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Superimposed Rifting at the Junction of the Central and
Equatorial Atlantic: Formation of the Passive Margin of
the Guiana Shield

Artiom Loparev’, Delphine Rouby' 2, Dominique Chardon"
Frangois Sapin’, Flora Bajolet"?, Jing Ye', and Fabien Paquet®

, Massimo Dall’Asta?,

!GET, Université de Toulouse, CNRS, IRD, UPS, CNES, Toulouse, France, “TOTAL, Centre Scientifique et Technique
Jean Féger, Pau, France, 3BRGM, Orléans, France

Abstract The passive margin of the Guiana Shield formed at the junction of the Central and
Equatorial Atlantic Oceans that developed successively by a complex rifting process that achieved the
final dispersal of Western Gondwana. Yet, the resulting spatial distribution of crustal thinning along the
margin remains to be mapped and its controlling parameters deciphered. We used subsurface data to map
the variability of crustal thinning along the margin. We show that the margin segments width primarily
depends on their obliquity to rifting extension direction. The necking domain of the transform/oblique
margin segments is much narrower (<100 km) than divergent segments that include hyper-extended

or distal margin domains as well (200-300 km). Moreover, for a similar obliquity, the width of margin
segments resulting from the Central Atlantic rifting are wider than those resulting from the Equatorial
Atlantic rifting. This is primarily due to the higher obliquity and rate of the latter. Additionally, along the
Central Atlantic margin segments, thinning was accommodated by lower-crustal ductile deformation,
the thick syn-rift in-fill was associated with magmatism and a thicker than average oceanic crust. In
contrast, the Equatorial Atlantic margin segments show little ductile deformation, reduced clastic syn-rift
infill and thinner than average oceanic crust. These observations suggest that the lithosphere affected by
the Central Atlantic rifting was warmer than that affected by the Equatorial Atlantic rifting. Finally, the
two-step thinning in the overlapping area of the two rift systems individualized a promontory of thinned
continental crust that remained as the Demerara Plateau.

Plain Language Summary The continental margin of the Guiana Shield formed at the
intersection of the Central and Equatorial Atlantic Oceans that developed one after the other and, in doing
so, achieved the break-up of the Gondwana supercontinent. To form these Ocean, the continent crust
was stretched and broke but the way this thinning is actually varying along the margin and the causes
are not known so we used offshore industrial data to map it. This allows us showing that the width of the
continental margin depends primarily on the direction along which the crust was thinned such that the
continental margin width is much wider (200-300 km) in domains where this direction is perpendicular
to the margin than in domain where it is oblique (<100 km). This also allow us showing that the
continental margin resulting from the opening of the Central Atlantic Ocean is systematically wider than
the one resulting from the opening of the Equatorial Atlantic. Additionally, our observations suggest

that Central Atlantic Ocean opened under warmer conditions than the Equatorial Atlantic. Finally, the
area at the intersection of the Central and Equatorial Atlantic Oceans, individualized a promontory of
continental crust that formed the present-day Demerara Plateau.

1. Introduction

Continental break-up is often accommodated by complex three-dimensional (3D) rifting patterns at con-
tinental scale (e.g., Frizon de Lamotte et al., 2015; Merdith et al., 2019; Stampfli & Borel, 2002). For exam-
ple, the dispersal of Western Gondwana generated several successive and locally overlapping oblique rifts
across the African and South American plates such as the West and Central African Rift Systems (e.g.,
Fairhead, 1988; Genik, 1992; Guiraud et al., 1992), East African Rift (Morley et al., 1992; Versfelt & Rosen-
dahl, 1989) or the Equatorial Atlantic rift (e.g., Basile et al., 2005; Mascle & Blarez, 1987).

LOPAREV ET AL.

10f 19


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-2827-0566
https://orcid.org/0000-0001-8439-2264
https://doi.org/10.1029/2020TC006159
https://doi.org/10.1029/2020TC006159
https://doi.org/10.1029/2020TC006159
https://doi.org/10.1029/2020TC006159
https://doi.org/10.1029/2020TC006159
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020TC006159&domain=pdf&date_stamp=2021-07-13

Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006159

Such riftings are expected to produce complex 3D deformation patterns whose impact on the spatial parti-
tioning of crustal thinning at continental scale has however not been fully explored yet. Many studies have
concentrated on the influence of lithosphere rheology, rifting rates and obliquity on the geometry of rifts
and resulting rifted margins. For example, higher deformation rates or higher extension obliquity produce
narrower rifts and rifted margins as shown from either global compilation (e.g., Jeanniot & Buiter, 2018),
continental scale studies (e.g., Ye et al., 2019) or modeling (Brune, 2014; Buck, 1991; Clifton et al., 2000;
Svartman Dias et al., 2015; Tetreault & Buiter, 2018; Tron & Brun, 1991). Other studies have related the
segmentation of rifted margins to the structural inheritance of the continental basement in natural systems
(e.g., Bellahsen et al., 2013; Schiffer et al., 2020; Stanton et al., 2019) or experiments (e.g., Autin et al., 2013;
Duclaux et al., 2020). However, the spatial variation at continental scale in the width of a rift that underwent
both oblique extension and the superimposition of rifting episodes has not been documented in natural
systems yet. This is however of primary importance to understand how crustal thinning is distributed in
three-dimensions during continental break-up, with implications on the crustal and stratigraphic architec-
tures of the resulting rifted margins.

