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ABSTRACT

Accurate characterization of hydrocarbon reservoirs requires a good understanding of the paleostress history of
their host sedimentary basin. This study aims at reconstructing the paleoburial and paleostress history of the syn-
rift Barremian TOCA Fm. in the Lower Congo basin (West African margin). Two oriented borehole cores drilled
offshore Congo were investigated using stress inversion techniques applied to calcite mechanical twins to
constrain paleostress orientations and magnitudes. The inversion of calcite twins was performed on a widespread
early diagenetic cement (~129 to ~113 Ma) and revealed that the TOCA Fm. has undergone a complex poly-
phase stress history, including (1) extensional stress regimes with vertical 6; and horizontal o3 trending NE-SW
and WNW-ESE (N100) associated with the rifting episode preceding the opening of the South Atlantic (130 to
112 Ma), and with mean differential stresses of ~47 MPa for (c;-63) and ~ 20 MPa for (62-63). The early N100
extension is associated with the development of normal faults striking N-S that likely reactivated inherited
basement structures. The direction of extension evolved during the Barremian into the main NE-SW extension
marked by the dominant normal faults striking NW-SE. (2) Compressional and strike-slip stress regimes with
horizontal 6; oriented ~N-S possibly related to the far-field intraplate transmission of orogenic stresses generated
at the distant Africa-Eurasia plate boundary at ~67-60 Ma, and with mean differential stresses of 40 MPa for (o;-
o3) and 28 MPa for (62-63). (3) Compressional and strike-slip stress regimes with horizontal ¢; oriented ENE-
WSW to ~E-W that we tentatively relate to the mid-Atlantic ridge push and prevailing since ~15 Ma on-
wards, associated with mean differential stresses of ~45 MPa for (61-63) and ~ 18 MPa for (65-63). Our results
reveal that the TOCA Fm. recorded mainly far-field stress effects that could be related to interactions between the
African plate and surrounding plates, and that divergent passive margins may experience a complex tectonic
history including both extensional and compressional events.

1. Introduction

Koptev et al., 2018). Structural and thermo-rheological inheritance may
also play a role in modulating the local response of the rifted lithosphere

Continental rifting and drifting result in the formation of divergent
passive margins. During the rifting stage, extensional stress generally
prevails. This extensional stress originates from boundary tectonic
forces linked to plate motions, to frictional forces exerted by the
convective mantle at the base of the lithosphere (e.g., Ziegler et al.,
1995), and, to a lesser extent to body forces developing in the litho-
sphere above mantle plumes (Bott, 1993; Burov and Gerya, 2014;

* Corresponding author.
E-mail address: boubacar.bah@sorbonne-universite.fr (B. Bah).

https://doi.org/10.1016/j.tecto.2023.229997

(Cloetingh et al., 2013), causing high levels of structural complexity and
possibly changing regional or local trends of extension during rifting
(Morley et al., 2007).

The present-day stress pattern in the lithosphere is controlled at first
order by plate boundary forces (Heidbach et al., 2007). At the regional
scale, however, additional local sources of stress are necessary to fully
account for the orientation of the horizontal maximum principal stress
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Sy and the tectonic regime. Within the oceanic part of plates, the oceanic
ridge push often governs the intraplate stress field. This statement is
supported by the observation that, in many instances, the intraplate Sy
trends perpendicular to oceanic ridges in a strike-slip or thrust faulting
regime (Zoback, 1992; Heidbach et al., 2008, 2016). At passive margins,
the present-day stress field is often dominated by a Sy oriented roughly
perpendicular to both the trend of the margin and the oceanic ridge and
in a strike-slip or thrust faulting regime, so the ridge push is thought to
be a possible significant source of the present-day stress at passive
margins (e.g., Pascal and Cloetingh, 2009). Other stress sources, such as
gravitational stress arising from (1) lithosphere bending due to loading
related to rapid sedimentation rates, (2) postglacial rebound, and (3)
difference in elevation and associated gravitational potential energy
between the continent and the margin, should not be neglected (Pascal,
2006; Pascal and Cloetingh, 2009). However, those are often considered
as being of local and/or short term importance (Seeber and Armbruster,
1988; Stein et al., 1989; Zoback, 1992). During the long lasting post-rift
evolution of passive margins between continental break-up to present
day, it is also likely that both ridge push and far-field compressional
tectonic stresses transferred from distant convergent plate boundaries
may have, at least transiently, played some role (Ziegler et al., 1995;
Withjack et al., 1995; Vagnes et al., 1998).

The South Atlantic passive margins result from the rifting between
Africa and South America and subsequent oceanization (e.g., Chabour-
eau et al., 2013). However, their evolution is currently a matter of
debate (Karl et al., 2013), with two contrasting theories on the tectonic
and paleostress evolution on both sides of the South Atlantic (Salomon
et al.,, 2015). Some authors argue that the Brazilian and SW African
margins were influenced by flexure due to offshore sediment loading (e.
g., Lima et al., 1997; Dauteuil et al., 2013; Reis et al., 2013). Cobbold
et al. (2001) argue that the distant stresses of the Andean orogeny
caused compression perpendicular to the Brazilian continental margin
throughout the Cenozoic. On the African margin the upwelling of the
African superplume, a large thermal anomaly in the lower mantle
beneath southern Africa (e.g., Ritsema et al., 2011), is thought to be
responsible for the high mean topography of southern and eastern Africa
(e.g., Al-Hajri et al., 2009; Moucha and Forte, 2011; Flament et al.,
2014).). The model of Japsen et al. (2012) favours the idea that both
continental margins underwent the same multiple uplift events driven
by the transfer of far-field stresses from one continent to the other. The
different interpretations summarized above illustrate that the stress
evolution at divergent passive margins like the West Africa margin is still
poorly understood. Consequently, a better appraisal of the behaviour of
divergent continental margins before and after continental break-up is
essential to the understanding of plate tectonics and of the respective
contribution of far-field gravitational or tectonic stresses. However, our
knowledge of the paleostress history of passive margins suffers from the
lack of direct paleostress information gained directly in the offshore
domain.

Recent discoveries of deeply buried hydrocarbon reservoirs offshore
Brazil have renewed the interest in understanding the sedimentary,
burial and structural evolution of the presalt sedimentary series (Davi-
son, 2007; Carminatti et al., 2008; Saller et al., 2016; see synthesis in
Teboul, 2017). The term “pre-salt” refers to the lower Cretaceous de-
posits (mainly carbonates) underlying the widespread upper Aptian salt
deposits (Guardado et al., 1989; McHargue, 1990; Dale et al., 1992).
Structural and stratigraphic similarities of the plays encountered in both
the Brazilian and the West African conjugate margins have been thor-
oughly documented (Brownfield and Charpentier, 2006; Chaboureau
et al.,, 2013; Péron-Pinvidic et al., 2017; Thompson et al., 2015),
inducing a similar exploration scheme for both areas. In subsurface
exploration, structural information comes mainly from seismic data,
while stratigraphic, sedimentary and burial information comes from the
study of drilling cores in exploration wells (Bjgrlykke, 2014). In offshore
sedimentary environments, especially in carbonate series, mesoscale
fractures and stylolites as well as deformation microstructures such as
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calcite twins observed at core scale are the main markers of deformation
and the main fingerprints of the stress evolution (Beaudoin and
Lacombe, 2018). The analysis of calcite twins is a long established tool
to unravel the paleostress history (see review in Lacombe, 2010 and
Lacombe et al., 2021a), allowing for the reconstruction of both paleo-
stress orientations and magnitudes in a variety of settings, including
sedimentary basins (Lacombe et al., 1990; Lacombe et al., 1994; Rocher
et al., 2000, 2004; Kulikowski and Amrouch, 2017), fold-and-thrust
belts (Craddock et al., 1993; Rocher et al., 1996; Lacombe, 2001;
Lacombe et al., 2007, 2009; Amrouch et al., 2010, 2011) and even
oceanic environments (Craddock and Pearson, 1994, Craddock et al.,
2004; Brandstatter et al., 2017).

This study aims at reconstructing the paleostress history of the
deeply buried, Barremian (130-125 Ma) TOCA Fm. (TOCA stands for
TOp CArbonates) in the offshore Lower Congo basin (West Africa passive
margin) using the inversion of calcite mechanical twins for stress from
two oriented deep borehole cores. The TOCA Fm. was selected because it
is a syn-rift unit (Harris, 2000; Beglinger et al., 2012) and is therefore
likely to have recorded most of the tectonic evolution of the South
Atlantic since the early Cretaceous. In order to depict the most complete
paleostress history of the Lower Congo Basin, our stress results will be
combined with the results of recent studies on the burial and diagenetic
history of the TOCA Fm. (Bah et al., 2023) and on the burial and stress
evolution of the post-rift Sendji Fm. (Zeboudj et al., 2023).

Our study therefore complements earlier paleostress studies con-
ducted onshore West Africa in the Inkisi group (Paleozoic sandstone) in
Republic of Congo (Nkodia et al., 2020), in the Etendeka volcanics and
the Twyfelfontein Sandstone (Neocomian-Barremian) in Namibia (Sal-
omon et al., 2015) and in the Proterozoic metamorphic rocks in
Namaqualand, western South Africa (Viola et al., 2012). It must be
noticed that because syn-rift formations are often scarce or absent
onshore, the dating of the paleostress events has only been indirect to
date, i.e., based mainly on regional correlations of paleostress orienta-
tions. Beyond providing important information on the timing and nature
of the paleostress regimes at the reservoir scale, this study will also feed
the debate about the extent to which far-field tectonic and gravitational
lithospheric stress transferred from active plate boundaries may have
played a role in the evolution of the West African passive margin. To that
respect, the work reported here has implications for the interpretation of
the dynamics of divergent passive margins worldwide.

2. Geological setting
2.1. Tectono-sedimentary framework of the West Africa margin

The south Atlantic continental margins are the result of Jurassic to
Cretaceous rifting and subsequent continental breakup between the
South American and African plates during the dislocation of the mega-
continent Gondwana (Mohriak et al., 2008; Matton and Jébrak, 2009;
Pletsch et al., 2001; Szatmari and Milani, 2016). Different rift segments
were generated under an overall NE-SW-oriented extension during the
opening of the South Atlantic (Rabinowitz and LaBrecque, 1979; Moulin
et al., 2010; Chaboureau et al., 2013): the equatorial segment, the
central segment, the southern segment and the Falkland segment, the
central segment being the focus of this study. These segments are
characterized by distinct extensional and subsidence histories and are
bounded by NE-SW-striking transform structures (Mbina Mounguengui
and Guiraud, 2009).

