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Abstract

The provenance of Early Cretaceous sandstones dredged on the northern mar-
gin of the Demerara Plateau, offshore French Guiana and Suriname, reveals the
sediment routing system that prevailed through the Equatorial Atlantic rifting.
Fission-track analysis and U-Pb dating of 310 and 111 detrital zircons, respec-
tively, have been performed. Microfacies analysis and inherited cooling ages sug-
gest that the sandstones were deposited in shallow marine environments during
the Early Cretaceous, before the Late Albian drowning of the marginal plateau.
Most of the U-Pb zircon crystallisation ages are comprised of between 700 and
600Ma and are attributed to the Pan-African-Brasiliano orogeny. Statistical and
chronological evidence suggest that the zircon fission-track cooling ages were in-
herited from source materials. Triassic peak ages (>50% of the population) are
attributed to the early phase of Central Atlantic rifting. One sample records a
cooling phase at ca. 170 Ma, presumably following volcanic hotspot activity and
the opening of the Central Atlantic Ocean. Two other samples record the rapid ex-
humation of the French Guiana transform margin during the Equatorial Atlantic
rifting (127 +11 and 106 + 8 Ma). We propose a source-to-sink model in which the
Pan-African-Brasiliano basement of the margin was eroded as a result of flexural
uplift along the French Guiana margin, and the detrital material funnelled in the
Cacipore graben sustained the Early Cretaceous syn-rift sedimentation on the
marginal plateau.
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1 | INTRODUCTION

The opening of the Atlantic Ocean resulted from the
diachronous break-up of the supercontinent Pangea. The
first phase of rifting occurred between North America and
Gondwana during the Early Jurassic, leading to the opening
of the Central Atlantic Ocean (Sahabi et al., 2004; Labails
et al.,, 2010). The South and Equatorial Atlantic Oceans
later opened during the Early Cretaceous, following a
second phase of rifting between South America and Africa
(Basile et al., 1998; Basile et al., 2005; Moulin et al., 2010).

The Demerara Plateau is a marginal plateau extend-
ing up to 400km offshore French Guiana and Suriname,
at the former triple junction between North America,
South America and Africa (Figure 1a,b). Along with its
African conjugate margin, the Guinea Plateau, it therefore
represents a key area in the understanding of the open-
ing of the Equatorial Atlantic Ocean (Basile et al., 2005;
Basile et al., 2022; Benkhelil et al., 1995; Gouyet, 1988;
Graindorge et al., 2022; Loncke et al.,, 2022; Loparev
et al., 2021; Olyphant et al., 2017).

The structure of the Demerara Plateau is well docu-
mented by multiple sets of seismic data (Basile et al., 2013;
Casson et al., 2021; Gouyet, 1988; Graindorge et al., 2022;
Greenroyd et al., 2008; Loncke et al., 2016; Loncke et al., 2022;
Loparev et al., 2021; Mercier de Lépinay, 2016; Museur
et al., 2021; Reuber et al., 2016). By contrast, the petrologi-
cal data reported in the academic literature are rather scarce.
Previous authors have described several sedimentary cores
as well as industrial wells penetrating the Early Cretaceous
syn-rift sequence (Casson et al., 2021; Erbacher et al., 2004;
Gouyet, 1988; Hayes et al., 1972; Loncke et al., 2022; Mercier
de Lépinay, 2016). Among them, only one industrial well
has reached the pre-rift deposits (Casson et al., 2021;
Gouyet, 1988; Loncke et al., 2022; Mercier de Lépinay, 2016).
In addition, a single dredge previously yielded Late Jurassic
to Early Cretaceous deposits (Fox et al., 1970).

Provenance analysis aims at locating the source areas of
detrital sediments based on a wide range of petrological ev-
idence (Boggs Jr, 2009). Over the past decade, provenance
analysis of heavy minerals has emerged as a powerful tool
for reconstructing the tectono-sedimentary evolution of
rift basins (Baesso et al., 2021; Hart et al., 2016; Olierook
etal., 2019; Wang et al., 2021). So far, the scarcity of coarse
detrital material precluded a provenance analysis of pre-
break-up deposits of the Demerara Plateau. The oceano-
graphic research campaign DRADEM (Basile et al., 2016)
was carried out in 2016 in order to sample pre-break-up
material by dredging along the Equatorial Atlantic margin
of the plateau. Among the eight successful dredges, sev-
eral yielded coarse detrital rocks. This study aims to char-
acterising the depositional environments and provenance
of the deposits.

