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Abstract

The results of regional deep seismic acquisition in the South Atlantic continental margins have shed new light on the birth and development of
sedimentary basins formed during the Gondwana breakup. Recent models of mantle exhumation (as observed in the deep-water Iberian margin) have
been applied extensively to the interpretation of several basins in the Eastern Brazilian and West African conjugate margins. However, the tectonic
development of these basins is markedly different from the magma-poor margins. In this article, | emphasize the contrasts from the tectono-sedimentary
features imaged in deep-penetrating seismic profiles that extend from the platform towards the oceanic crust. These features indicate that the Red Sea
constitutes a better analogue for the birth of divergent continental margins.

This article also emphasizes the differences in basins developed along conjugate margins in the South Atlantic. Integration of geological and geophysical
methods reveals widespread volcanism in the southernmost segment (Pelotas — Santos basins in Brazil and Namibia in West Africa), probably related to
mantle thermal anomalies. The lack of volcanic features in local portions of the margins, particularly in the shallow-water platform regions (e.g.,
Camamu-Almada and Sergipe-Alagoas basins in northeast Brazil), points that even in these regions the continent-ocean boundary shows evidence of
mantle melts and formation of wedges of seaward-dipping reflectors, as in the Jacuipe Basin.

The central segment of the South Atlantic, from Espirito Santo to Santos basins in Brazil, and from Gabon to Angola in West Africa, is characterized by
a major salt basin developed from the first marine ingressions in late Aptian. Salt tectonics is responsible for most of the exploratory plays along the
margins, with autochthonous and allochthonous salt structures associated with existing and conceptual petroleum accumulations.

An overview of the geological concepts that evolved rapidly during the last three decades emphasizes the challenges of petroleum exploration in
ultradeep water provinces of divergent continental margins. This article also shares with the scientific community the methods and results from the
application of modern geological and geophysical tools that help in the interpretation of the crustal architecture, rift structures and the salt tectonic
elements that are crucial to basin-analysis studies.
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Motivation

The Red Sea is a natural laboratory for continental breakup processes at an embryonic stage, whereas the North and South Atlantic oceans correspond to
more developed divergent margins with tectonic plates in advanced stages of drifting.

Several exploratory plays in the South Atlantic have analogs in the sedimentary basins across conjugate margins (Brazil - West Africa), including
pre-salt and post-salt reservoirs.

Risk analysis of petroleum exploration plays involve evaluation of rift architecture and salt tectonics.

Introduction

This work presents an overview of the rift architecture of the South Atlantic and North Atlantic margins and compares their geological evolution with
the Red Sea and Gulf of Aden sedimentary basins, from the onshore area towards the offshore distal margin and oceanic crust (Figure 1). Understanding
the differences and similarities between the South Atlantic, North Atlantic, and the Red Sea — Gulf of Aden sedimentary basins and their tectonic
controls bears important implications for tectonic models and petroleum systems that are active in the early stages of development of rifted continental
margins.

Risk analysis of petroleum exploration plays involves evaluation of rift architecture and salt tectonics development through time. Several exploratory
plays in the South Atlantic sedimentary basins have clear analogues in the conjugate margins between Brazil and West Africa, including pre-salt
microbialites and post-salt turbidite reservoirs. The largest oil fields discovered in the southern hemisphere in the past decade (2000s) are characterized
by carbonate microbialites as the main reservoir, with thick evaporite layers forming seals for the traps (Tupi and lara fields in the Santos Basin). This
play type is very similar to the largest discovery worldwide in the past decade, the Kashagan Field in the North Caspian Sea (Figure 2).

The Red Sea is one of the largest salt basins in the world, comparable in size with the South Atlantic salt basins offshore Brazil and West Africa, and
much larger than the salt basins in the Central Atlantic (North America — NW Africa margins). Regional deep seismic profiles have been extensively
acquired in the North and South Atlantic continental margins in the past decade, particularly along the Brazilian and West African margins (Figure 3).
However, up to the present there is no deep seismic reflection profile extending across the Red Sea and imaging the conjugate margins from Africa to
Arabia. The recent discovery of deep-water pre-salt reservoirs in the South Atlantic salt basins has raised some academic and industry interest in the Red
Sea and Gulf of Aden sedimentary basins as analogues for the early evolution of the continental margins.