The West African central segment is composed of three main sedi-
mentary basins, namely: the Gabon, Lower Congo and Kwanza basins
(Fig. 1a) (Standlee et al., 1992). These basins are characterized by the
presence of a salt layer approximately 1 to 2 km thick (Brognon and
Verrier, 1966; Masson, 1972; Brice et al., 1982; Giresse, 1982; Teisser-
enc and Villemin, 1989), overlying mainly continental sedimentary se-
quences (145-116 Ma). The salt is overlain by marine clastics and
carbonates (112 Ma to present day) (Doyle et al., 1982; Mussard, 1996).
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Fig. 1. (A) Structural map of Africa along the South Atlantic from Gabon to Angola with basins location. Modified after Zeboudj et al., 2023. In the marine domain,
the Cretaceous oceanic crust is represented by the green colour. The insert (1) shows the location of the study area. The insert (2) shows the present-day stress regime
derived from earthquake focal mechanism (1) from Nkodia et al. (2022) and (2) from Heidbach et al. (2016), respectively, and from borehole breakouts (3) (un-
published TotalEnergies report). (B) Stratigraphic chart of Lower Congo basin modified from unpublished TotalEnergies internal report. (C) Regional geological
cross-section through the Congolese margin. Modified after Vernet et al., 1996 (see 1A for section location). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Three tectono-sedimentary episodes have marked the history of the
central segment: continental rifting, transition phase (or rift/drift - sag
cycle) and post-rift (or post-salt/drift - marginal sag) episodes (Da Costa
et al., 1999; Karner et al., 2003; Contrucci et al., 2004; Moulin et al.,
2005; Aslanian et al., 2009; Beglinger et al., 2012; Chaboureau et al.,
2013).

The first part of the rift phase (Neocomian to middle Barremian) is
characterized by extensional tectonic activity that produced a series of
horsts and grabens (Lehner and De Ruiter, 1977; Karner et al., 1997;
Contrucci et al., 2004; Beglinger et al., 2012). These faulted blocks
developing from the Atlantic hinge towards the mainland have allowed
the sedimentation of two syn-rift sequences that correspond to lacustrine
series with black clays laterally passing to sandstones and conglomerates
on the rift margin (Karner et al., 1997; Marton et al., 2000; Séranne and
Anka, 2005; Brownfield and Charpentier, 2006). The sandstone-
conglomerate series consists of the Basal Sandstone and includes for-
mations with names that change according to the different segments of
the margin: Vandji - Lucula - Basal Sandstone - N'dombo (Fig. 1b).
Tectonic activity decreased from the middle Barremian to the early
Aptian, with draping of the tilted blocks and clay bevels on the high
zones. This decrease or even stop of tectonic activity either would
announce the sag period (Beglinger et al., 2012), or corresponds to a
third syn-rift phase characterized by a sealing series of shallow lacus-
trine sandstone-clays (Contrucci et al., 2004; Séranne and Anka, 2005).

The Aptian transition phase marks the transition between rifting and
thermally-induced lithospheric subsidence affecting the South Atlantic
basins. This phase corresponds to the end of crustal stretching, rifting
and basement faulting activity (Uncini et al., 1998; Beglinger et al.,
2012), and is marked by the ‘break-up unconformity’ (Beglinger et al.,
2012) along with evaporite deposition (Lehner and De Ruiter, 1977;
Teisserenc and Villemin, 1989; Aslanian et al., 2009). The phase started
with deposition of a transgressive clastic sequence, fluvio-deltaic sand-
stone and lacustrine clays, which evolved upwards into evaporite al-
ternations. Subsequently, these series were sealed by widespread salt
deposition during the middle and late Aptian (Burwood, 1999; Séranne
and Anka, 2005). The onset of salt deposition is probably linked to
progressive marine transgressions in the proto-South Atlantic (Asmus
and Ponte, 1973; Beglinger et al., 2012) and to more arid conditions
(Bate, 1999; Karner and Gamboa, 2007).

The post-rift phase started in the Albian times and is marked by
continental break-up and subsequent oceanization (Aslanian et al.,
2009; Guiraud et al., 2010). The post-rift phase is characterized by
thermal subsidence, regional marine transgression to the north and
gravity-driven salt tectonics (Lehner and De Ruiter, 1977; Guiraud and
Maurin, 1991; Dingle, 1999; Karner and Driscoll, 1999). The series
deposited during this stage can be divided into 3 sedimentary episodes.
The first episode (Albian to Eocene) is characterized by a long-term
retrograding sedimentary system in which marine carbonate sedi-
ments were deposited on top of the previous evaporitic series on a ramp/
platform in a shallow marine environment (Beglinger et al., 2012). From
the late Turonian onwards, the depositional environments changed
drastically, with progressive disappearance of carbonates and deposi-
tion of shallow to deep clastics (Beglinger et al., 2012). Consequently, a
new ramp profile of the margin developed. The end of this episode, from
the Senonian to the early Paleogene, is marked by a drastic decrease in
the sedimentation rate (Séranne and Anka, 2005). From the lower
Oligocene onwards, a major stratigraphic reorganization prevailed in
the Southwest African margin. After a phase of submarine erosion linked
to sea level fall, a prograding sedimentary system developed from the
Miocene to the present day probably linked to the onset of a deltaic
system and to the proper thermal subsidence of the passive margin
which continued after the transition phase (Contrucci et al., 2004).
Finally, the prograding sedimentary system extended towards the deep
basin generating the vast turbidite system of the deep Congo fan, while
sedimentation continued on the platform with fine terrigenous or
hemipelagic inputs reworked by deep-sea currents (Séranne and Anka,
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2005).

2.2. Paleostress history and contemporary stress of the South-West Africa
passive margin

The South Atlantic margins underwent a complex tectonic and
paleostress history owing to their geodynamic evolution. This section
summarises published data on the past and present stress states of the
West African margin in the South Atlantic. Stress orientations reported
hereinafter refer to the current African plate position.

The Inkisi Group (early to middle Paleozoic: pre-late Carboniferous)
is one of the red beds units that crop out in the Congo basin and are
observed also in boreholes inside the Congo basin (Delvaux et al., 2021).
Within the Congo basin, they are covered by the Late Carboniferous-
Permian Lukuga series (belonging to the Karoo Supergroup) which are
locally deformed as seen in the Dekese well and also in seismic profiles
(Daly et al., 1992; Kadima et al., 2011; Delvaux et al., 2021). Late
Jurassic-Cretaceous sedimentary series lie unconformably on the Inkisi
Group. During the pre-rift phase, the Congo basin therefore recorded a
major deformation phase sometimes between the Permian and the
Jurassic that has been related to the Gondwanides orogeny on the
southern margin of the Gondwana (Johnston, 2000).

During the rifting phase (late Jurassic to early Cretaceous), the West
African margin underwent a NE-SW extension linked to the opening of
the Atlantic Ocean (Rabinowitz and LaBrecque, 1979; Nurnberg and
Miiller, 1991). In Namibia, Salomon et al. (2015) highlighted two
extensional trends: (1) an ENE-WSW extension perpendicular to the
continental margin and related to continental rifting and (2) a NNE-SSW
extension the importance of which remains unclear. Viola et al. (2012)
also identified a ENE-WSW extension further south in South Africa.

During the post-rift phase, the western coast of South Africa under-
went a major uplift from the Albian to the Turonian (115-90 Ma)
(Kounov et al., 2009). This uplift triggered an erosion of up to 2-3 km
and has been related to an E-W extensional event (Viola et al., 2012). In
the Lower Congo basin, Zeboudj et al. (2023) reported extensional stress
regimes with 63 trending ~N-S and ~ E-W associated with thin-skinned
salt tectonics that prevailed between ca 101 and 80 Ma in the offshore
domain. Two distinct phases of N-S to NW-SE intraplate compression
and a NE-SW extension were also identified (Viola et al., 2012). These
stress regimes were not dated but were tentatively correlated, mainly on
the basis of consistent stress orientations, to the compressional (and
extensional) tectonic events recognized in Central and North Africa by
Guiraud and Bosworth (1997), namely (1) late Santonian N-S to NW-SE
compression; (2) Campanian-Maastrichtian NE-SW extension; (3) late
Maastrichtian N-S to NW-SE compression. These compressional events
are related to a plate reorganization during the Alpine cycle and to the
shift in the opening directions of the Atlantic oceanic spreading centers
and the subsequent counter clockwise rotational northward drift of
Africa—Arabia into Eurasia. A strike-slip stress regime associated with a
horizontal principal stress 61 oriented NW-SE has also been documented
in continental Congo (Nkodia et al., 2020) and in Namibia (Salomon
et al., 2015). Although still not precisely dated because of the lack of
stratigraphic constraints, this stress regime was tentatively related to the
late Santonian NW-SE compression of Guiraud and Bosworth (1997)
and/or to the NNW-SSE compressional phase of Viola et al. (2012). In
the Lower Congo basin, Zeboudj et al. (2023) reported post-75 Ma strike-
slip stress regimes with o1 trending ~ NW-SE to NNE-SSW and a
compressional stress regime with ¢l trending NNW-SSE that were
attributed to the late Maestrichtian (—early Paleocene) compression of
Guiraud and Bosworth (1997).