Highlights

« Sandstones were dredged on the Equatorial
Atlantic transform margin of the Demerara
Plateau.

« Depositional environments and zircon fission-
track cooling ages bracket the depositional ages.

« Detrital zircon fission-track cooling ages
recorded syn-transform margin exhumation.

 Provenance analysis suggests a 650 Ma old Pan-
African orogen as basement of the Equatorial
Atlantic margin.

2 | GEOLOGICAL SETTING

2.1 | Plate kinematics

The Demerara Plateau is bordered to the west by the
Guyana basin, part of the Central Atlantic Ocean, and
to the east by the Equatorial Atlantic Ocean. The pla-
teau is delimited to the east and west by two divergent
margins, and to the north by a steeper, transform mar-
gin (Figure 1b). The segmentation of the plateau results
from the superimposition of successive phases of rifting
(Gouyet, 1988; Graindorge et al., 2022; Loncke et al., 2022;
Loparev et al., 2021; Mercier de Lépinay, 2016; Museur
et al., 2021; Reuber et al., 2016).

The western divergent margin of the Demerara
Plateau formed during the Central Atlantic rifting, as a
result of NW-SE divergence between North America and
Gondwana (Figure 1c). Interpretation of ocean floor mag-
netic anomalies suggests that oceanic accretion started
in the Central Atlantic during the Late Sinemurian, ca.
190 Ma (Labails et al., 2010; Sahabi et al., 2004). However,
the onset of oceanic accretion is not well constrained in
the Guyana basin and could have occurred later. Nemcok
et al. (2015) proposed a Late Jurassic age as an upper
bound based on the correlation of seismic data with strati-
graphic evidence from the industrial well.

During the Early Cretaceous, the Equatorial Atlantic rift
opened with an ESE-WNW divergence, forming the east-
ern divergent margin of the plateau. The Central Atlantic
margin was sheared between the Demerara Plateau and the
Guinea Plateau, forming two dextral, conjugate transform
margins (Basile et al., 2022; Basile et al., 2013; Figure 1d).
Dating of deposits from the Benue basin and the Ivory-
Coast-Ghana Plateau indicate that the Equatorial Atlantic
rifting started during the Early Barremian, ca. 129Ma
(Basile et al., 2005; Brunet et al., 1988) and the onset of oce-
anic accretion occurred during the Late Aptian, ca. 114 Ma
(Basile et al., 1998; Basile et al., 2005; Moulin et al., 2010).
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FIGURE 1 Geological setting of the Demerara Plateau. (a) Present-day setting. (b) Bathymetric map of the Demerara Plateau and
location of seismic lines, Demerara-A2-1 and FG2-1 wells. CA: Central Atlantic; EA: Equatorial Atlantic. Bathymetric data from Amante

& Eakins, 2009. (c) Palaeogeographical reconstruction of the southern Central Atlantic Ocean during the Oxfordian, ca. 40 Myr after the
onset of oceanic accretion. Modified from Reuber et al., 2016. (d) Palacogeographical reconstruction of the southern Central Atlantic Ocean
during the Aptian, at the onset of Equatorial Atlantic rifting. DP: Demerara Plateau; GP: Guinea Plateau; GS: Guiana shield; WAC: West
African craton; BP: Borborema Province; BB: Bassaride belt; DB: Dahomeyide belt; RB: Rockelide belt. Modified from Reuber et al. (2016).
Geological data from Thiéblemont et al. (2016) for Africa and Gémez et al. (2019) for South America.
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2.2 | Stratigraphic record

2.2.1 | Previousworks

Mercier de Lépinay (2016) and Loncke et al. (2022)
defined seven geological units in the Demerara Plateau
(Figure 2), based on an extensive compilation of seismic
data. The age and lithology of these units are constrained
by four sedimentary cores (Erbacher et al., 2004; Hayes
et al., 1972), as well as four industrial wells (Gouyet, 1988;
Loncke et al., 2022; Mercier de Lépinay, 2016) recently re-
evaluated by Casson et al. (2021).