The Equatorial Atlantic rifting achieved the final dispersal of Western Gondwana by connecting the Central
Atlantic Ocean, formed in the Jurassic (ca. 190 Ma onward), to the South Atlantic Ocean, formed in the Cre-
taceous (ca. 135 Ma onward; e.g., Heine et al., 2013; Labails et al., 2010; Moulin et al., 2010; Ye et al., 2017).
The mid-Cretaceous opening of the Equatorial Atlantic Ocean (since ca. 130 Ma) led to a remarkable ex-
ample of oblique and superimposed rifting pattern (e.g., Benkhelil et al., 1995; Ye et al., 2017). This rifting
resulted from continental scale right-lateral shearing between South America and Africa and formed an
en-échelon rift system (e.g., Benkhelil et al., 1995; Guiraud et al., 1992; Mascle et al., 1988; Ye et al., 2017). It
produced a complex 3D lithospheric and crustal stretching pattern (e.g., Kusznir et al., 2018; Ye et al., 2019).
Benkhelil et al. (1995), Mercier de Lépinay (2016) and Ye et al. (2017) showed that the Equatorial Atlantic
Rift (EAR) partly propagated through crustal domains that had previously undergone thinning during for-
mation of the Central Atlantic Rift (CAR). Moreover, the two rift systems had contrasted opening modes:
the CAR system had lower obliquity (extension direction at a high angle to the margin trend) and velocity
than the EAR (Brune et al., 2016, 2018). The CAR developed contemporaneously with magmatism (Basile
et al., 2020; Museur et al., 2020; Nemcok et al., 2016; Reuber et al., 2016), which is not the case for the EAR
(e.g., Greenroyd et al., 2008; Loncke et al., 2009).

The mid-Cretaceous (ca. 130-100 Ma) rifting of the Equatorial Atlantic Ocean is therefore a relevant case
study to investigate the spatial evolution of deformation and necking styles (i.e., crustal architecture, brit-
tle/ductile strain partitioning, and syn-rift fault vergence) along segmented conjugated margins that un-
derwent both oblique extension and rifts superimposition. Previous geological studies of the Equatorial
Atlantic rift have mostly investigated the development of individual basins along the African rifted margin
(e.g., Antobreh et al., 2009; Basile et al., 1998; Olyphant et al., 2017; Scarselli et al., 2018) or its conjugate
south American counterpart (e.g., Loncke et al., 2016; Sapin et al., 2016; Yang & Escalona, 2011). Kusznir
et al. (2018) documented, at continental scale, the variability of the crustal structure along both margins of
the Equatorial Atlantic. Ye et al. (2019) have shown that the necking width of the African margin segments
depended primarily on their obliquity to extension direction. However, no comparable synthesis is available
for the South American conjugate margin of the Equatorial Atlantic.

In this work, we investigate the influence of the kinematics and the superimposition of the CAR and EAR
on the first-order geometry of the resulting South American passive margin along the Guiana Shield (i.e.,
including the Guiana-Surinam and Foz do Amazonas basins separated by the Demerara plateau; Figure 1).
To do this, we used an extensive set of subsurface data (two-dimensional [2D] seismic and wells provided
by Total). We characterize the variability of crustal architecture and thinning processes along the margin
and integrate the distribution of the crustal thinning within a consistent plate-scale kinematics framework.

2. Geological and Geodynamical Settings
2.1. The Guiana Shield Passive Margin

The passive margin of the Guiana Shield is located between, to the NW, the Barbados accretionary prism
forming the Caribbean subduction front (Pindell & Kennan, 2009; Yang & Escalona, 2011) and, to the SE,
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Figure 1. (a) Location of the study area. (b) Simplified geological map of northern South America showing the context of the Guiana Shield and its margin

with Meso-Cenozoic sediments thickness (modified after Cordani et al., 2016). FOZ, Foz d’Amazonas; FZ, transform fracture zone; GS, Guiana-Suriname; TM,
transform margin. Topography and bathymetry after NOAA (2009).

by the Saint Paul Fracture Zone (FZ; Cordani et al., 2016, Figures 1 and 2). The northwestern portion of the
margin, that is, between the Caribbean subduction and the Demerara Plateau, is floored by Jurassic oceanic
crust accreted following rifting of the Central Atlantic Ocean (Klitgord & Schouten, 1986; Pindell, 1985;
Reuber et al., 2016; Figure 2). That portion of the margin coincides with the Guiana-Surinam basin, called
hereafter the GS basin. The remaining southeastern portion of the margin is floored by Cretaceous oceanic
crust formed following rifting of the Equatorial Atlantic Ocean (Heine et al., 2013; Moulin et al., 2010; Fig-

ures 1 and 2). That portion of the margin coincides with the northern and eastern Demerara Plateau and
Foz de Amazonas basin, called hereafter the FOZ basin.
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Figure 2. (a) Location of the geological sections of Figures 4 to 6 (in green), as well as the areal extent of the studied
subsurface database (2D seismic and well logs; green dashed line). Oceanic geology adapted from Cordani et al. (2016).
The frame of the map area is located on Figure 1a. (b) Systematics of the Guiana shield margin segments as determined
by the present study including the rift obliquity angles and segment labels. FOZ, Foz d’Amazonas; FZ, transform
fracture zone; GS, Guiana-Suriname; TM, transform margin.

2.2. Central Atlantic Rift-Guiana-Suriname Basin

The CAR initiated in the Morocco/New Scotland region in the Triassic and propagated southward to the
present-day location of the Demerara Plateau (Klitgord & Schouten, 1986; Labails et al., 2010; Schettino &
Turco, 2009). Some authors suggested that the Takutu rift, located within the Guiana Shield (Figure 1b),
corresponds to the southernmost abandoned tip of the CAR, although its kinematic relationships to the
CAR remain unclear (Crawford et al., 1985; McConnell, 1969; Szatmari, 1983).