At the present day, an ENE-WSW to E-W oriented compression has
been identified on both margins of the South Atlantic ocean, in Central
Africa (Ziegler et al., 1995; Delvaux and Barth, 2010; Heidbach et al.,
2016) and in Brazil (Fernandes and Amaral, 2002; Salomon et al., 2015).
In the segment of the margin investigated in this study, the few available
stress data indicate a Sy oriented nearly perpendicular to both the
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passive continental margin and the mid-Atlantic ridge, in Gabon (World
Stress Map, Sy oriented N70 - N70 stands for NO70°E hereinafter -,
compressional stress regime) and in offshore Republic of Congo (bore-
hole breakout data from petroleum wells, unpublished TotalEnergies
report, Sy oriented N50, strike-slip stress regime) (Fig. 1a). The recent
inversion of earthquake focal mechanisms (Nkodia et al., 2022) reveals a
compressional stress regime with Sy oriented N70 in offshore Angola in
the Lower Congo basin that progressively switches to a strike-slip stress
regime with Sy oriented N80 to N100-120 (ENE-WSW to WNW- ESE) in
the interior of the Congo basin. Along the West African margin in Gabon,
these authors also document a contemporary extensional stress regime
with Sy oriented N-S to NNE-SSW while the stress regime is compres-
sional with a Sy oriented ~N80 in the interior Gabon.

On the basis of the analysis of mesoscale faults in the Inkisi Group in
onshore Congo, Nkodia et al. (2020) identified a strike-slip stress regime
with o7 oriented N70 which trend is close to the ENE-WSW Sy trend of
the current state of stress (insert 2 of Fig. 1A). In the absence of any time
constraint, the authors speculate that this stress regime would have
started in the Miocene and would be related to some degree to the
Atlantic ridge push. A strike-slip stress regime and a compressional
stress regime with o; trending ~E-W were recognized in the post-rift
section in the Lower Congo basin by Zeboudj et al. (2023); these stress
regimes likely prevailed from 15 Ma onwards and were also interpreted
as originated from the Atlantic ridge push. The changes in the late
Tertiary/contemporary stress regime (Sy ~ ENE-WSW in either reverse
or strike-slip fault regime) in space (along and across the strike of the
West Africa passive margin) and in time suggest the occurrence of local
02 / 03 stress permutations possibly related to structural complexities (e.
g., Hu and Angelier, 2004).

2.3. The Lower Congo basin: stratigraphy and sedimentology

The Lower Congo basin is located on the eastern margin of the
central segment of the South Atlantic between Gabon and Angola
(Vernet et al., 1996; Harris, 2000; Aslanian et al., 2009). From the from
rifting to the present-day, the basin stratigraphy is divided into three
main sections (Fig. 1b): (1) the pre-salt section (145-116 Ma), which is
mainly continental, (2) the salt section (118-112 Ma), corresponding to
the transitional phase that marks the major incursion of the South
Atlantic Ocean into the rift, and (3) the post-salt section (112 Ma to the
present day), composed mainly by marine sequences. (McHargue,
1990). The Cretaceous-Cenozoic sedimentary series is directly underlain
by the Precambrian “basement” (Fig. 1b & 1c), because the Jurassic,
Triassic and Paleozoic series are absent. (Bidiet et al., 1998). The so-
called “basement” is composed of both the crystalline part of the
Congo craton and the overlying Precambrian pre-rift sediments (Del-
pomdor et al., 2008; Mbina Mounguengui and Guiraud, 2009; Préat
et al., 2010). Pre-salt basins are mainly filled by fluvial and lacustrine
deposits (Guiraud et al., 2010), and have been dated using ostracod
biozones, pollens and spores (Grosdidier, 1967; Chaboureau et al.,
2013). The pre-salt section is composed of the Neocomian sandstones
and clays of the Vandji, Sialivakou, Kouakouala and Djeno formations,
and are overlain by the lower Barremian clay of the Pointe Noire (PN)
Fm. (Fig. 1b) and the studied TOCA Fm., deposited in a shallow,
lacustrine environment (Harris, 2000) during the terminal phase of
rifting on top and sides of the Likouala high. Laterally, the TOCA Fm.
changes to deeper organic rich shale deposits of Pointe Noire in the
Dental and Emeraude basins. The late Barremian clay deposits of the
Pointe Indienne Fm. complete the pre-salt section (Harris, 2000).

In this study, we focus on the syn-rift TOCA lacustrine carbonates. On
the basis of sedimentological and biological features, Harris (2000)
identified three units for the TOCA Fm., from bottom to top: (i) TOCA 1
which is composed of microbialites; (ii) TOCA 2 showing microbial
encrustations of shells, microbial mats and thromboliths; and (iii) TOCA
3 made of the accumulation of granular and coquina facies, i.e., mainly
freshwater lamellibranch tests belonging to the Unionidae group
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(Grosdidier et al., 1996). Recognition of the AS9 ostracod biozone (base
AS9 ~ 130 Ma, top AS9 ~ 125 Ma) in the TOCA Fm (Grosdidier et al.,
1996; Bate, 1999; Gradstein et al., 2004) suggests a Barremian deposi-
tional age.

2.4. The Lower Congo basin: structure

The Lower Congo basin is bounded by two oceanic fracture zones
referred to as “arches” (Asmus and Ponte, 1973; Beglinger et al., 2012):
the Mayumbe Arch to the north and the Ambriz Arch to the south. The
basin rests unconformably on the Mayumbe Precambrian basement to
the east (Fig. 1a). The Lower Congo basin includes the onshore coastal
basin and the offshore basin which makes most of the margin. In the
central Lower Congo basin (Fig. 1a & 2a), the Emeraude and Dentale
basins, located on either sides of the Likouala high, represent the
depocenters of the syn-rift series (Figs. 1a & 1c).

The map of the top TOCA (top Barremian) (Fig. 2a) shows three main
orientations of deep, basement rooted faults at the hectometric to pluri-
kilometric scale, consistent with the regional structural pattern in this
part of the West Africa margin (Tack et al., 2001). Two of these three
orientation groups comprise normal faults oriented N-S and NW-SE
(Fig. 2a) (unpublished TotalEnergies report). Both fault strikes can be
recognized in the Likouala high and the adjacent basins, but the N-S
strike seemingly prevails atop of the high where the TOCA Fm. either
never deposited or has been completely eroded, while the NW-SE strike
dominates in the areas of the basin where the TOCA Fm. is thicker. The
third set, oriented NE-SW, corresponds to transverse faults (Fig. 2a)
often referred to as “lineaments” where they are recognized at the larger
scale but with poorly-defined vertical offsets on seismics. These trans-
verse lineaments generally line up with onshore features such as paleo-
valleys and mapped NE-SW faults and are seen further offshore on
gravimetric-magnetic data (unpublished TotalEnergies report).These
NE-SW lineaments are considered as a structural expression of margin
segmentation during initial northward propagation of the Atlantic
rifting.

The data used in this paper come from two offshore wells (Well-1 and
Well-2), located ~47 km apart in two distinct domains of the basin on
both parts of the Likouala high (Figs. 1 & 2a). The dataset was completed
by some fracture orientation data from cores from lateral wells (un-
published TotalEnergies report) (Fig. 2a).

3. Materials and methods
3.1. Studied material

The cores of the TOCA Fm. available for this study are 81 m in length
in Well-1 (4069-4150 m) and 9 m in length in Well-2 (2490-2499 m)
(Fig. 2b), and they exhibit the same sedimentary facies composed of
oncolite limestone locally dolomitized. The studied intervals were
selected on their representativity of the sedimentary facies encountered
in both well cores.

This study focuses on the TOCA 3 unit which has already been
investigated in Well-1 by Bah et al. (2023). In their study, the authors
quantified the amount and timing of porosity destruction in the TOCA
reservoir. The absolute age of the key paragenetic events controlling
reservoir properties have been constrained: mechanical compaction
(130-127 Ma based on TemisFlow™ modelling), early cementation
(127.4 + 2.2 to 119.4 + 6.4 Ma based on U-Pb dating on calcite
diagenetic cement), and chemical compaction (117-95 Ma based on
sedimentary stylolite roughness inversion). The results reveal that the
initial porosity of the TOCA Fm. was reduced down to its current value of
4-8% during the first 35 Ma of its burial history and has not significantly
evolved since 95 Ma. Thanks to the early cementation the textures of the
TOCA 3 unit display large areas of sparitic calcite grains suitable for
calcite twin analysis (Well-1 and Well-2; Fig. 3).
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of this article.)

3.2. Methods

3.2.1. Optical and cathodoluminescence microscopy

In order to complement the petro-diagenetic description of the TOCA
Fm. in Well-1 (Bah et al., 2023), we conducted a petrographic study of
the TOCA Fm. in Well-2, based on the analysis of new 36 thin-sections
using a Zeiss Axioplot polarizing microscope equipped with a Nikon
Digital sight DS_U2/Ds_Fil camera. The petrographic phases were
observed and identified under unanalyzed polarized light (LPNA) and
analyzed polarized light (LPA). The diagenetic state of carbonates was
further investigated under cathodoluminescence on a NewTec scientific
Cathodyne model CATHOD-SPO1 equipped with an IDS UI-3850CP-C-
GL R camera (vacuum of 90 mTorr, 12-15 kV voltage and 200 pA in-
tensity). All microscopic work was carried out at the laboratory facilities
of the TotalEnergies technical and scientific center (CSTJF, Pau, France).

3.2.2. Strength and failure envelope of the TOCA limestones from
mechanical tests

In order to determine the mechanical properties of the TOCA lime-
stones, multitriaxial tests were run on two plugs (38 mm in diameter x

76 mm in height) and brazilian tests on two other plugs (38 mm in
diameter x 18 mm in height) cut along the vertical axis of the core within
the two most frequent textures, namely wackestone and packstone. The
principle of the multitriaxial test (also referred to as multi-stage test) is
the same as the conventional single-stage triaxial test, except that only
one test specimen is used for different confining pressures (see Bah et al.,
2023 for detail). The results of the tests were used to constrain the elastic
properties of the rock (Bah et al., 2023) and to build its intrinsic failure
envelope (this study).

3.2.3. Calcite twin inversion for stress applied to oriented cores

Mechanical twinning is a common mechanism of plastic deformation
in calcite crystals at low pressure and temperature (Burkhard, 1993;
Ferrill et al., 2004; Lacombe et al., 2021a). Twinning occurs by an
approximation to simple shear in a specific direction and sense along
particular crystallographic e planes. Twinning activation is negligibly
affected by strain rate, temperature and confining pressure, and depends
mainly on differential stress, grain size and strain. (Turner, 1953; Turner
et al., 1954; Rowe and Rutter, 1990; Laurent et al., 2000; Lacombe et al.,
2021a).
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Fig. 3. Photographs of the core showing the studied material. (A) wackestone to packstone texture in Well-1 (A1 & A2) and Well-2 (A3 & A4); (B) Microscopic image
in polarized light and cathodoluminescence showing twinned calcite and the different calcite cements. Sh — shells; C1 and C2 - Blocky calcite cement; St — Stylolite.

