) at the
fault plane using the geodetic velocity field. The moment deficit
Md given by eq. 4 (Murray and Segall 2002) allows estimation of
the interseismic time ti between two earthquakes according to the
following equation:

(6) i = Mo/Md

It would then be possible to estimate with this equation the time
required for the elastic deformation to be released into the crustal
volume surrounding the fault zone.

Fault segmentation

An important point in understanding the fault structures and
the propagation of seismic ruptures along strike is the under-
standing of their segmentation and the organization of geometric
and structural discontinuities. For the continental domain, the
fault identification and characterization involves field investiga-
tions coupled with the examination of aerial photographs and
satellite images. For the oceanic domain, the geometrical discon-
tinuities along faults depend on the resolution of bathymetric,
gravimetric, and magnetic data. Although these data could be
sufficient to identify the various fault zones, they do not allow us
to accurately characterize their segmentation. To estimate the
structural characteristics and segmentation of these transform
faults, it is possible to use the scaling laws defined by Hanks and
Kanamori (1979) and inferred by Wells and Coppersmith (1994),
which are mainly based on the length of coseismic ruptures and
the moment magnitudes of the associated earthquakes. A major
issue, however, is the thickness of the seismogenic layer that may
change in the oceanic crust from a relatively thin layer (~8 km) to
arelatively thick layer (21 km) along the transform faults. In their
study of the seismic source characteristics, Abercrombie and
Ekstrém (2001) obtained 7-20 and 3-11 km hypocentre depths for
the Romanche and Chain fault ruptures; in addition, they showed
from body wave inversion of the 1994 earthquake (Mw 7.1) that the
slip distribution may reach ~2 m at the surface along a ~120 km
long fault rupture.

Taking into account the seismic source dimensions along the
RFZ and largest recorded earthquakes (26 December 1992 Mw 6.8,
14 March 1994 Mw 7.1, and 21 December 2003 Mw 6.5), it is then
possible to infer the number of segments making up the fault and
their respective lengths from earthquakes of magnitude Mw > 6.5,
assuming that such earthquakes can be initiated homogeneously
on the fault. In our case, this hypothesis would be supported by
the presence of seismicity all along the transform faults, as is
notably the case with SPFZ or with the possible stress transfer
along the RFZ. Mw magnitudes of fault segments are close to, or
equal, to 7 for the largest earthquakes associated with each active
transform fault (see Table 2). According to Hanks and Kanamori
(1979) and Wells and Coppersmith (1994), these magnitudes imply
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arupture length of 60-120 km. These fault rupture lengths would
then imply about 10-14 segments for RFZ, 2-4 segments for CFZ,
and 8-10 segments for SPFZ and AFZ.

Open questions remain, however, on the location of geometri-
cal discontinuities and segment boundaries and on the amount
of aseismic slip along transform faults. Taking into account the
25 year Harvard CMT catalogue for large earthquakes, Abercrombie
and Ekstrom (2001) inferred that the aseismic slip may reach half
of the total seismic strain release along the Romanche and Chain
transform faults. The aseismic versus seismic slip depends closely
on the thickness of the seismogenic layer and its crustal rigidity
(Table 2) as well as the level of seismic coupling along the trans-
form fault segments. Using the seismicity catalogue (1900-2014)
combined with the ISC and Harvard-CMT catalogue (1976-2017)
(Fig. 1) and for two different rigidity moduli, the seismic slip rate
may vary from 1.7 to 2.23 cm/year, which is comparable with the
1.8 cm/year inferred rate by Abercrombie and Ekstrém (2001). As
noted in Table 4, the average 2.3 cm/year geodetic rate suggests
that the largest seismic slip deficit is along the SPFZ and the
lowest seismic slip deficit on the RFZ. This contingent distribution
of slip deficit and seismic strain deformation in the past century
or so may contribute to our understanding of the seismic behav-
iour of transform faults in the GOG.