The exact timing of the CAR is not very well constrained in the studied area. It occurred from the Late Tri-
assic to the Early Jurassic in the Takutu rift and Guinea Plateau (Figure 1a; Crawford et al., 1985; Marinho
et al., 1988; McConnell, 1969). Several kinematic reconstructions dated the rifting to the Early Jurassic
(Benkhelil et al., 1995; Pindell & Kennan, 2009; Schettino & Turco, 2009). Basile et al. (2020) reported syn-
rift magmatism ca.173 Ma in the Demerara Plateau. Pindell (1985) suggested the accretion of oceanic crust
in the Middle Jurassic (Bathonian, 170-172 Ma) overlayed by Callovian-Oxfordian sediments (166-157 Ma;
Nemcok et al., 2016). The Central Atlantic break-up unconformity (CABU) was tentatively ascribed by
Crawford et al. (1985) a Mid-Jurassic age (ca. 176-172 Ma) assuming the Takutu rift is related to the CAR
(Figure 1b).

Besides, syn-rift deposits of the GS basin have a reflectivity pattern that would be suggestive of seaward dip-
ping reflectors (SDR) of magmatic origin (e.g., Museur et al., 2020; Nemcok et al., 2016; Reuber et al., 2016).
The Jurassic oceanic crust of the GS basin is thicker than average (>12 km), suggesting higher than normal
melt accretion to produce that oceanic crust (e.g., Reuber et al., 2016) potentially related to the Sierra-Leone
hotspot (Basile et al., 2020). In any case, these considerations show that Jurassic rifting was therefore asso-
ciated with mantle magmatism.

2.3. Equatorial Atlantic Rifting -Demerara Plateau and Foz d’Amazonas Basin

The Equatorial Atlantic Ocean is bounded by the Doldrums and the Chain FZ (e.g., Basile et al., 2005; Mer-
cier de Lépinay, 2016; Ye et al., 2017; Figure 1). The EAR initiated in the Barremian (i.e., the age of syn-rift
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Figure 3. Stratigraphic chart showing the horizons interpreted on the
seismic data, the main geodynamic stages for the Guiana-Suriname (GS)
and Foz do Amazonas (FOZ) basins and the main mechanisms assumed
to drive the subsidence. BU, break-up unconformity; CA, Central Atlantic;

EA, Equatorial Atlantic.

sediments in the FOZ and Marajo basins; Branddo & Feijo, 1994; Figue-
iredo et al., 2007; Zalan & Matsuda, 2007). Oblique rifting formed an
en-échelon system of dextral pull-apart basins (e.g., Benkhelil et al., 1995;
Guiraud et al., 1992; Mascle et al., 1988; Ye et al., 2017). The Equatorial
break-up unconformity (EABU) and first oceanic crust are considered
as Albian in age (ca. 107-100 Ma) east of the Demerara Plateau (Sapin
et al., 2016; Loncke et al., 2020; Mercier de Lépinay, 2016), in the FOZ
basin (Brandao & Feijo, 1994; Figueiredo et al., 2007), in the Marajo basin
(Zalan & Matsuda, 2007) and along the conjugate African margin (Mas-
cle & Blarez, 1987; Moullade et al., 1993; Ye et al., 2017). Some authors
consider the oceanic crust is slightly younger (Aptian; Basile, 2015).
Whatever the exact age of rifting, continental break-up in the pull-apart
basins formed isolated “oceanic crust basins” separated by transforms
(Basile et al., 2005; Gillard et al., 2017; Ye et al., 2017) that ultimately
coalesced (Figure 1a).

Equatorial Atlantic rifting overlapped in time with a Late Aptian-Albian
reorganization in plate kinematics induced by a change of rotation pole
of Africa with respect to South-America. This event induced a transition
in the extension direction between Africa and South America from ESE
to E-W between 112 and 105 Ma (Basile et al., 2013; Benkhelil et al., 1995;
Campan, 1995; Rabinowitz & LaBrecque, 1979).

By contrast with the CAR, little magmatism has been documented during
the development of the EAR, which is only reported along the eastern
border of the Demerara plateau (120-125 Ma; Greenroyd et al., 2008;
Loncke et al., 2009) as well along the conjugated Guinea Plateau (late
Albian: ca. 100 Ma; Olyphant et al., 2017). Mid-Cretaceous oceanic
crust under the FOZ basin is thinner than average (3.5-5 km; Greenroyd
et al., 2007; Rodger et al., 2006; Watts et al., 2009). This has been related
either to a slow spreading rate of the oceanic ridges (Rodger et al., 2006;
Watts et al., 2009)—although some authors consider the ridge to be rapid
(Rabinowitz & LaBrecque, 1979; Nemcok et al., 2016)—or to the fact that
fracture zones and associated tip ridges are closely spaced in the FOZ
basin (Greenroyd et al., 2007).

3. Method
3.1. Data Set

We interpreted a grid of 2D seismic reflection located between the Car-
ibbean subduction front and the Saint Paul FZ (Figures 2 and S1). We
calibrated our seismic interpretations using 33 wells located in the shelf
and bathyal domains (Figure S1). We used this seismic grid to map the

continental crust structure as well as 9 stratigraphic horizons across the studied area (Figure 3). Crustal
thickness was estimated from two-way-travel-time to depth conversion using velocity ranging from 5.5 to
7.5 m/s for the continental crust and 5.5-7.7 km/s for the oceanic crust.