Calcite twinning paleopiezometry (e.g., Jamison and Spang, 1976;
Lacombe and Laurent, 1992; Lacombe, 2007) is a well-established
technique to quantify paleostress orientations and magnitudes (e.g.,
Lacombe et al., 2007, 2009; Craddock et al., 1993; Rocher et al., 1996;
Beaudoin et al., 2016; Arboit et al., 2017. See Lacombe, 2010 and
Lacombe et al., 2021a for reviews). Inversion of calcite twins for stress is
especially appropriate to constrain the paleostress history from limited
rock volumes such as cores from wells (e.g., Lacombe et al., 1994;
Rocher et al., 2000; Kulikowski and Amrouch, 2017; Zeboudj et al.,
2023). In addition to the presence of favorable petro-facies (i.e., sparitic
calcite in rock matrix or veins), the technique requires the obvious
availability of samples oriented in the geographical frame. For the
purpose of paleostress reconstructions, the two investigated cores were
oriented either directly in-situ or a posteriori by comparison with the
FMS (Formation Micro-Scanner) images of the well.

3.2.3.1. Calcite twin data acquisition. The samples used for calcite twin
measurements (Figs. 3 & 4) were spatially oriented as follows: X axis
parallel to the generator oriented with respect to north, Y axis parallel to
the dip of the core and Z axis perpendicular to the XY plane. Mutually
perpendicular thin-sections were cut for each sample from the XY, XZ
plane and YZ planes. In each thin section (Fig. 4b), orientations of twin
lamellae of optical axes were measured from ~30 crystals using an
optical microscope equipped with a Universal Stage with the aid of the
software of Tourneret and Laurent (1990). Once acquired, the mea-
surements were restored into the geographical orientation and for each
sample, they were plotted to check for the random distribution of the
optical axes, hence the absence of any potential bias related to a
preferred orientation related to crystal growth or deformation (Fig. 4d).

We also ensured that calcite twins measurements were collected from
grains of the same diagenetic phase based on cathodoluminescence
images (Fig. 3b).

To estimate roughly twinning strain, we divided the cumulative
thickness of all twin lamellae of a given set in a grain by the length of the
grain measured perpendicular to the twins. The 2-D grain size in each
thin section was determined by adding the length of the long and short
axes of the grain and dividing the sum by 2. The resulting grain size
histogram allows us to eliminate the outliers, i.e., the under-represented
smallest and/or largest size values (Fig. 4d).

3.2.3.2. Calcite twin data inversion for stress. A number of methods of
calcite twin inversion for stress have been proposed (e.g., Laurent et al.,
1981; Etchecopar, 1984; Laurent et al., 2000; Yamaji, 2015; Parlangeau
et al., 2018; see review in Lacombe et al., 2021a). They are based on
different principles but share the same conditions of application, i.e.,
low strain, which warrants coaxiality between stress and strain, and
homogeneous stress field at the grain/aggregate scale. Twinning
deformation is considered to be irreversible, and twinning occurs if the
applied resolved shear stress 75 is equal to, or greater than, the Critical
Resolved Shear Stress for twinning (CRSS) 1, (Jamison and Spang, 1976;
Tullis, 1980; Lacombe and Laurent, 1996; Ferrill, 1998; Laurent et al.,
2000; see review and discussion on the meaning of the CRSS in Lacombe
et al., 2021a). Thus, one assumes that for twinned planes: t5s > 1, and for
untwinned planes: T3 < T,. Calcite twinning is easier (lower CRSS) in
large grains and more difficult (higher CRSS) in small grains. In addi-
tion, because calcite hardens once twinned the CRSS increases as
twinning strain increases, making further twinning more difficult (Par-
langeau et al., 2019; Lacombe et al., 2021a).
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In this study, we used the stress inversion technique (CSIT-2)
developed by Parlangeau et al. (2018) to determine the successive
paleostress tensors from the measured twin sets. The principle of the
inversion is to determine a stress tensor (or several stress tensors) which
verifies the inequalities (1) for the largest number of twinned planes and
the whole set of untwinned planes. The solution has the form of a
reduced stress tensor with 4 parameters: the orientations of principal
stress axes (01, 62, 63) and the stress ratio (®):

62 —o03

1> =
- 6l —o03

Z 0 with (] 2 (o) 2 03 (l)

CSIT-2 method allows the presence of one or more tensors to be
detected automatically. Considering the complete dataset (twinned and
untwinned planes), the first step of the process consists of a systematic
search in the 3-D space for the three Euler angles (defining the orien-
tations of the axes of the stress tensors) with a regular interval of 10°, the
stress ratio being fixed at 0.5, in order to select the reduced stress tensors
accounting for at least 20% of twinned planes. For each tensor, the

penalization function f defined as:

(2)

with © the resolved shear stress applied on the j untwinned planes such
as ¥ > t™" and t™" the smallest resolved shear stress applied on the
twinned planes compatible with the tensor, is calculated.

From a theoretical point of view, the penalization function is ex-
pected to be equal to O for a perfect dataset and its value increases with
the incorporation of incompatible untwinned planes into the solution.
The stress tensors which penalization function is lower than 0.5 are

selected after this first step and each of them is weighted by the number
of its nearest neighbours according to a similarity criterion. This enables
the rapid and automatic identification of different groups of tensors that
are associated with a high percentage of compatible twinned planes and
low values of the penalization function. (for more details, see Parlan-
geau et al., 2018). Each cluster's reference reduced stress tensor is then
applied to all twinned and untwinned planes, while the percentages of
twinned planes to be explained are gradually increased. The optimal
tensor is obtained when 1) the maximum number of twinned planes are
taken into account; 2) the minimum number of untwinned planes are
taken into account; 3) the value of the penalization function is minimal.
For each stress tensor, the inversion provides the orientation of the
principal stress axes (o1, 02, 03), the stress ratio (®) and a non-
dimensional differential stress @ which is related to the final value
of 7s™n:
(61 —03)
7a

1
- gmin

3

The choice of the right ta value to be used in eq. 3 is of prime
importance for the reliable calculation of differential stress magnitudes.
In order to estimate the appropriate CRSS value, we rely on the empirical
curves proposed by Parlangeau et al. (2019) which reflect the decrease
of the CRSS value with increasing grain size (Hall-Petch's rule) and the
increase of the CRSS value with strain. Moreover, despite the poor
dependence of the CRSS value on temperature, we also paid attention to
the range of temperatures of deformation in our samples, considering
both the twinning regime (e.g., thin twins denoting twinning at low
temperature < 170-200 °C: Ferrill et al., 2004; Lacombe et al., 2021a)
and the maximum temperature reached during burial in order to eval-
uate the possible variations of the CRSS with temperature (De Bresser
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and Spiers, 1997; Lacombe et al., 2021a). The ta value ultimately
retained for calculation is therefore estimated on the basis of the mean
grain size and the internal twinning strain of the samples, and to - a
lesser extent - of the estimated temperature of deformation at each stage
of the burial history.

Using the 7s™" value derived from the inversion process we then
determined the values of the differential stresses (61-63) and (62-63)
using eq. (3), hence the 5 parameters of the deviatoric stress tensor.

The ability of CSIT-2 to detect, separate and determine stress tensors
from monophase and polyphase twin datasets, including measurements
errors or various grain sizes, has been demonstrated by multiple tests on
numerically generated twin datasets as well as naturally deformed
polyphase samples (Parlangeau et al., 2018). The associated methodo-
logical uncertainty is £10° for the orientations of the principal stresses,
+ 0.1 for the stress ratio and + 30% for the values of the differential
stresses.

3.3. Burial-time model

In order to reconstruct the burial evolution of the TOCA Fm. over
time, we have built a 1-D burial-time model of the TOCA Fm. using
TemisFlow™ basin modelling software. In this study we present the
burial model for Well-2, which complements the burial model for Well-1
available in Bah et al. (2023). The workflow is summarized below (see
Bah et al., 2023 for detail).

The geometry simulation is based on the top-base depths of the
formations as measured in Well-2. The properties of each lithology
(porosity, permeability) were defined from Well-2 and available seismic
interpretations (TotalEnergies internal maps) were used to define the
erosional phases to be taken into account, namely the early Aptian
erosion (~75 m) related to the peneplanation of the Likouala high
during the transition period uplift and the early Tertiary erosion (~100
m) related to the global uplift of the margin. The chronostratigraphic
column (Table 1 in Supplementary Material) shows the parameters of
the 14 periods modelled for Well-2. Paleo-bathymetry is specified for
each period. Additional physical properties such as thermal conductiv-
ity, heat capacity and radiogenic production, as well as the compaction
constitutive law were defined with respect to the ratio of the different
sedimentary textures (limestone, shale, sandstone) described in the
layer.

A backstripping process was used to reconstruct the evolution of the
basin geometry over time using a 1-D backward modelling. The resto-
ration was performed from the present day to the deposition of the first
layer at 145.5 Ma, which corresponds to the age of the basement top. For
each period, after removing the overlying layer, the remaining sedi-
mentary formations were decompacted, or compacted (in the case of
erosion), by using porosity vs depth curves calibrated empirically for
each lithology. The results of the backstripping is the evolution of
thickness with time for each layer.

4. Results
4.1. Petrography of the TOCA limestones

The TOCA Fm. in Well-2 shows the same sedimentary facies and
textures than in Well-1 (Bah et al., 2023). Observations on cores and
thin-sections reveal two main types of facies: a bioclastic facies (F1) and
a mudstone facies (F2). The bioclastic limestone facies is the most
common and is composed of broken or preserved unio shells, gastropods
and rare oncoids in a microsparitic matrix, occurring as wackestones to
floatstones (F1b) and as packstones to rudstones (Flc) (Fig. 3). The less
abundant mudstone facies is mainly abiotic but with sometimes gas-
tropods and ostracods shells. These two microfacies represent about
90% of the cored sections in Well-1 and Well-2, the remaining 10% of
the core being composed of grainstones and black shales.