Since the development of early plate tectonic concepts, this region has been considered as a paradigm for the evolution of continental rift basins that
evolved into incipient divergent margins through a gulf stage. The Red Sea is a natural laboratory for continental breakup processes at an embryonic
stage of the Wilson cycle, whereas the North and South Atlantic oceans correspond to a more developed system of divergent-margin basins with tectonic
plates in advanced stages of drifting (Mohriak and Leroy, 2013).



South Atlantic and North Atlantic Tectonic Models

The rifted continental margins in the South Atlantic (Figure 3) are characterized by several Mesozoic rifts that extend from onshore to offshore Brazil,
Uruguay, and Argentina. The Santos, Campos and Espirito Santo basins are the most prolific offshore Brazil basins, with reservoirs ranging in age from
Miocene to Early Cretaceous (Rangel and Martins, 1998). These basins are characterized by a thick Late Aptian salt layer that is also observed in the
conjugate margin basins offshore of Angola and Gabon (Mohriak and Fainstein, 2012).

The tectono-stratigraphy of these basins is illustrated by a schematic (but insightful) geological section in the Campos Basin, which shows the main
stratigraphic sequences (synrift, transitional, and drift) as well as the structural style and petroleum systems (Figure 4). Several changes in the
interpretation of this basin have been discussed in the last 20 years, including: the lack of thick depocenters of synrift strata in ultradeep waters, the
presence of important carbonate (microbialite) reservoirs in the pre-salt sequence, the possibility of exhumed mantle in the transition to oceanic crust,
and different styles of salt tectonics associated with compression and the presence of allochthonous salt tongues (Mohriak et al., 2008; Mohriak et al.,
2012).

Several authors have proposed a model for the North Atlantic continental margins (such as Newfoundland and Iberia), involving mantle exhumation
associated with detachment faults before the emplacement of oceanic crust (Boillot et al., 1980; Peron-Pinvidic and Manatschal, 2008). A transect based
on reconstruction of regional deep seismic profiles (Figure 5) indicates that in these magma-poor basins the lithospheric stretching is associated with
crustal thinning and mantle exhumation by detachment faults in the deep water region, before emplacement of oceanic crust (Pérez-Gussinyé, 2013).

A direct but questionable application of the Iberian model for the South Atlantic margins (Figure 6) assumes that the sedimentary basins in Southeast
Brazil and West Africa are magma-poor margins where the outermost high at the eastern limit of the salt diapir province corresponds to peridotite rocks.
The exhumed mantle in the outer high was divided into zones of different densities (degrees of serpentinization) to fit the measured and modeled gravity
data (Zalan et al., 2011). This interpretation suggests that the outer high and also the Floriandpolis Fracture Zone are characterized by exhumed mantle,
as well as the propagator that has been postulated to advance from the northern Pelotas Basin towards the southern Santos Basin (Mohriak, 2001).

The Iberian model shows many important differences in tectonic context and stratigraphy from the South Atlantic margins (Mohriak and Leroy, 2013).
The Red Sea and Gulf of Aden can be considered better analogs for the continental breakup that occurred in the South Atlantic by the late Aptian — early
Albian, which was probably marked by two major sedimentary provinces: one north of the Tristdo da Cunha hotspot, marked by a major salt basin, and
one south of the hotspot (Pelotas Basin in southern Brazil, and the basins offshore Uruguay and Argentina) which are marked by large igneous provinces
both onshore and offshore, with volcanic rocks of the Parana-Etendeka province similar to the volcanism in the Afar region, between the Red Sea and
the Gulf of Aden (Figure 7).
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Figure 1. Topo-bathymetric map of the world with the spreading center in the Atlantic Ocean separating the South American and West African plates,
with conjugate margins developed in the Mesozoic. The Red Sea and the Gulf of Aden are gulfs formed by separation of the African and Arabian plates
by spreading centers developed from Late Tertiary to Recent.