3.2. Mapping of Crustal Domains

We mapped five types of crustal domains using definitions of Peron-Pinvidic et al. (2013), Sutra et al. (2013)
and Ye et al. (2019). Among criteria detailed in Table 1, the proximal domain was mapped where minor
extension is accommodated by normal/strike-slip faults and/or the (pre-rift) continental crust (CC) is only
weekly thinned (crustal thickness >25 km) with respect to the onshore cratonic domain (~42 km; Table 1).
The necking domain (ND) was mapped where the (pre-rift) continental crust is significantly thinned (i.e.,
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Table 1
Definitions of Crustal Domains Mapped From the Seismic Data-Base (Modified After Peron-Pinvidic et al., 2013, Sutra et al., 2013, and Ye et al., 2019)

Proximal domain (PD) » Minor extensional features (high angle and listric faults)
« Often wedge-shaped sedimentary strata

» Weak thinning of the pre-rift CC (thickness >25 km)

Necking domain (ND) » Drastic thinning of the pre-rift CC (from 25 to 10 km)
» Detachment faults
» Significant upwelling of the Moho
» Maximum thickness of syn-rift wedges
« Sealed by the BU
« Often the long-term location of the shelf edge of the late post-rift wedge

Hyper extended domain (HED): « Very thin CC (<10 km) Distal margin domain (DM): Magma « Very thin CC (<10 km)

Magma poor segment rich segment

« Offset of the Moho by syn-rift faults « Offset of the Moho by syn-rift faults

« Sealed by the BU « Sealed by the BU
« Sag type sedimentary depocenters « Low reflectance within the CC
« Low reflectance within the crust « High reflectance reflectors in the

syn-rift deposits and SDR

» Widely distributed curved and
merging features in the lower CC

« Often underplating features

Intruded continental crust (ICC) » Between CC and OC
» CC shows strong internal reflectance that might correspond to magmatic intrusions
« Unclear Moho reflection

» Sealed by the BU

Oceanic domain (OC) « Strong reflection of the Moho

« Often a local downwelling of the Moho (thickening of the proximal OC)

Abbreviations: BU, break-up unconformity; CC, continental crust; HED, hyperextended domain; ICC, intruded continental crust; ND, necking domain; OC,
oceanic domain; SDR, seaward dipping reflector.

down to ~10 km in thickness; Table 1). The distal part of the margin, where the (pre-rift) continental crust
is extremely thinned (<10 km), has been mapped as one of two types. Without indication of significant mag-
matism during rifting, it has been mapped as hyper-extended domain (HED; Table 1). Alternatively, where
crustal thinning was potentially associated with magmatism (i.e., includes SDR), it has been mapped as the
distal margin domain (DM, Table 1). The transition between continental and oceanic crust, where the crust
shows strong internal reflectance that might correspond to magmatic intrusions and/or the reflection of
the base of the crust (Moho) is not clear, has been mapped as an intruded continental crust (ICC; Table 1).
Finally, the oceanic domain was mapped where the top of the basement and the Moho show a strong re-
flectance (OC; Table 1).

The subsurface data-set density permitted mapping the crustal structure in details throughout the study
area. In the following, we illustrate the crustal structure with 8 cross-sections although the results illustrat-
ed below have been established using the complete data set.

3.3. Obliquity of Margin Segments

We classified margin segments according to their obliquity to the rift extension direction. Following Ye
et al. (2019), the margin segment obliquity was determined from the angle between the directions of the
transform faults and of the direction of the segment (Figure 2). The margin segment direction was esti-
mated by the direction of the continent-ocean boundary as mapped from seismic data. The rift extension
direction was estimated from the direction of the transform structures. In the GS basin, the obliquity has
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been measured with respect to the Jurassic Guiana transform margin (Guiana TM; Pindell, 1985; Pindell &
Kennan, 2009; Figure 2). In the FOZ basin, the obliquity has been measured with respect to the transform
directions taken only near the continent-oceanic crust transition mapped by Cordani et al. (2016). Indeed,
these directions actually track the original rift extension direction, that is, before the mid-Cretaceous plate
kinematic change. We used the classification of Mercier de Lépinay et al. (2016) and Ye et al. (2019) for
whom obliquity of transform margin segments ranges from 0° to 15°, oblique margin segments from 15° to
75° and divergent margin segments >75° (Figure 2).

4. Results
4.1. General Structure of the Guiana Passive Margin

Our mapping shows that the GS basin developed upon an NNE-trending divergent margin segment (i.e.,
D1 segment forming the western boundary of the Demerara Plateau) and ESE-trending transform to highly
oblique margin segments in the South (i.e., T1 and O1 segments along Guiana TM; Figure 2). Conjugates of
those margin segments are now found in the Gulf of Mexico and southern Florida/Bahamas, respectively
(Pindell, 1985; Pindell & Kennan, 2009).

In the domain where thinning resulted from Equatorial Atlantic Rifting, the northern boundary of the
Demerara Plateau is formed by ESE-trending transform segments (i.e., T2 and T3 along the Sierra-Leone
fracture zone). The eastern boundary of the Demerara Plateau is a N-trending divergent segment (i.e., D2;
Figure 2). Further East, the western part of the FOZ basin formed upon an ESE-trending transform seg-
ment (i.e., T4 segment along the Four North fracture zone) and two SE-trending oblique segments (i.e., 02,
and O3 segments) bounding a N-trending divergent one (i.e., O3 segment; Figure 2). Conjugates of those
segments are the Guinea—Liberia segments of the African margin (e.g., Benkhelil et al., 1995; Loncke
et al., 2009; Ye et al., 2019; Figure 1a).

Thus, our mapping shows that the margin of the Guiana Shield has a complex geometry with segments
typically a few hundreds of km in length, with contrasting directions (from NS to ESE trending) and alter-
nating obliquities between transform, oblique and divergent segments. This pattern is consistent in the EAR
domain with the mapping established by Ye et al. (2017, 2019) for the conjugated African margin.