The complete paragenetic sequence of the TOCA Fm. in Well-1 has
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been described in Bah et al. (2023). The recognized diagenetic events
include, in chronological order, shell micritization, aragonite to calcite
neomorphism, precipitation of blocky calcite C1, mechanical compac-
tion, precipitation of blocky calcite C2, and chemical compaction
(development of bedding-parallel, sedimentary stylolites). In Well-1, the
early blocky calcite cement C1, dated 127.4 + 2.2 to 119.4 + 6.4 Ma
(Bah et al., 2023), is essentially non-luminescent (dark colour) and
developed as an intrabioclast and interstitial cement. The later (unfor-
tunately non dated) calcite cement C2 exhibits a rather bright orange
cathodoluminescence and often occurs as overgrowth around C1 crys-
tals or in residual porosity after C1 cementation. The two calcite cements
Cl and C2 were also identified in Well-2 on the basis of cath-
odoluminescence (Fig. 3b); in the two wells, both cements display me-
chanical twins.

4.2. Strength and failure envelope of the TOCA limestones from
mechanical tests

The elastic parameters for the two carbonate textures studied,
namely wackestone (F1b) and packstone (Flc), have been reported in
Bah et al. (2023). The values of the maximum principal stress 67 at 10,
30 and 50 MPa determined from the triaxial tests were used to build the
Mohr circles for each loading (Fig. 5). The value of the rock tensile
strength was determined from the results of the Brazilian test (Table 2 in
Supplementary Material and Fig. 5). The Mohr circles associated with
loading and the rock tensile strength enabled us to build the failure
envelope for each texture. According to the Mohr-Coulomb criterion, the
failure envelope was approximated by a straight line in the positive
normal stress domain according to eq. (4):

T=Sy+H0, (@)
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Fig. 5. Mohr diagrams showing the Mohr failure envelope of the TOCA Fm.
determined from rock mechanics tests in the wackestone (A) and packstone
(B) textures.
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with 1 the shear stress component, Sy the cohesion of the material, p the
coefficient of internal friction and o, the normal stress component.
Brazilian test results which indicate that the rock tensile strength is
~1.69 MPa and ~ 3.13 MPa for wackestone (F1b) and packstone (Flc),
respectively, were used in the domain of negative normal stress.

It should be noted that the two studied cores did not intersect any
visible fractures in the cored section. Although extensional fractures and
faults were reported in nearby wells (Fig. 2a), this unfortunate lack of
mesoscale brittle structures may be explained by the limited length of
cores investigated together with the expected steep dip of the exten-
sional fractures, i.e., oriented nearly parallel to the well axis.

4.3. Results of the inversion of calcite twins for stress

A total of 26 samples were collected in Well-1 and Well-2 in the pre-
salt TOCA carbonates at different depths. 15 samples were taken in Well-
1 between 4070.25 m and 4148.30 m and 11 samples in Well-2 between
2490.14 m and 2499.25 m. The depth distribution of the samples is
shown in Fig. 2 and in the supplementary material. Twins were
measured in the C1 cement which displays large blocky calcite crystals.
Only a few measurements could be made in the C2 cement due to the
small grain size; the resulting twin dataset was unfortunately too limited
to carry out a meaningful inversion for stress.

All the twins observed in the samples are very thin (< 1 pm) and
straight (Fig. 4), and belong to Type I twins (Burkhard, 1993) which
indicates that twinning strain remained small (Ferrill et al., 2004;
Lacombe et al.,, 2021a) and occurred at low temperature (T <
~170-200°), in agreement with the maximum temperature (Well-1
present-day bottom hole temperature) of 164° reached by the TOCA Fm.
during its continuous burial (Bah et al., 2023).

The samples further show a random distribution of optical axes of
grains (Fig. 4e), which is a prerequisite for the reliable inversion of
calcite twin data for stress. Grain-size histograms for most studied
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samples show a distribution of calcite grain sizes between 100 and 350
pm, with a modal value around 200 pm. Only one sample displays
smaller grain sizes, with a modal value of around 100 pm. Twinning
strain was roughly estimated to be less than 2%. This very small value
ensures that twinning strain can be approximated by coaxial conditions
so the orientation of twinning strain can be reliably correlated with
paleostress orientation (Burkhard, 1993; Amrouch et al., 2010; Waka-
mori and Yamaji, 2020). The mean grain size and the maximum strain
value allowed us to define the appropriate CRSS values to be used for the
calculation of the differential stress on the basis of the empirical curves
published by Parlangeau et al. (2019) and Lacombe et al. (2021a). These
CRSS values were plotted against temperature of deformation to check
for consistency. The final CRSS values, between 6 and 7 MPa (except for
one sample from Well-2), are reported in Table 3 (Supplementary
Material).

Only 6 out of the 26 samples yielded a single stress tensor. All other
samples (i.e., ~77%) yielded two, three or four superimposed stress
tensors. For simplicity, the stress tensors obtained from each well were
gathered into different groups on the basis of consistent principal
stresses orientations and stress regime (extensional, vertical o5;
compressional, vertical o3; strike-slip, vertical 65) (Fig. 6 and Figs. 1, 2 in
Supplementary Material).

Starting from the 56 stress tensors determined from the 26 samples
(Table 3, Supplementary Material), a total of 7 main groups of stress
tensors could be defined (Fig. 6): three extensional stress tensor groups
(A, B and C), two compressional stress tensor groups (D and E), and two
strike-slip stress tensor groups (F and G).

For the extensional stress regimes, group A was identified in 10
samples (8 and 2 for Well-1 and Well-2, respectively) and is character-
ized by a o3 oriented ~NE-SW and by mean differential stress magni-
tudes of 50 MPa for (67 - 63) and 20 MPa for (63 - 63). Group B was
recognized from 17 samples (12 and 5 for Well-1 and Well-2, respec-
tively), with a o3 oriented ~N100 and mean differential stress

Fig. 6. Summary of stress tensor groups derived from calcite
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magnitudes of 40 Ma for (61- 63) and 20 MPa for (62- 63). Group C was
recognized from 4 samples only (2 and 2 for Well-1 and Well-2,
respectively), with a o3 oriented ~N-S and mean differential stress
magnitudes of 50 Ma for (0;- 63) and 20 MPa for (62- 63).

Regarding the compressional stress regimes, group D was recognized
from 15 samples (10 and 5 for Well-1 and Well-2, respectively), with a
o1 oriented ~N70 and mean differential stress magnitudes of 42 Ma for
(01- 03) and 15 MPa for (62- 63). Group E was recognized from 6 samples
(2 and 4 for Well-1 and Well-2, respectively), with a o, oriented ~N-S
and mean differential stress magnitudes of 35 Ma for (61- 63) and 22 MPa
for ((52- (53).
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Regarding the strike-slip stress regimes, groups F and G were iden-
tified only in Well-2 from 2 and 3 samples, respectively; they are char-
acterized by a horizontal o; oriented ~N-S (F), and ~ E-W (G) and by
mean differential stress magnitudes of 45 MPa for (c1- 63) and 28 Ma for
(02- 63) for F, and 48 MPa for (61- 63) and 22 MPa for (65- 63) for G.

4.4. Burial-time model

The burial-time model developed for Well-2 (Fig. 9) is very similar to
that published for Well-1 (Bah et al., 2023). It shows five phases of burial
evolution over time: (1) 130 Ma to 118 Ma, a first phase of moderate

Well-1 (Bah et al., 2023)
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burial (~25 m/Ma) during the early Cretaceous rifting episode followed
by a 75 m erosion. This erosional event observed at 118-117 Ma rep-
resents a margin uplift with a peneplanation event (see Fig. 1b). The
second phase corresponds to a rapid deposition of sandstones and
evaporites with an average burial rate of 197 m/Ma during the transition
phase. The post-rift phase starts with (3) a moderate burial rate (~22 m/
Ma) from 112 Ma to 63 Ma, followed by (4) a moderate uplift (63 Ma to
35 Ma), leading to a moderate erosion in the lower Tertiary, and ends by
(5) a third phase of gentle burial (~3.5 m/Ma) from 35 Ma to present
day.

The comparison between the Well-2 and Well-1 models (Fig. 7)
shows that the burial rates of the first phase during the early Cretaceous
rifting are in the same order of magnitude. Although the thickness of the
Loeme salt is very different in the two wells due to the pre-salt paleo-
topography and to the salt migration during salt tectonics, the strong
post-rift subsidence is also of the same order of magnitude, while slightly
delayed in time for Well-1 on the Likouala high. The Late Cretaceous
quiescence is the same but the Oligo-Miocene burial is much higher on
the slope of the margin (Well-1).

5. Discussion

Hereinafter, the reconstructed successive paleostress orientations are
discussed in the Africa-fixed reference through time.

5.1. Timing of the reconstructed paleostress regimes

The results of the inversion of calcite twins document a complex,
polyphase paleostress history. The depositional age of the TOCA Fm.
derived from biostratigraphy (Grosdidier et al., 1996) and the absolute
U-Pb dating of the C1 calcite cement (127.4 4+ 2.2 to 119.4 + 6.4 Ma,
Bah et al., 2023) from which twin measurements were taken provide
time constraints on the beginning of the evolution (Fig. 7).