-180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180

90
06

30 60
09

o€

-30
oge-

-60
09-

Presalt carbonate reservoirs
Top'seal: évaporites

-90
06-

-180 -150 -120

S Q) GAS
20 O 2 O
X = C — < o
S 15 < «c £ & T N =
oM © C = - © < et (]
& o ) O o S o] o N (®)) =
S 10 O =2 © 3 © 2 38 s 2 5
= < » ® < > X 5 F =
m 5 = —— = L

1999 1999 2000 2000 2000 2000 2002 2004 2006 2006 2007 2008

Figure 2. World map with the largest hydrocarbon accumulations by volume of oil in place (VOIP) discovered in the last decade. The cluster of
hydrocarbon fields located north of the Arabian Peninsula includes the Persian Gulf and the Caspian Sea. The largest discoveries in the Southern
Hemisphere are located in the Santos Basin, offshore Brazil. The Kashagan and the Tupi oil fields are associated with carbonate rocks (microbialites) as
reservoirs, and both are sealed by evaporites.
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Figure 3. World satellite map showing archetypal sedimentary basins in the Atlantic Ocean. Newfoundland and Iberia are magma-poor basins
characterized by mantle exhumation during continental breakup; the Santos, Campos and Espirito Santo basins are salt basins with rich synrift lacustrine

source rocks.



SHALLOW WATER DEEP WATER ULTRA-DEEP WATER
Total Reserves: 1.16 Bboe Total Reserves: 12,0 Bboe Total Reserves: 1,00 Bboe
NW SE

i =N

D

DEPTH (km)

oo

— - Migration
S - Source rocks
R - Reservoirs

-—
o

Modified from Rangel & Martins, 1998.

@ m O m W O .
Tertiary to Upper Cretaceous Turonian / Albian Aptian Lower Cretaceous volcanic zggégr;:ee:tus rocks
MARINE SEQUENCE TRANSITIONAL SEQUENCE NON-MARINE SEQUENCE

A: synrift in distal portions - thinner and less prolific ?
B: presalt microbialite reservoirs ?

C: mantle exhumation or volcanic rocks ?

D: compressional structures and allochthonous salt ?

Figure 4. Schematic (but insightful) geological section of the Campos Basin, showing the synrift (nonmarine), transitional (evaporitic) and drift (marine)
sequences, as well as the pre-salt and post-salt main petroleum systems (modified after Rangel and Martins, 1998). Many changes in geological
interpretation have been obtained by applying modern geophysical acquisition and processing of 2D deep seismic data and 3D surveys covering large
areas in the salt wall province. Conceptual geodynamic models still remain to be tested in the transition from continental to oceanic crust.
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Figure 5. Mantle exhumation model for the Newfoundland and Iberia continental margins (modified after Pérez-Gussinye, 2013). (A) Present-day topo-
bathymetric map with circles focusing on the conjugate margins; (B) Reconstruction at breakup with location of seismic profiles Screech-
1(Newfoundland) and IAM-11 (Iberia); (C) Seismic profiles from the conjugate margins. The blue line is the Moho discontinuity.
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Figure 6. Direct application of the Iberian mantle exhumation model to the Brazilian margin (from Zalan et al., 2011): (A) Moho topography from the
Espirito Santo, Campos, Santos, and northern Pelotas Basin; (B) geoseismic transect in the Campos Basin across the outer high and oceanic crust,

showing salt overriding serpentinized mantle in deep waters.
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Figure 7. Regional topo-bathymetric map of the African (Nubian ) and Arabian plates, with the Red Sea forming an extensive gulf between Saudi Arabia
—Yemen and Egypt-Sudan-Eritrea, with an axial trough that is offset by transform faults along a northeast — southwest direction (Gulf of Agaba trend).
The Afar province is located at the southern segment of the Red Sea, connecting with the Gulf of Aden, where the Aden and Sheba ridges are active
spreading centers associated with the development of a Late Tertiary oceanic crust. P1 is a seismic refraction profile that was used to constrain the
geological transect across the Red Sea, and SS-1 is a seismic section crossing an incipient spreading center in the central Red Sea.



Red Sea and Gulf of Aden Tectonic Models

A schematic geological transect across the central Red Sea (Figure 8) was prepared based on the integration of potential field, seismic refraction and
reflection data (eg. Egloff et al., 1991), and further constrained by geological information from exploratory wells (Hughes and Johnson, 2005). This
transect suggests that the shelf zone and deep water provinces are characterized by large salt diapir structures, and the salt layer advances towards the
main trough as allochthonous salt masses. The axial trough may reach bathymetries exceeding 2000 m and the salt masses are beginning to be separated
by embryonic or active spreading centers associated with an incipient oceanic crust. This model assumes that the igneous intrusions in the axial trough
correspond to spreading ridges formed about 2 Ma, and the volcanic and igneous crust may be about 7 km thick. The axial trough is a starved basin, with
only a veneer of siliciclastic sediments covering the volcanic basement.