4.2. Western Demerara Plateau and Guiana-Suriname Basin
4.2.1. D1 Divergent Segment

The eastern part of the GS basin overlies the transition from the Demerara plateau continental crust to the
Central Atlantic Jurassic oceanic crust (segment D1; Figures 2 and 4a). Crustal thinning is accommodated,
from East to West, by (a) a wide crustal necking domain (ca. 190 km wide) without well imaged normal
faults but with features suggesting extensional deformation in the lower crust marked essentially by low-an-
gle anastomosed lens-shaped shear patterns (see Clerc et al., 2015, 2018; Figure 4a), (b) a distal margin do-
main (>100 km wide) with tilted crustal blocks bounded by continent-ward dipping normal faults (CDNF;
Clerc et al., 2018) rooted in a thick sheared lower crust, and, (c) a narrower continent-ocean transition
domain (intruded continental crust; <70 km wide; Figure 4a). The syn-rift deposits form a crustal-scale
west dipping wedge. They are thickest in the necking and distal margin domains, that is, where tectonic
subsidence created the maximum of accommodation (Figure 4a; Table 1). As mentioned above, these de-
posits, showing seaward dipping reflector (SDR), might be of magmatic origin (Basile et al., 2020; Museur
et al., 2020; Nemcok et al., 2016; Reuber et al., 2016) and subaerial (Basile et al., 2020; Planke et al., 2000).
Thus, whether detrital, magmato-volcanic or both, these syn-rift deposits probably correspond to continen-
tal/shallow environments, suggesting that accommodation was continuously filled up to compensate for
tectonic subsidence.

Break-up and oceanic accretion took place west of the main syn-rift depocenter (necking domain and dis-
tal margin; Figure 4a). The top of the Jurassic syn-rift is truncated by an unconformity, most probably
the CABU (Figures 3 and 4a). Above that unconformity, a carbonate platform developed along the west-
ern boundary of the syn-rift basin (e.g., Staatsolie, 2013; Figure 4a). This indicates a low clastic input to
the margin at the time. Above, renewed clastic inputs formed the Barremian-Albian sedimentary wedge
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(130-100 Ma), which underwent a major westward gravitational collapse event that formed an upslope
extensional domain and a downslope compressional domain (Figure 4a).

Subsequent post-rift clastic systems are mostly indicative of a long-term aggrading trend although their de-
pocenters progressively migrated westward, into the distal margin domain and onto the oceanic crust. Thin
Paleogene and Miocene deposits indicate a reduced clastic input to the GS basin between ca. 66 and 6 Ma
that was then renewed in the Pliocene, which is significantly thicker. Pliocene deposits thicken westward as
they are progressively involved in the accretionary prism (Figure 4a).

4.2.2. T1 Transform Segment and O1 Oblique Segment

Across the southwestern boundary of the GS basin, crustal thinning is accommodated through a narrow
necking domain (ca. 80-90 km wide) with normal faults in the upper crust and a ductilely deformed lower
crust (Figures 4b and 4c). As a difference with the D1 segment, the volume of syn-rift deposits is here lim-
ited, with no SDR imaged. As along the D1 segment, the syn-rift infillings are overlain by Upper Jurassic
platform carbonates and Lower Cretaceous clastics. Post-rift deposits are preserved across the entire margin
but truncations in the necking domain disconnect the proximal and distal parts of the sedimentary wedges
(Figures 4b and 4c). The Pliocene wedge is thick (>4 s) and is not truncated in the necking domain.

4.3. Northern and Eastern Demerara Plateau and Western Foz do Amazonas Basin
4.3.1. T2 and T3 Transform Segments

North of the Demerara Plateau, the EAR necking domain is imaged at the northernmost end of sections
DEM1 and DEM2 (Figures 2 and 5). The remaining southern portions of those lines actually image an
along-strike section of the Central Atlantic necking domain and its Jurassic syn-rift wedge described above
(Figures 2 and 5).

Along segments T2 and T3, the necking domain is only 20-25 km wide and accommodated by ocean-ward
dipping normal faults (ODNF; Clerc et al., 2018) that are not well imaged at depth (Figure 5). The volume
of syn-rift deposits is limited (Figure 5). The Early Cretaceous post-rift deposits show evidence of fault reac-
tivation corresponding to transpressional deformation documented along the Demerara—Guinea plateaus
boundary related to the kinematic change from WNW-ESE to E-W rifting direction between 112 and 105 Ma
(Figure 5; Basile et al., 2013). Above, post-rift clastic sedimentary wedges are truncated in the necking
domain, separating a proximal and a distal depocenter, as documented along the T1 transform segment
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(Figures 4b and 5). Paleogene and Miocene (66—-6 Ma) deposits have a reduced thickness (<1 s). In the Pli-
ocene, a prograding wedge on top of the Demerara plateau that could have been fed by to the Maroni River
while the distal part of the margin received supply from the Amazon River (Figure 5).

4.3.2. D2 Divergent Segment

Segment D2 is imaged in the easternmost part of the GS3 section (Figure 4a). The EAR necking domain
is ca. 75 km wide and accommodated by ODNF (e.g., Sapin et al., 2016; Figure 4a). The volume of syn-rift
sediment is reduced, except for a local depocenter at the juncture of the divergent and the transform seg-
ments shown by Sapin et al. (2016). Above, only the first post-rift clastic sediment wedges are truncated in
the necking domain, although subsequent Cretaceous and Cenozoic deposits show many canyon incisions
and mass transport complexes (MTC) in the proximal domain (Figure 4a). Above an unconformity sealing
Cretaceous deposits, a wide carbonate platform developed during the Paleogene and Miocene (e.g., Hoorn
et al., 2010; Sapin et al., 2016; Yang & Escalona, 2011). This indicates a low clastic input to the margin be-
tween ca. 66 and 6 Ma (van Soelen et al., 2017). The Pliocene wedge thickens oceanward as it is in part fed
by the modern Amazon River (e.g., Basile et al., 2013; Sapin et al., 2016; Figure 4a).