The distribution of depth ranges of sedimentary stylolite activity
projected onto the burial-time curves provides the time periods of
compaction-related active pressure-solution, hence the periods domi-
nated by a stress regime with a vertical o; (Bah et al., 2023) (Fig. 7).
Because sedimentary stylolites develop under a vertical o;, the
maximum depth of active pressure solution can be interpreted as the
depth (and so the time once projected onto the burial model) at which o;
switched from vertical to horizontal as a result of the horizontal tectonic
stress becoming large enough to overcome the vertical stress. This idea
has been illustrated and validated in foreland fold-and-thrust belts
(Beaudoin et al., 2020; Labeur et al., 2021; Lacombe et al., 2021b). At
passive margins, it is sound to consider that the halt in sedimentary
stylolite development can alternatively be due to reservoir scale fluid
overpressure, possibly related to hydrocarbon migration (Schoellkopf
and Patterson, 2000; Brownfield and Charpentier, 2006; Beglinger et al.,
2012; Bah et al., 2023). Whatever the reason of the end of stylolite
development, this places significant constraints on the time periods
when the 61 was vertical, i.e., until 95 Ma at least (Fig. 7). As a result,
the time periods for which there is no positive evidence of vertical 67 as
ascertained by active stylolitization are potentially those periods when
horizontal 6; was prevailing, which constrain the possible timing of
strike-slip and compressional stress regimes recorded by calcite twin-
ning. For the part of the story which is not directly constrained by our
dataset, we used the results from Zeboudj et al. (2023) on the post-rift
carbonates of the Sendji Fm. (Well-3 on Fig. 1), which recorded a
longer history of compaction-related pressure solution than the TOCA
Fm. These results, combined with basin-scale fault patterns and with
earlier onshore paleostress reconstructions along the passive margins of
West and South Africa, enabled us to propose a consistent regional
(paleo)stress and tectonic evolution over time since the deposition of the
syn-rift TOCA Fm.
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5.1.1. Timing and sequence of extensional paleostresses and normal
faulting

On the basis of the results of the inversion of the roughness of the
sedimentary stylolites in the TOCA Fm. of Well-1 (Bah et al., 2023) and
the known age of the onset of rifting (Beglinger et al., 2012; Salomon
et al., 2015), one can state that the stress regime has been dominated by
a vertical o7 from ~130 Ma (age of basal TOCA Fm.) until at least 95 Ma.
From 95 Ma to the present day, there is no direct evidence of
compaction-related pressure solution in the TOCA Fm. We, therefore,
propose that the extensional paleostresses recorded by calcite twinning
(stress tensor groups A, B and C) be dated between ~130 (earlier ab-
solute age of C1 cement considering uncertainties) and 95 Ma, and more
probably between 130 and ~ 112 Ma (end of rifting). From ~112 Ma to
95 Ma, burial stress and related vertical compaction likely dominated,
with no evidence of horizontal extension.

In order to establish the sequence of the extensional stress regimes,
we compared the reconstructed extensional trends with the pattern of
basin-scale normal faults in the Lower Congo basin. The map of the top
TOCA (Fig. 2a) shows that the N-S normal faults are observed mainly
atop of the Likouala high where the TOCA Fm. was non deposited or
totally eroded, but also affect the TOCA Fm. where present. The NW-SE
normal faults are found mainly where the TOCA Fm. is present and to a
minor extent on the eroded top of the Likouala high; they represent the
dominant set of faults bounding the NW-SE oriented Likouala high. At
the mesoscale, the fracture sets described in the TOCA section of other
wells in the vicinity of the Likouala high and reaching the base of the
TOCA Fm. (rose diagrams Fig. 2a, unpublished TotalEnergies reports)
show a strike distribution of high angle (extensional) faults from N-S to
NW-SE with a dominance of the NW-SE strike, in agreement with the
regional fault patterns (Mbina Mounguengui and Guiraud, 2009).

The above pattern of normal faults suggests that the N-S normal
faults were active before and during the deposition of the TOCA Fm.
while the NW-SE normal faults have been mainly active during depo-
sition of the TOCA Fm. This would imply that both normal fault sets
were active during the TOCA Fm. deposition, but that the activity of the
N-S faults predated that of the NW-SE faults. The consistency of the
stress tensor group A (NE-SW extension) with the kinematics of the
dominant NW-SE striking normal faults on the one hand, and of the
stress tensor group B (N100 to WNW-ESE extension) with the kinematics
of the ~N-S fault sets on the other hand, confirms that both groups of
tensors reflect extensional events associated with continental rifting
between 130 and 112 Ma. We propose that the N100 extension domi-
nated in the Lower Congo Basin during the early continental rupture in
relation to the development of the N-S striking normal faults, and that
the extension direction subsequently evolved during the Barremian into
the regional NE-SW trend associated with the development of the NW-SE
striking normal faults leading to the opening of the South Atlantic. The
timing of the N-S trend (stress tensor group C) remains unconstrained.

5.1.2. Timing and sequence of strike-slip and compressional paleostresses

The absence of any constraint on the attitude of 7 after 95 Ma leaves
room for the interpretation on the timing of the stress tensor groups D, E,
F and G associated with horizontal 6, as obtained by inversion of calcite
twins and that we interpret as post-rift paleostresses. After 95 Ma, either
o7 has switched to horizontal, meaning that tectonic stresses overcame
the vertical stress related to burial so vertical compaction ended, or for
some reason (e.g., massive cementation/clogging of porosity, fluid
overpressure) chemical compaction in the TOCA Fm. ceased (Bah et al.,
2023) while 67 was still vertical.

Our results therefore suggest a post-95 Ma age for the stress regimes
with horizontal 6; oriented either ~N-S (stress tensor groups E and F) or
ENE-WSW to E-W (stress tensor groups D and G). Noticeably, during the
period of time starting at ~95 Ma and running until 33 Ma, the burial
rate strongly slowed down and the reservoir even uplifted (between 66
and 33 Ma, Fig. 7). Because the N-S compression has a trend and a
possible timing consistent with the latest Cretaceous-Paleocene
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compression described by Guiraud and Bosworth (1997), we tentatively
propose to assign a latest Cretaceous-early Paleocene age (~67-60 Ma)
to the stress tensor groups (E and F). This late Cretaceous-Paleocene
compression therefore would be concomitant with the onset of the
Paleogene margin uplift (Fig. 7), eventhough a causal link between these
two events remains difficult to ascertain.

The compressional and strike-slip stress tensor groups (D and G,
respectively) are both associated with horizontal 6, oriented ENE-WSW
and E-W, respectively, hence are consistent with the present-day stress
(Figs. 1 and 8; Heidbach et al., 2016; Nkodia et al., 2022). We, therefore,
propose to relate these stress tensor groups, as well as the development
of the sole tectonic stylolite documented in the core which exhibits
horizontal peaks oriented ~N100 (Fig. 2), to the same state of stress than
the present-day one. However, our results alone do not enable us to
precisely date since when these strike-slip and/or compressional states
of stress prevailed.

Calcite twin analyses from the TOCA Fm. (this study) and from the
supra-salt Sendji Fm. (Zeboudj et al., 2023) yield similar results on most
of the post-rift paleostress record (Figs. 7 and 8). The major difference
between the stress records in the two formations is (1) that the syn-rift
TOCA Fm. recorded the extensional stresses related to rifting, and (2)
that the supra-salt Sendji Fm. recorded the post-rift halokinesis and
related paleostresses that were not recorded in the pre-salt TOCA Fm.
While being aware of these differences, one can combine the results of
the two studies to better constrain the timing of the compressional and
strike-slip stress tensor groups. The inversion of the roughness of sedi-
mentary stylolites in the post-salt Sendji Fm. (Zeboudj et al., 2023) in-
dicates that most compaction-related stylolitization has been active
between 102 and 15 Ma. After ~15 Ma, no sedimentary stylolite seems
to have developed, which suggests that a stress regime with o; hori-
zontal (either strike-slip or compressional in type) prevailed since then.
We therefore assign a post ~15 Ma (post 15-10 Ma to be conservative
taking into account uncertainties, Zeboudj et al., 2023) to the stress
tensor groups D and G. Because the present-day stress regime is rather
compressional (Figs. 1A and 11), we propose that the period dominated
by a 61 horizontal oriented ENE-WSW to E-W started under a strike-slip
stress regime (stress tensor group G) and evolved through time into a
compressional stress regime (stress tensor group D), keeping in mind the
probable occurrence of 63 / 63 stress permutations in space (along and
across the strike of the margin) and time (since 15 Ma).

5.2. Regional significance of the reconstructed paleostress regimes

5.2.1. Extensional paleostress regimes and the syn-rift tectonic history of
the West Africa passive margin

The comparison between the extensional trends derived from
inversion of calcite twins and the pattern of normal faults suggest that in
the Lower Congo basin, the early syn-rift extension was oriented N100 in
relation to the development of N-S striking normal faults, then evolved
into the regional NE-SW extension associated with the development of
the dominant pattern of NW-SE striking normal faults. A possible
explanation for the change in normal fault strike and associated exten-
sional trends during rifting consists in the influence of structural in-
heritance, especially the geometry of the Neoproterozoic basement
structures, on the development of later extensional structures. The
Mayumbe belt underlying the Lower Congo basin is dominated by NNW-
SSE trending foliation (Pedrosa-Soares et al., 1992; Affaton et al., 2016),
while the Kaoko belt in Namibia is dominated by approximately N-S
trending foliation (e.g., Passchier et al., 2002; Goscombe and Gray,
2008). These inherited basement weaknesses were favorably oriented
for extensional reactivation under an N100 to NE-SW extension. We
therefore propose that the syn-rift extension first had a N100 trend and
was associated with the early development of N-S striking normal faults
owing to the reactivation of preexisting basement weaknesses, then
evolved during the Barremian into the dominant NE-SW extension
leading to opening of the South Atlantic. The N-S extension (stress tensor
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group C) was identified only in very few samples (Figs. 7 and 8), which
would suggest a limited regional importance; we propose that this N-S
extension, which is consistent with the few E-W (to ENE-WSW) striking
normal faults that possibly acted as transfer faults during rifting
(Fig. 2a), may reflect a local state of stress at the basin scale.
Alternatively, one could propose that whereas the NE-SW extension
(Fig. 8) reflects the divergent motion between the African and South
American plates (i.e., the boundary conditions), additional lithospheric
doming related to mantle upwelling during rifting may have caused
second-order radial pattern of gravitational extensional trends. Salomon
et al. (2015) reported two extensional directions for the South Atlantic
rifting episode derived from the analysis of mesoscale striated faults in
Namibia (Fig. 8), and proposed that the diversity of extensional di-
rections during rifting may have resulted from the combined effects of
flexural bending due to sediment loading offshore and continuous up-
welling of the African superplume that remained located below the Af-
rican continent after the break-up of Gondwana (Braun et al., 2014).
Although this scenario of a plume-related lithospheric doming should
not be overlooked, we favor the role of crustal structural inheritance and
of possibly changing boundary conditions (e.g., divergence between
Africa and South America) as the more likely explanation of the
changing extensional trends in the Lower Congo basin during rifting.