Return periods for strong earthquakes

The estimation of a return period of major earthquakes (Mw > 7)
isimportant for the regional seismic hazard assessment and quan-
tification of the seismic risk, since the last major regional earth-
quake such as that of Accra on 22 June 1939 caused significant
human and material damage (Kutu et al. 2013). The relatively low
level of seismic activity in the GOG (in the last 50 years) prevents
us from pointing out the frequency of different magnitudes
according to Gutenberg-Richter law. However, one can study
the time elapsed between the last earthquake with a magnitude
greater than 6 for each fault using the respective seismic cata-
logues (ISC 2017). Thus, 22 years have elapsed for the RFZ between
the last two major earthquakes (two events of Mw 7.1 in 2016 and
1994), 11 years for the CFZ (from 1992 and 2003), 11 years for SPFZ
(from 1985 to 1996), and 23 years for the AFZ (from 1984
to 2007). An average recurrence of major earthquakes lasting
~17 years seems to occur at the level of the GOG faults. In contrast
with historical and damaging earthquakes (Table 1), it must also
be taken into account that most of recent earthquakes occurred at
the level of the midoceanic ridge and hence at a great distance
from the continent. The occurrence of large earthquakes along
eastern sections of the transform faults closer to the coastline
would be potentially damaging and be the source of tsunami
waves.

Conclusion

This study focuses on the seismic behaviour of oceanic trans-
form faults of the GOG, motivated by the recent seismotectonic
analysis in the region (Meghraoui et al. 2016) and other similar
transform faults (Grimison and Chen 1986). Correlation of seis-
mic, geodetic, bathymetric, magnetic, paleomagnetic, and gravi-
metric data has improved the mapping of transform faults in the
GOG. The four transform faults, namely the CFZ, RFZ, SPFZ, and
AFZ, could also be characterized as seismogenic. The seismicity
catalogue used in our study further shows that each of these faults
recorded an earthquake of moment magnitude Mw ~7 over the
past 33 years.

Paleomagnetic data and cumulative seismic moments have also
allowed the calculation of deformation velocities from the Upper
Cretaceous (-85 Ma) to the present according to two rheological
models, the former having a rigidity modulus w of 3.3 x 10° N/m?
and the latter a value of u equal to 2.6 x 10'° N/m?2. The velocity
calculations based on paleomagnetic inversion data thus seem to
show a tendency to accelerate deformation velocities over the last
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10 million years at the level of transform faults in the GOG. Con-
sidering u = 2.6 x 10'° N/m?, the current velocities obtained by
summing seismic moments would confirm this acceleration,
while a value of 3.3 x 10 N/m? would indicate a stabilization of
the deformation velocity at approximately 4 cm/fyear, which is
also indicated by the geodetic data. However, the two models, by
comparison of geodetic and geological velocities, seem to show a
strong accumulation of energy in the SPFZ. This accumulation
could thus lead to the initiation of a major earthquake of moment
magnitude Mw equal to 7 or even 7.5, which could lead to signif-
icant human victims and material damage in the region, given the
latest major regional earthquake. This last point is all the more impor-
tant, since several tectonic and seismotectonic works (Francheteau and
Le Pichon, 1972; Wright 1976; Blundell 1976; Riboulot et al. 2012; Kutu
et al. 2013; Amponsah et al. 2012; Meghraoui et al. 2016) infer a
connection between continental tectonics and CFZ, RFZ, and SPFZ
oceanic transform faults. The SPFZ would thus be linked to the
seismic region of Axim-Elmina in Ghana and seismic energy
could be transmitted as a stress transfer between the oceanic and
continental domains. Coupled with the apparently important re-
turn period of the major earthquakes (Mw 7) highlighted by the
seismic catalogue, the possible occurrence of such a large seismic
event in the SPFZ would be a crucial point to be taken into account
in the estimation of the regional seismic hazard.
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