4.3.3. 02 Oblique Segment and D3 Divergent Segment

In the western FOZ basin, the O2 segment is illustrated with a dip section (Figures 2b and 6a). Bedding
patterns in the pre-rift of the proximal domain suggest some extensional deformation prior to the Equato-
rial Atlantic rifting (Figures 6a and 6b). Similar beddings pre-dating the EAR have been documented in the
southeastern Demerara Plateau (e.g., Basile et al., 2005; Brandao & Feijo, 1994; Figueiredo et al., 2007), in
the Marajo basin (e.g., Costa et al., 2002), the FOZ basin (e.g., Milani et al., 2007), as well as along the conju-
gate Guinea-Liberia segment and further East along the African margin (Sierra Leone-Liberia, Ivory Coast,
Ghana and Benue basins; see Bennett & Rusk, 2002; Guiraud, 1993; Marinho et al., 1988; Mascle et al., 1988;
Olyphant et al., 2017; Ye et al., 2017, 2019). This suggests that this EAR segment developed along an aborted
branch of the CAR (Benkhelil et al., 1995; Ye et al., 2017).

Along the O2 oblique segment, the necking domain is ca. 40-50 km wide, without clearly imaged normal
faults and with only a few features indicative of ductile deformation in the lower crust (Figure 6a). The
hyper-extended domain is 65 km wide and accommodated by CDNF (Figure 6a). Along the D3 divergent
segment, the necking and hyper-extended domains are wider (ca. 100 and 110 km respectively) and thin-
ning is accommodated by ODNF (Figure 6b). In the western FOZ basin, the syn-rift deposits are clastics

LOPAREV ET AL.

9of 19



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006159

SW EA NE
@ Prox. Dom. > NZ > EA HED ;JCC;4 EA Oc. Dom. L Quaternary [ Continental crust
- — '\P/llilggzzg Ductile deformation features
Paleogene

_ 20 Underplating ? / Lower crust ?
8:nmoprﬁn; S’\;lr?tiStr. .:| Intruded continental crust ? (ICC)
Aptian - Albian B Oceanic crust

F—— MOHO (observed)

MOHO (inferred)

EA NE

vertic. ex.: 6.5

EA HED (strike)  SE

Figure 6. Geological cross sections through the (a) 02 and (b) D3 segments of the FOZ basin. (c) Strike section along the O3 segment across the Amazon delta.
See location on Figure 2. CA, Central Atlantic; EA, Equatorial Atlantic; HED, hyper extended domain; ICC, intruded continental crust; ND, necking domain.

deposited mostly in continental or shallow marine environment (Sapin et al., 2016). They are truncated
by the EABU above which post-rift deposits are widely spread from the proximal domain to the oceanic
domains. Cenomano-Santonian deposits (ca. 103-83 Ma) show evidence of fault reactivations (Figure 6a).
Reactivation, probably driven by a change in plate vectors, is coeval with transpressional deformation along
the Romanche FZ during the Santonian (Davison et al., 2016; Destro et al., 1994; Zalan et al., 1985) as also
documented along the African margin (Antobreh et al., 2009; Attoh et al., 2004; Ye et al., 2017). Upper
Cretaceous sediments (83-66 Ma) were deposited evenly across the margin after planation of its reliefs.
From the Early Paleocene (ca. 66 Ma) onward, deposits become thicker in the oceanic domain and show
truncations in the necking domain (Figures 6a and 6b). Clastic input reduced during the Paleogene and
the margin became starved during the Neogene, allowing for the development of a carbonate platform
(Figueiredo et al., 2007; Hoorn et al., 1995). The clastic input is renewed in the Pliocene with the Amazon
Delta burying the carbonate platform under very thick series (~2.5-3 s; i.e., 3-3.5 km; Figures 6b and 6c).
The delta formed after the establishment of the modern course of the Amazon River in the Late Miocene,
routing sediments from the Andean foreland through the Amazonian plains to the FOZ basin (e.g., Hoorn
et al., 1995; Shephard et al., 2010; van Soelen et al., 2017). The delta displays spectacular gravity driven
deformation features (upslope extensional domain and downslope fold-and-thrust belt) rooted in a Paleo-
gene décollement layer (Figures 6b and 6c¢).

5. Discussion
5.1. Kinematic Context of Crustal Thinning

Our observations of the crustal and stratigraphic structure along the Guiana Shield margin illustrate the
segmentation of the margin in terms of orientation, width and obliquity of the segments. In order decipher
the respective contributions of the successive rifting events (CAR and EAR), their local superimposition,
and their contrasting kinematics (southern tip of the CAR vs. highly oblique EAR) to the segmentation
pattern, we integrated our results into a consistent and evolving large-scale kinematic framework. In order
to compile these maps, we combined our results with the plate kinematic canvases of Moulin et al. (2010)
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and Pindell and Kennan (2009). For the crustal thinning pattern along the conjugated African margin, we
used the work of Ye et al. (2017, 2019).

During the Triassic and Early Jurassic (ca. 230-190 Ma), we showed that thinning initiated in a wide
(>300 km) NNE-trending rift system at the location of the present-day Demerara Plateau, that is, at the
southern tip of the CAR and a narrow NW-SE branch along the Guiana TM (<90 km; Figures 4a and 7a).
Our mapping suggests that this rift was associated with a SE-trending branch that did not reach break-
up between the future FOZ segments of the Guiana shield margin and their Guinea-Liberia conjugates
(Figure 7a).
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During the Late Jurassic and Early Cretaceous (ca. 190-130 Ma), our mapping indicates that the CAR lith-
ospheric break-up and oceanic accretion took place to the NW of the Demerara Plateau and formed a wide
divergent (D1) and narrow transform (T1)/oblique (O1) margin segments of the GS basin (Figures 2, 4
and 7b). This thinning also propagated further to the SE in a NW-trending trough, as well as in the Marajo
basin (Figures 7b and 7c).