5.2.2. Compressional and strike-slip paleostress regimes and the (complex)
post-rift tectonic history of the West Africa passive margin

During the post-rift evolution of the South Atlantic Ocean, several
states of stress, either strike-slip or compressional in type, have been
recorded along the central and southern West Africa margin (Fig. 8).
This result is in line with the findings by Withjack et al. (1995) that
passive margins may not have a simple two-stage evolution of rifting and
drifting, but instead may have experienced a complex tectonic history
including extension and shortening during passive margin development.

Our interpretation that the post-95 Ma ~ N-S compressional trend
corresponds to the latest Cretaceous-Paleocene (~67-60 Ma) compres-
sion described by Guiraud and Bosworth (1997) suggests that
compressional stresses generated at the distant Africa-Eurasia plate
boundary were transferred far across the African plate (Figs. 7 and 8).
This far-field stress transmission would likely require a deep stress
guide, such as a high strength (rigid) continental lithosphere. This hy-
pothesis is in line with the observation of similar compressional trends in
the pre-salt section of Well-1 and Well-2 located on both sides of the
Likouala high, as well as in the post-rift, supra-salt Sendji Fm. of Well-3
after welding of the supra-salt formations due to salt removal (Zeboudj
et al., 2023).

The reconstructed strike-slip and compressional stress regimes with
horizontal 6, trending ENE-WSW to E-W are consistent with the present-
day stress regime (Fig. 8) (Delvaux and Barth, 2010; Heidbach et al.,
2016; Nkodia et al., 2022). Zeboudj et al. (2023) have tentatively
associated this stress regime with an intraplate ~E-W compression
prevailing from the Miocene (~15 Ma) onwards and possibly related to
the Atlantic ridge push effect (Fig. 8). We also propose that the
compressional / strike-slip stress regimes with o; oriented ENE-WSW to
E-W be related to a far-field effect of the mid-Atlantic ridge push, pre-
vailing from ~15 Ma onwards. This interpretation is consistent with the
idea that the ridge push could have efficiently controlled the litho-
spheric stress long after the initiation of the spreading ridge (e.g., Wiens
and Stein, 1983, 1985). If this interpretation is correct, our results would
support a transmission of the ridge push-related compressional stress
over a large distance (~2500 km between the oceanic ridge and the
study area since ~15 Ma. This interpretation is in line with the nu-
merical models of Mahatsente and Coblentz (2015) that show that the
magnitude of the Atlantic ridge-push force is significantly less than the
integrated strength of the oceanic part of the African (Nubian) plate, so
this part of the plate is very little deformed and the stresses related to the
ridge push can be transferred far into the interior of the oceanic and
continental parts of the African plate. Our results also agree with the
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findings of Withjack et al. (1995) that during the development of the
southeastern Canadian passive margin, the Fundy rift basin on the
western edge of the margin experienced shortening possibly associated
with sea-floor spreading processes such as ridge push or continental
resistance to plate motion. Recently, Nkodia et al. (2022) proposed that
the present-day stress pattern in the Lower Congo basin (offshore
Angola) could be related to stress loading of the passive margin and
interior Congo by the oceanic transform faults extending onland, which
would trigger the reactivation of well oriented faults systems. In this
scenario, the present-day stress pattern would not be strictly controlled
by the ridge push but would still be related to a sea-floor spreading
process. However, alternate stress sources also may have contributed to
the late Tertiary-present stress field in the West Africa passive margin.
Some modelling studies (e.g., Medvedev, 2016) suggest that in addition
to the ridge push effect other stress sources (e.g., density variations
within the lithosphere, flexural loading of the lithosphere) are involved
throughout the African plate. This mixed origin of the recent/contem-
porary stress pattern would be in agreement with the results of Pascal
and Cloetingh (2009).

Our stress results do not allow the formal recognition of the post-rift
Campanian-Maastrichtian NE-SW extension that Guiraud and Bosworth
(1997) consider as an Africa-wide extensional event. Possible explana-
tions include (1) the weak transmission of far-field extensional stresses
into the investigated offshore part of the margin, or (2) the unability of
our calcite-twin dataset to discriminate among the superimposed effects
of this extensional stress and of the rifting-related extensional stresses.
The reason why the late Santonian (~83-85 Ma) N-S to NW-SE
compression described by Guiraud and Bosworth (1997) has not been
recorded by calcite twinning in our samples from the Lower Congo basin
(Zeboudj et al., 2023; this study) while it was seemingly identified in
Namibia and South Africa (Viola et al., 2012; Salomon et al., 2015) re-
mains unclear at this time.

To sum up, during its post-rift tectonic history, the West Africa
passive margin underwent compressional and/or strike-slip stress re-
gimes, being either tectonic (compressional stress transfer from the
distant collisional Africa-Eurasia plate boundary) or gravitational (ridge
push transmitted from the mid-Atlantic ridge) origins. Our
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interpretations are consistent with earlier claims that the late Creta-
ceous—Cenozoic intraplate contractional deformation at the Norwegian
continental shelf was possibly related to far-field effects of active plate-
margin processes and transfer of stresses across the plate as a conse-
quence of the sub Hercynian and Paleocene ‘Laramide’ event of the
Alpine orogeny, with additional significant contribution of ridge push
from the North Atlantic spreading particularly during the Neogene
(Vagnes et al., 1998).

5.2.3. (Paleo)stress evolution of the Lower Congo Basin and tectonic
history of the West Africa passive margin in the framework of the Barremian
to present-day kinematic history of Africa and South Atlantic

Several kinematic reconstructions have been proposed for the
opening of the South Atlantic based on paleomagnetic data (Bullard,
1965; Vink, 1982; Torsvik et al., 2009a, 2009b; Aslanian et al., 2009;
Heine et al., 2013; Pérez-Diaz and Eagles, 2014). All reconstructions
involve a relative motion of South America with respect to fixed Africa
combining both a clockwise rotation of ~40-45° and a translation. The
different reconstructions are quite similar since the onset of oceanic
spreading (112 Ma), but may show significant differences for the rifting
phase (see discussions in Aslanian and Moulin, 2010; Moulin et al.,
2010; Chaboureau et al., 2013; Pérez-Diaz and Eagles, 2014), mainly
due to the difficulty of having reliable markers to constrain the exact
position of Africa and South America at the onset of rifting.

The main stages of the paleostress and tectonic evolution of the
central segment of the West Africa passive margin as recorded by the
TOCA Fm. are reported on a series of paleogeographic maps (consid-
ering Africa fixed) spanning from the Barremian to the present (Fig. 9).
These maps are based on the kinematic reconstructions of Heine et al.
(2013) for the rifting episode and the onset of oceanization (Barremian
to Albian) and of Moulin et al. (2010) for the Paleocene until the present
because the reconstructions of Heine et al. are not available after 100
Ma.

In the early Barremian (130 Ma, Fig. 9a), the extension between
Africa and South America that was initiated in the Neocomian continued
while the carbonates of the TOCA Fm. started to be deposited in a
continental lacustrine environment. In the late Barremian (127 Ma,
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Fig. 9b), an ~N100 extension prevailed in the Lower Congo basin,
associated with the reactivation of pre-existing basement structures and
the formation of N-S striking normal faults (Fig. 9). The likely minor ~N-
S extension which could be related either to reactivation of the trans-
verse faults within the basin or to a 63 / o3 stress permutation during
N100 extension has not been plotted. The reconstructions by Heine et al.
(2013) involve an E-W divergent motion between Africa and South
America at 132 Ma changing to a NE-SW divergent motion at 126 Ma.
Considering the deposition age of the TOCA Fm. and the age of the C1
cement from which calcite twin measurements were taken, a (progres-
sive?) change from N100 to NE-SW extension occurring at ~126 Ma
would be consistent with both our paleostress results and the observed
normal fault pattern in the Lower Congo basin.

In the Aptian (120 Ma, Fig. 9c¢), continental rifting continued and
propagated northwards. A NE-SW extension prevails in the Lower Congo
Basin (Fig. 9), associated with the activity of the major NW-SE normal
faults. This NE-SW extension likely controlled the structural geometry of
the central segment of the West Africa passive margin.

In the Albian (110 Ma, Fig. 9d), sea-floor spreading started to be
active and the Sendji Fm. deposited while the extension continued in the
Equatorial Atlantic (Loparev et al., 2021).

In the early Paleocene (60 Ma, Fig. 9e), while the spreading of the
South Atlantic was active, the stress regime of the West African passive
margin became transiently compressional or strike-slip in type with 6,
oriented ~N-S. This state of stress possibly reflects a far-field compres-
sional stress transfer from the distant active Africa-Eurasia convergent
plate boundary.

From the middle Miocene (Fig. 9f) to present (Fig. 9g), the prevailing
stress regime along the west Africa passive margin is mainly compres-
sional or strike-slip with o] oriented ENE-WSW to E-W and is thought to
originate mainly from the mid-Atlantic ridge push (Fig. 9).

5.3. Paleostress magnitude and implications for fracture prediction in the
TOCA Fm

The consideration on the attitude of 67 derived from sedimentary
stylolite roughness paleopiezometry combined with burial-time evolu-
tion of the TOCA Fm. (Bah et al., 2023) and the Sendji Fm (Zeboudj
et al., 2023) helps unlock the full determination of principal stress
magnitudes which requires the knowledge of the burial depth of the
rocks at the time of deformation (Beaudoin and Lacombe, 2018).
Hereinafter, the differential stress values provided by calcite twin
paleopiezometry are combined with the vertical stress estimates derived
from the burial model to estimate principal stress magnitude at the time
of deformation (Lacombe and Laurent, 1992; Lacombe, 2007). The
resulting principal stress magnitudes are further compared with the
strength of the intact whole rock derived from geomechanical tests (i.e.,
failure envelope) to evaluate the consistency of the stress results and to
help predict whether fracturing can be expected in the reservoir under
the reconstructed paleostresses. We also compare the paleostress mag-
nitudes related to syn-rift extension and post-rift compressions recorded
by the TOCA Fm. in the two wells (Well-1 and Well-2) in which the final
burial depths of the TOCA Fm. are different, as well as the paleostress
magnitudes related to post-rift compressions in the TOCA Fm. in Well-1
and in the Sendji Fm. in Well-3 (Zeboudj et al., 2023) (Fig. 10) because
the two formations reached nearly similar final burial depths. For this
purpose, the value of ¢, was calculated at the time the paleostress of
interest prevailed, assuming either dry conditions oy = pgh or hydro-
static fluid pressure oy = (p — p,,)gh, with p the dry density of the rock
column above (2600 kg.m’3), pw the density of water (1000 kg.m’g), g
the gravitational field acceleration (9.81 m.s’z), and h the depth (m).
Hereafter, we consider that the tangency of the (61- 63) Mohr circle to
the failure envelope is indicative of rock failure.