Several authors have proposed different geodynamic models for the development of the Red Sea (e.g., Bosworth et al., 2005). The geological transects
in the southern Red Sea (Figure 9) show two end-member models of continental breakup and formation of oceanic crust. Model 1 suggests continental
breakup by pure shear extension and formation of oceanic crust in the axial trough, which might be filled with Upper Tertiary sediments (Lowell and
Genik, 1972). This model (Figure 10-1) is indicated by the interpretation of high-angle normal faults affecting the continental crust; it assumes that salt
was deposited on continental crust but is presently advancing towards oceanic crust in the main trough, and the axial trough might be covered by
Quaternary and Tertiary siliciclastic sediments overlying volcanic rocks.

Model 2 suggests continental breakup by detachment faults that lead to mantle exhumation by hyperextension of the lithosphere (Ghebreab, 1998). This
model (Eigure 10-2) is indicated by low-angle normal faults and detachments affecting the continental crust; it assumes that the upper mantle is exposed
in the axial trough. The extensional process would be associated with dyke swarms along the conjugate margins and would result in asymmetric
conjugate margins. The interpretation of the rift architecture and salt tectonics in the central Red Sea is based on the analysis of regional geoseismic
profiles extending across the proximal and distal rift basins, and by a seismic section crossing the axial trough (Figure 11). The proximal profile (Figure
12) is characterized by salt evacuation and development of large turtle structures. The synrift sequences may be divided into early (Wajh Formation) and
late (Burgan Formation) phases of rifting, overlain by a possible sag basin (Kiel and Jabal Kibrit formations). The Mansiyah evaporites show indications
of basinward flow forming large diapirs in the platform and deep-water.

The distal profile in the central Red Sea extends from the platform towards the main trough and axial trough. This profile does not show bathymetric
depressions similar to the depressions in the southern Red Sea, where the axial trough is characterized by a magnetic-anomaly zebra pattern associated
with organized spreading in the oceanic crust. Two hypotheses have been analyzed for the interpretation of this profile. Hypothesis 1 (Figure 13)
suggests thick salt masses in the axial trough covering tilted rift blocks on the continental crust, which may be affected by extensional faults with large
offsets. Salt was deposited during a late synrift phase, before continental breakup, and no oceanic crust has been developed in the basin center.
Hypothesis 2 (Figure 14) suggests an alternative interpretation for the distal profile, assuming that the thick salt masses are advancing towards a volcanic
basement associated with embryonic spreading centers and are affected by igneous intrusions that will eventually split the salt basins apart. The middle
to late Miocene evaporites were deposited in the transition from an early post-rift to an early drift phase, overlying volcanic basement rocks in the distal
basin. The salt masses are amalgamated in the main and axial troughs, but are starting to be separated by embryonic spreading centers that have been



formed in the past few million years, with intrusive bodies invading the crust and also penetrating the salt layer, which is mainly allochthonous in this
portion of the basin. In other areas, the process is more advanced, and the salt masses are totally separated by oceanic ridges and volcanic basement.

The seismic profile across the axial trough in the Thetis Deep (Figure 15-A) shows that the salt basin only occurs in the elevated regions (bathymetry <
750 m), whereas the bathymetric depression forms an abyss deeper than 1500 m, where there is no evidence of salt deposition. The protuberant
structural high in the internal zone of the abyss is interpreted to correspond to an active spreading ridge (Mitchell et al., 2010) that was formed about 2
Ma. There is a marked unconformity below a thin veneer of sediments that cover the top of the salt mass (S reflector), and locally we observe undulating
features that suggest mini-basins or internal deformation of the stratified evaporites, indicating early halokinesis (Figure 15-B). The salt masses are
separated by incipient oceanic crust associated with an active spreading ridge with magma chambers and volcanoes (Mitchell et al., 2010; Ligi et al.,
2012).

One important question is whether this type of structure might exist in the South Atlantic salt basin and the implications for timing of breakup, tectonics,
sedimentary facies, and petroleum systems.