Later in the Early Cretaceous (ca. 130-103 Ma), the EAR developed as an en-échelon rift system and our ob-
servations suggest that it propagated along the aborted branches of the CAR between the Demerara Plateau
and in the Marajo basin (Figures 6 and 7). The EAR extension evolved into break-up with oceanic accretion
in isolated basins partly accommodated by transforms and ultimately formed the highly segmented mar-
gin (Figure 7d). During that period, the kinematic change in South America-Africa relative plate motion
produced transpressionnal features at the edges of the Demerara and Guinean Plateaus (Figures 3 and 7d).

In the Late Cretaceous (ca. 103-83 Ma), transforms accommodated further accretion and initially isolated
oceanic crust domains coalesced (Figure 7e). Ongoing counterclockwise rotation of the African plate pro-
duced transpressional features along the 4° North transform (Figure 7e).

5.2. Spatial Distribution of Necking Style

Our observations also illustrate the variability of the necking style of the margin segments (necking domain
width and occurrence of a hyper-extended or distal margin domain) along the Guiana Shield margin. Here
we synthetize these observations for each segment (Figure 8) and provide a map of the crustal domains and
the main deformation structures at the scale of the studied area (Figure 9).

5.2.1. Necking Width and Obliquity

In the CAR domain (where thinning results from the Jurassic rifting), the necking domain is very narrow
(80-90 km) along the T1 transform and O1 oblique segments (Figures 8 and 9). It becomes laterally much
wider (190 km) along the D1 divergent segment where it is associated with a distal margin domain, further
amplifying the difference in the margin width between the divergent and transform segments (Figures 8
and 9).
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In the Equatorial Atlantic domain (where thinning results from the Cretaceous rifting), the necking domain
is very narrow (20 km) without hyper-extended domain along the T2/T3 transform segments of the Dem-
erara Plateau (Figures 8 and 9). The necking domain becomes laterally wider (75 km) with an associated
hyper-extended domain along the D2 divergent segment (Figures 8 and 9). The hyper-extended domain
disappears along the T4 transform segment and reappears along the O2 oblique segment (Figures 8 and 9).
The width of the necking and hyper-extended domains widens progressively along the O2 oblique and D3
divergent segments (ca. 105 and 115 km; Figures 8 and 9).

Our observations show that divergent segments are consistently wider than oblique or transform segments
(Figures 8-10). This relationship is also true along the conjugate African margin (Ye et al., 2019; Figure 10)
and actually, worldwide (e.g., Jeanniot & Buiter, 2018). Moreover, both numerical and analog modeling have
shown that the higher the rift obliquity the narrower the rift (e.g., Brune et al., 2012; Tron & Brun, 1991).
The rift width undoubtedly controls the necking domain of resulting rifted margins after break-up.

After break-up, our mapping shows that the width of the crustal thinning then controls the slope of the sed-
imentary systems throughout the evolution of the rifted margin. Indeed, narrow transform segments show
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steep continental slopes throughout their post-rift history and the sedimentary wedges are systematically
truncated in the necking domain by gravity driven sedimentary processes (erosion and mass transport).

5.2.2. Necking Width and Atlantic Rift Domains

The Equatorial Atlantic margin segments are systematically narrower than Central Atlantic margin seg-
ments (Figure 10). This can be attributed to several, non-mutually exclusive causes. As previously pointed
out, the width of the crustal thinning domain depends on the obliquity of the rift extension direction.
Global kinematic reconstructions show that the extension direction of the EAR was indeed significantly
more oblique (10°-30°) than that of the southern tip of the CAR (80°-70°; Brune et al., 2018). Also, the
width of a rift depends on the extension rates as well, with wider rift and rifted margins, for slower rates
(e.g., Brune et al., 2018; Svartman Dias et al., 2015). Global kinematic reconstructions show that the full-rift
velocities of the EAR were indeed faster (up to 30 m/My) than for the southern tip of the CAR (16-20 m/
My; Brune et al., 2016). Finally, numerical modeling suggests that necking depends on pre-rift lithosphere
thickness as well, with thinner lithospheres producing narrower rifts and rifted margins (e.g., Svartman
Dias et al., 2015). It is possible that, in the study area, where the CAR and EAR overlapped, the lithosphere
was not fully thermally recovered from the CAR thinning when the EAR thinning occurred, about only
30-40 My later (Figure 3).

5.3. Spatial Variations of Thinning Processes

Our observations also illustrate the variability of the deformation processes (e.g., brittle vs. ductile deforma-
tion partitioning, ODNF vs. CCDNF, mantle highs) along the Guiana Shield margin.

In the GS basin, the offsets of the CDNF along the divergent segment cannot account for the amount of
crustal thinning suggested by the Moho upwelling (Figure 4a). Those faults are rooted in the lower crust
that shows evidences for pervasive ductile shearing (Figure 4). Following Clerc et al. (2015), these features
would suggest top-to-the-east sense of shear, synthetic to the normal faults (Figure 4a). A significant part
of the thinning was therefore most likely achieved by lower crustal ductile deformation, which would be
typical of volcanic or hot passive margins as proposed by Clerc et al. (2018). Underplating features in the
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necking domain and the fact that oceanic crust is thicker than average (>12 km; e.g., Reuber et al., 2016;
Figure 4a) are consistent as well with this type of “hot” margins. Besides, the suggestion that the syn-rift de-
posits are volcanic would imply that it is a volcanic margin (Museur et al., 2020; Nemcok et al., 2016; Reuber
et al., 2016). Nevertheless, evidence for a hot or volcanic margin is not attested along the neighboring T1 and
O1 segments. Furthermore, shear sense in the lower crust cannot be readily determined along those seg-
ments (Figures 4b and 4c). Finally, along T1 and O1 segments, the syn-rift deposits are less voluminous and
show no indications of SDR. Partitioning between brittle and ductile deformation is nonetheless probable
along these segments as well to account for the crustal thinning, given the limited deformation apparently
accommodated by normal faults (Figures 4b and 4c).