The lower Cretaceous extensional tectonic events was recorded by
calcite twins (stress tensor groups A, B and C) when the TOCA Fm. was
buried at maximum ~500 m and ~ 1000 m depth in Well-1 and Well-2,
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respectively (Fig. 7). These burial depths correspond to mean values of
14 MPa and 28 MPa for the vertical stress 67 in dry conditions for Well-1
and Well-2, respectively. The values of the principal stresses 6, and o3
are then deduced from the differential stress values (61-03) and (65-63)
(Fig. 6 and Figs. 1, 2 in Supplementary Material). For dry conditions, the
value of o3 is negative (i.e., in the tensile domain on the Mohr diagram;
Fig. 10) for both stress regimes and in both wells, and its absolute value
is even larger than the rock tensile strength as indicated by geo-
mechanical tests, so the corresponding Mohr circle exceeds the strength
envelope of the intact rock. The assumption of a hydrostatic fluid
pressure would lead to even more negative effective stress values of o3,
which is impossible. This means that the differential stresses related to
the extensional stress regimes are possibly overestimated, even when
considering the possible uncertainties on their values (+£30%, Fig. 10).
In contrast, differential stress magnitudes for compressional and strike-
slip stress regimes are in line with expected shallow crustal stresses
(Lacombe, 2001, 2007; Beaudoin and Lacombe, 2018). Lacombe et al.
(1990), Lacombe et al., 1994) already reported abnormally high dif-
ferential stress magnitudes related to Eocene-Oligocene extension in the
Paris basin, that Lacombe and Laurent (1992) tentatively related to the
superimposition of extensional paleostress tensors that the method
could hardly discriminate. One possible explanation would be that the
calcite twin population which recorded the extensional stress regimes
actually formed not only during rifting, but also during continuing post-
rift burial as long as the vertical principal stress 6; was vertical. In other
words, a longer duration of the application of a causative differential
stress would have allowed for the cumulative development of twins
within randomly oriented grains less favorably oriented to twin
(Lacombe et al., 2021a). This means that the unexpectedly high differ-
ential stress values returned by calcite twin analysis for extensional
stress groups might possibly result from the superimposed effects of
differential stress related to syn-rift extension and of the differential
stress related to later post-rift burial under a vertical principal stress 61
that prevailed at least until 95 Ma (Bah et al., 2023).

To test this hypothesis and to estimate the theoretical possible
contribution of post-rift burial on the differential stress values for the
extensional stress regimes, we assumed that the effect of burial can be
approximated by a state of stress with 6; > o, = oy (=02 = 03). This is
more likely the case during the burial of the TOCA Fm. between 112 and
95 Ma, i.e., after the rifting. In contrast, during the rifting period, this
assumption is theoretically incorrect since calcite twinning paleo-
piezometry indicates that (c,-03) values are about 15-20 MPa (Fig. 6
and Figs. 1, 2 in Supplementary Material).

The burial-time model (Fig. 7) performed on Well-1 and Well-2 in-
dicates that the TOCA Fm. was buried from ~500 m depth at 112 Ma
(end of rifting) to ~2100 m at 95 Ma in Well-1 and from ~1000 m depth
at 112 Ma to ~1860 m at 95 Ma in Well-2. The depth difference, ~1600
m and ~ 860 m in Well-1 and Well-2, respectively, was used to calculate
the corresponding range of values for 6, = 6;. The resulting vertical
stress is ~41 MPa and ~ 22 Ma for Well-1 and Well-2, respectively.
Considering these values and the mean Poisson ratio of the TOCA
limestones determined from geomechanical tests (see section 4.2), and
assuming uniaxial strain, we use eq. (5):

v
o =0 = (7)o

to derive a burial-related maximum differential stress magnitude (c,-op)
of ~30 MPa and ~ 15 MPa for Well-1 and Well-2, respectively between
112 and 95 Ma. The maximum differential stress value obtained in Well-
1 is comparable to the average differential stress value (considering
uncertainties) derived from calcite twins for the extensional rifting event
(~45 MPa) in contrast to that obtained in Well-2 which shows a lower
value. With a mean CRSS for twinning in our samples of 6-7 MPa (except
for one sample from Well-2; Table 3 in Supplementary Material), this
indicates that the lithostatic differential stress was likely high enough to
practically cause twinning to occur under a vertical o;, especially in
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Fig. 10. Mohr diagrams displaying the failure envelope of the TOCA Fm. determined from rock mechanics tests and the Mohr circles related to the differential stress
magnitudes resulting from the inversion of the calcite twins of each tectonic event, under dry and hydrostatic conditions (see text for more details). Comparison of
stress magnitudes related to post-rift compressions in the TOCA and Sendji formations (a) and stress magnitudes related to syn-rift extension and post-rift com-
pressions recorded by the TOCA Fm. in the two wells (b). The dashed circles and the greyed area in between represent the +30% uncertainty on (c;-03) values.
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Well-1. Even though it is impossible to establish to what degree twinning
caused by differential stress related to post-rift continuing burial may
have cumulated with twinning caused by extension-related differential
stress to return the high differential stress magnitudes reconstructed for
the extensional stress groups, this rough estimate suggests that the burial
effect might provide a reasonable explanation for the likely overestimate
of extensional differential stress magnitudes (61-03) using calcite twin-
ning paleopiezometry. This still unsolved question will require further
methodological and experimental developments which are out of the
scope of this paper.

The absence of fit of the Mohr circles related to extensional stresses
with the failure envelope (Fig. 10) precludes any definite conclusion on
the occurrence of extensional mesostructures such as mode I fractures
and normal faults in the studied wells. However, there is no doubt that
the differential stress values related to extension were such that mode I
fractures and normal faults did develop in the TOCA Fm. at regional
scale (Fig. 2a).

For the stress regimes with horizontal 6; oriented ~N-S (stress tensor
groups E) that we tentatively dated at ~67-60 Ma, the vertical stress
estimated at 60 MPa is rather close for Well-1 and Well-2 (i.e., 64 MPa
and 61 MPa, respectively, assuming dry conditions) (Fig. 10). The cor-
responding Mohr circles (Fig. 10) lie much below the rupture envelope,
under both dry and hydrostatic fluid pressure conditions, and so despite
uncertainties (Fig. 10). These observations indicate that the far-
transferred ~N-S compressional stress was unlikely to induce fractures
of either types without fluid overpressure (i.e., supra-hydrostatic fluid
pressure). This is in line with the findings by Zeboudj et al. (2023) for the
same compressional phase in the Sendji Fm. and with the observation
that no mesostructures possibly related to ~N-S compression have been
so far identified and reported from nearby wells (Fig. 10a).

For the compressional event with horizontal 67 oriented ~ENE-WSW
(stress tensor groups D) that we tentatively dated from the middle
Miocene (~15 Ma) onwards, the current vertical stress is estimated at
105 MPa and 64 MPa for Well-1 and Well-2 respectively, assuming dry
conditions (Fig. 10). The corresponding Mohr circles (Fig. 10) lie much
below the rupture envelope and it is the same if hydrostatic conditions
are assumed. Like for the Maastrichtian-Paleocene compressional event,
the differential stresses recorded for this event were unlikely to cause
fractures in the TOCA Fm. Zeboudj et al. (2023) reported similar ob-
servations for the same compressional stress in the post-salt Sendji Fm
(Fig. 10a).

For both compressional events, a fluid overpressure of at least 50
MPa would be needed to possibly cause fracture development. Although
we cannot definitely exclude the occurrence of fluid overpressure in the
TOCA reservoirs during its post-rift burial history because of the hy-
drocarbon migration in the Lower Congo basin from the Cenomanian to
the Paleocene (Bah et al., 2023) and the occurrence of the overlying salt
level that would likely act as a fluid barrier preventing upward fluid
escape, the absence of any fractures consistent with the post-rift
compressional events suggest that fluid overpressure -if any- never
exceeded such a value.

Noticeably, the overall consistency between differential stress mag-
nitudes recorded independently in the different wells (1 and 2) em-
phasizes that calcite twinning paleopiezometry is a robust and reliable
method to reconstruct stress magnitude even at great depth and in
complex tectonic settings.

6. Conclusions

This study focuses on the syn-rift, pre-salt carbonate TOCA Fm.
investigated in two offshore wells in the Lower Congo basin. The novel
combination of burial modelling and inversion of calcite twins for stress
provides an original approach to obtain unprecedented information on
the burial and paleostress history of this deeply buried reservoir. The
inversion of the calcite twins allowed the determination of distinct stress
regimes, the timing of which was constrained by the reconstruction of
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the maximum depth of compaction-related active pressure solution
combined with burial modelling.

The TOCA Fm. recorded three main tectonic events during its burial
history: (1) extension between 130 and 112 Ma, with o3 evolving from a
N100 to a NE-SW trend associated with the rifting preceding the opening
of the South Atlantic; (2) intraplate ~N-S compression, possibly dated
between 67 and 60 Ma and reflecting a far-field transfer of orogenic
stress from the distant Africa-Eurasia active plate boundary; (3) ENE-
WSW to E-W compression that we propose to mostly relate to the mid-
Atlantic ridge push from ~15 Ma onwards. For each state of stress,
calcite twinning paleopiezometry combined with burial modelling and
rock mechanics tests enabled us to discuss the stress magnitudes which
likely prevailed within the reservoir.

Our results demonstrate that the TOCA Fm. reservoir in the Lower
Congo basin, and more generally the West African passive margin of the
South Atlantic have recorded a complex tectonic history, including
extension and compression. Beyond the reservoir scale, this study pro-
vides a new support to how tectonic and gravitational lithospheric
stresses can be transferred far away from active plate boundaries and
how their sequence controlled the tectonic evolution of passive margins.
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