Comparison of the Distal Salt Basins in the Central Red Sea and Offshore Brazil

Mohriak and Leroy (2013) suggest that the mid-ocean spreading center in the central Red Sea (Thetis Deep) might be compared with the embryonic
spreading center in the southern Santos Basin, which is associated with the Abimael propagator in the northern Pelotas Basin (Mohriak, 2001). This
feature may be interpreted as an igneous intrusion advancing northwards, which was active during and following salt deposition and initial breakup.
After impinging on the salt basin, the propagator aborted when the active spreading center shifted eastwards (Mohriak et al., 2008).

The comparison of the seismic profile in the Thetis Deep (Figure 16-A) with the seismic profile in the Santos Basin (Figure 16-B) indicates that in both
cases the salt masses pinch-out towards the abyss where the intrusive body is emplaced. In the Santos Basin, the pre-salt rift blocks are highly eroded
below the main salt mass, and in the abyss only post-salt sediments are observed covering the volcanic rocks. A comparison of an allochthonous salt
tongue in the Espirito Santo Basin (Figure 17-A) with the interpretation of the distal profile in the central Red Sea (Figure 17-B) suggests a much more
advanced stage of salt tectonics in the Brazilian margin, with salt advancing towards an oceanic crust basement that was formed by late Aptian — early
Albian (Mohriak et al., 2008). The Red Sea profile shows an incipient stage of plate separation and is characterized by amalgamation of salt masses that
are only beginning to separate between Egypt and Saudi Arabia, whereas in the Brazilian margin, the allochthonous salt is more than 4000 km from its
conjugate-margin salt front in the Kwanza Basin.
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Figure 8. Schematic geological transect across the central Red Sea, based on refraction and reflection seismic data constrained by exploration wells

(modified after Mohriak and Leroy, 2013).
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Figure 9. Topo-bathymetric map of the southern Red Sea with location of geological cross-sections from the Eritrean margin to the Arabian margin
illustrating the end-member tectonic models: (1) pure shear with oceanic crust in the axial trough; (2) simple shear with exhumed mantle in the
conjugate margins adjacent to the axial trough.
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Figure 10. Regional geological transects illustrating end-member models for the tectonic evolution of the southern Red Sea: (1) continental breakup by
pure shear extension and development of oceanic crust in the axial trough (modified after Lowell and Genik, 1972); (2) continental breakup by
detachment faults and simples shear mechanism resulting in asymmetric margins (modified after Ghebreab, 1998).
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Figure 11. Regional profiles in the central Red Sea: the proximal profile extends from the onshore to the offshore region in the shallow water platform;
the distal profile extends from the platform towards the axial trough, in areas where the salt layer is very thick. Line 6 corresponds to a seismic profile in
the Thetis Deep, crossing an active spreading center that separates the conjugate-margin salt basins.
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Figure 13. Red Sea geoseismic profile from the platform towards the axial trough. Hypothesis 1: a possible interpretation suggests thick salt masses in
the axial trough and tilted rift blocks on the continental crust. Salt was deposited during a late synrift phase, before continental breakup, and no oceanic
crust has been developed in the basin center.
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Figure 14. Red Sea geoseismic profile from the platform towards the axial trough. Hypothesis 2: a possible interpretation suggests thick salt masses in
the axial trough intruded by igneous rocks and overlying volcanic basement.
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Figure 16. (A) Central Red Sea seismic profile 23-M, with salt masses in the conjugate margins split apart by an embryonic spreading center (modified
after Mitchell et al., 2010; courtesy Neil Mitchell and Marco Ligi, 2010); (B) Southern Santos Basin, with salt masses separated by an embryonic
spreading center that was subsequently aborted (modified after Mohriak and Leroy, 2013).
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Analogies with Other Rifted Margins

The seismic profiles across the Sheba Ridge spreading center in the Gulf of Aden suggest that the conjugate margins between Oman and Somalia
(Figure 18) are in a more advanced stage of plate separation than the Red Sea (Leroy et al., 2004). Organized oceanic crust with magnetic anomalies can
be identified in the conjugate margins, suggesting continental breakup occurred around 17 Ma, and the oceanic ridge is presently advancing westwards
towards the Gulf of Djibouti in the Afar region (Mohriak and Leroy, 2013). The seismic transect across the conjugate margins shows rifted continental
crust and the continent-ocean transition zone marked by small rift basins and volcanic features, and a large expansion of oceanic crust covered by post-
breakup sediments that pinch-out towards the axial trough, where the active Sheba Ridge is imaged (Figure 19).