In the Equatorial Atlantic domain (where thinning results from the Cretaceous EAR, i.e., from segments T2
to 03), the crustal thinning processes appear to be different from those documented in the GS basin. The
lower crust shows fewer shear deformation features (Figure 6). Syn-rift deposits are less voluminous, show
no SDR and are mostly clastics (Figures 5 and 6). Normal faults in the necking and hyper-extended domains
alternate laterally from CDNF to ODNF, suggesting variable conjugate shear patterns in the lower crust
along the margin (Figures 6, 8 and 9). The oceanic crust is thinner than average (Figures 6 and 8). Overall,
this suggests that the Equatorial Atlantic rifting affected a colder lithosphere than the Central Atlantic
rifting, in agreement with an influence of the CAMP and Sierra Leone hotspot on Jurassic rifting processes
(e.g., Basile et al., 2020; Marzoli et al., 1999; Nomade et al., 2007).

5.4. The Demerara Plateau: Continental Relic of a Rift Junction

Our results illustrate how the two-step crustal thinning of the Demerara Plateau (at the junction of the CAR
and EAR) produced a peculiar crustal structure over a limited (500 X 250 km) area (Figures 4a, 8,9 and 11).
To the NW, the necking and distal margin domains are very wide (>300 km). Thinning was accommodated
by a significant component ductile deformation and allowed for the preservation of a thick volcano-clastic
syn-rift in-fill (Figures 4a and 11). To the SE, the necking and hyper-extended domains are much narrower
(120 km), with limited indication of ductile deformation and a reduced syn-rift clastic infill (Figures 4a
and 11). Finally, to the N, the margin has a very narrow necking domain (20-25 km) and no hyper-extended
domain or indication of ductile deformation and received a very reduced syn-rift clastic infill (Figure 5).

We show that the Demerara Plateau has evolved from a Jurassic rift to an isolated promontory of continental
crust after separation of the South American and African continental lithospheres (Figures 7d and 11). Above
the CABU, the thin post-rift sedimentary wedge on top of the Demerara Plateau indicates that this crustal
domain underwent less subsidence than the surrounding margin segments and oceanic domains (Figures 4, 5
and 11). Indeed, crustal thinning was compensated by the thick syn-rift Jurassic deposits that make up to more
than one third of the present-day crustal thickness of the Demerara Plateau (Figures 4 and 11). This allowed
for that crustal domain to remain relatively thick and therefore high with respect to the adjoining margin
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segments and oceanic domains because of isostasy. If the D1 divergent segment was magmatic, underplating
might have further contributed to the plateau crustal thickness and relative height (Figures 4, 5 and 11).

Isolation of the Demerara Plateau resulted from the interaction of two diachronous rift systems (Figure 11).
We suggest that the Demerara Plateau example illustrates a tectonic mechanism able to produce continental
ribbons, blocks or promontories at obliquely divergent continental margins with complex map traces, as op-
posed to more rectilinear divergent margins. The 3D crustal geometry of Demerara-type continental blocks
would have a first-order impact on the inversion mode of such continental margin under convergence in
collisional orogens.

6. Conclusions

1. This work documented the development of the Guiana shield passive margin at the junction of the
Central (Jurassic) and Equatorial (Cretaceous) Atlantic rifts by mapping the crustal and sedimentary
structure of the Guiana-Suriname basin, Demerara plateau and Foz do Amazonas basin.

2. The contrasted kinematics of the two rifts (southern tip of the Central Atlantic rift vs. oblique en-échelon
Equatorial Atlantic rift) and their superimposition produced a complex margin with alternating trans-
form, oblique and divergent margin segments, typically.

3. The width of the margin segments is variable, with narrower transform/oblique segments and wider di-
vergent segments. The transform segments do not include an hyperextended or a distal margin domains,
further amplifying the width difference. Thus, the higher the obliquity to the extension direction, the
narrower the margin segments.

4. Equatorial Atlantic rifting produced generally narrower segments than Central Atlantic rifting. This
is primarily due to the higher obliquity and rates of the Equatorial Atlantic rifting with respect to the
Central Atlantic rifting

5. Along the western border of the Demerara plateau, Central Atlantic rifting produced wide (>300 km)
necking and distal margin domains, pervasive lower crustal ductile deformation, a thick volcano-clastic
syn-rift in-fill, potential underplating and a thicker than average oceanic crust. By contrast, Equatorial
Atlantic rifting produced narrower necking and hyper-extended domains (100-150 km), limited lower
crustal ductile deformation, reduced syn-rift clastic infill and thinner than average oceanic crust. This
suggests that Equatorial Atlantic rifting affected a colder lithosphere than Central Atlantic rifting.

6. The continental lithosphere of the Demerara Plateau, where the two rifts overlapped, was therefore
thinned twice. The plateau became however an isolated buoyant continental promontary because its
crust consists mostly of very thick Jurassic volcano-sedimentary syn-rift deposits.

Data Availability Statement

Part of the sub-surface data used for this research is shown in Museur et al., 2020, Nemcok et al. (2016),
Sapin et al. (2016) and Reuber et al. (2016).
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