The plate tectonic reconstruction of the South Atlantic at the gulf stage (around 120 Ma, Scotese, 2002) shows the location of the volcanic margins,
south of the Tristdo da Cunha hotspot, which are characterized by seaward-dipping reflector wedges in the transition to oceanic crust (Figure 20). The
onshore Parand—Etendeka volcanics are dated around 130 +/- 3 Ma (Almeida et al., 2013), and the salt basins between the eastern Brazilian and West
African margins are dated as late Aptian (around 112-115 Ma). The extensive salt basin between Brazil and West Africa was developed between two
hot-spots, the southern Tristdo da Cunha, which marked the boundary between the Santos and Pelotas basins offshore Brazil, and the northern St. Helena
hotspot. The northern segment of the South Atlantic salt basin is characterized by the St. Helena hotspot and the incipient transform rifts that
subsequently formed the Equatorial Atlantic sheared margin after continental breakup in the Albian. The southern segment of the South Atlantic is also
characterized by onshore-offshore rift basins in Argentina, with axes that trend obliquely to the continental margin (e.g., Salado Basin in Figure 20).
There was no significant deposition of evaporites in the volcanic margins and onshore rifts south of the Tristdo da Cunha hotspot, which may have acted
as a volcanic barrier isolating the Santos Basin from the southern basins (Mohriak, 2001).

The segment of the south Atlantic that is located south of the St. Helena hotspot is marked by narrower rift and salt basins in the Northeastern Brazilian
margin (Camamu—Almada, Jacuipe and Sergipe-Alagoas basins), whereas the conjugate margin in West Africa (Gabon) is associated with a wider rift
with a large salt basin extending from onshore to offshore (Davison, 2007).

Based on analogies between the South Atlantic, the Red Sea and the Gulf of Aden, Mohriak and Leroy (2013) proposed the schematic palinspastic map
with a reconstructed cross-section of the Brazilian and West African continental margins, where the early Cretaceous rifting resulted in proximal and
distal basins (Figure 21, sectors B and C). The diagram depicts the South Atlantic at the transition from gulf stage to open ocean stage of the Wilson
cycle, showing the distribution of evaporites and rift structures in the conjugate margins that were separated by incipient spreading centers and volcanic
crust around Aptian-Albian times. The evidence so far points to magmatic accretion in the distal margin, similar to what is observed in the Red Sea and
Gulf of Aden, with development of a late Aptian igneous crust underlying the salt masses in sectors C and D. A schematic transect based on gravity
modelling and seismic interpretation (Blaich et al., 2011; Mohriak and Leroy, 2013) indicates that the salt basin extends from sectors B to C and may
advance towards sector D as allochthonous salt masses (Figure 22), overlying volcanic rocks associated with the inception of an active spreading center
that eventually separated the salt basins of the conjugate margins.



Conclusion

The Red Sea / Gulf of Aden continental margins are a natural laboratory for studies on continental margin breakup processes.
Several advantages over the Iberian-Newfoundland margins where the breakup occurs in water depths exceeding 5000 m.

Several analogies with the Atlantic margins: structures, sedimentary facies, volcanism, presence of evaporites in the distal region, embryonic oceanic
ridges and crustal architecture.

Important implications for tectonic models and petroleum systems active in the early stages of basin development.



0 500 km

4309

2500
" ——-——_‘Ar" V %
Jiza S g =Y
/-
Masilah'Basing - YRS A S
A ‘§\ G

3 .
gp’Hami graben, « » =#
.

" Sheba Ridge

Somalia

BATHYMETRY / TOPOGRAPHY
m)
o

-2500

-5000

-5781

\ ,"' ,' /'/
& 7 >

normal fault Transform fault Spreading Center COB Volcanic layers
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Figure 19. Regional seismic profile from the southern margin of the Gulf of Aden (seismic line ES-26) across the Sheba Ridge and extending towards
the Oman continental margin (seismic line ES-12). The free-air and magnetic anomalies are plotted above the seismic profile. The interpretation of the
seismic data indicates a large expansion of oceanic crust between the shelf-break and the Sheba Ridge axial trough (modified after Leroy et al., 2004,
Mohriak and Leroy, 2013) .
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