2.2.2 | Basement

Units A and B represent the basement of the Demerara
Plateau, defined as the units predating the Central Atlantic
break-up (Casson et al., 2021; Loncke et al., 2022). Unit
A has been penetrated by the Sinnamary-1 well, which
yielded cuttings attributed to the Guyana Shield (Loncke
et al., 2022; Mercier de Lépinay, 2016). This unit is laterally
overlapped by a 21-km-thick unit referred to as Unit B
by Mercier de Lépinay (2016) and Loncke et al. (2022).
Recent works (Graindorge et al., 2022; Loncke et al., 2022;

Loparev et al., 2021; Mercier de Lépinay, 2016; Museur
et al., 2021; Reuber et al., 2016) have shown that Unit B
is characterised by Seaward Dipping Reflectors (SDR;
Figure 2a), a distinctive feature of volcanic passive margins
(Geoffroy, 2005; Roberts et al., 1984). It is therefore
interpreted as composed of Jurassic syn-rift volcanic
material. Whether this material erupted in synchronicity
with the Central Atlantic Magmatic Province ca. 201 Ma
(Marzoli et al., 1999; Marzoli et al., 2018) or later is debated
(Reuber et al., 2016). In support of the latter hypothesis,
rhyolite samples dredged on the Demerara Plateau recently
yielded a U-Pb age of 173+ 2 Ma (Basile et al., 2022).

223 | Pre-Cretaceous-rifting deposits

Unit B is overlain by a sedimentary unit (Unit C) restricted
to the western part of the plateau (Figure 2a). The lithology
remains uncertain in the absence of sampling reported
in the academic literature (Loncke et al., 2022). Unit C
is overlapped by a carbonate platform (Unit D), partially
penetrated by the Demerara-A2-1 well (Gouyet, 1988;
Figure 2a). Limestones at the base of the well were dated
as Tithonian based on nannofossil and calpionellid
assemblages (Casson et al., 2021).
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2.2.4 | Syn-Cretaceous-rifting deposits F. In addition, other dredge sites yielded Middle Jurassic

Unit D is truncated by an erosional unconformity (Ucé6;
Loncke et al., 2022). In the FG2-1 well, Uc6 truncates
ferruginous sandstones overlaying Barremian basalts,
which suggests subaerial erosion (Casson et al., 2021;
Gouyet, 1988). Ucé6 is overlain by interbedded deltaic sand-
stones (the Stabroek Formation; Casson et al., 2021) and
mudstones, referred to as Unit E. This unit is characterised
by fan-shaped reflectors indicating syn-rift sedimentation
(Loncke et al., 2022). Unit E is truncated by several uncon-
formities. The lowest of them (Uc7) is overlain by Unit F.
This unit is not preserved in most of the plateau and has
not been penetrated by the industrial wells reported in the
academic literature (Loncke et al., 2022).

2.2.5 | Post-Cretaceous-rifting deposits
The pre-rift and syn-rift units are deformed by syn-rift
normal faults and syn-transform folds (Basile et al., 2013;
Loncke et al., 2022; Mercier de Lépinay, 2016; Sapin
et al., 2016; Figure 2b). These deformations are sealed by
a Late Albian erosional unconformity (Uc8), truncating
the older units down to the Precambrian basement in the
eastern part of the plateau (Loncke et al., 2022; Mercier
de Lépinay, 2016). The associated uplift is evaluated to ca.
1km(Cassonetal.,2021). Uc8 hasbeen initially interpreted
as a post-transform unconformity (Basile et al., 2013;
Gouyet, 1988). Alternately, Basile et al. (2022) suggested
that the uplift was caused by an Early Cretaceous hotspot
swell. In support of this hypothesis, several industrial wells
document volcanic activity during the Barremian, on the
Demerara Plateau (Gouyet, 1988) and during the Aptian-
Albian, on the Guinea Plateau (Olyphant et al., 2017).
Uc8 marks the last episode of denudation on the
Demerara Plateau. It is overlain by pelagic deposits (Unit
G), attesting to the thermal subsidence of the margin and
subsequent drowning of the plateau (Erbacher et al., 2004;
Fanget et al., 2020).

3 | MATERIALS

3.1 | Sampling strategy

According to seismic data, pre-break-up units outcrop
along the transform margin of the plateau. The aim of the
DRADEM cruise was to sample the outcropping material by
dredging the sea floor. The cruise was carried out on board
the French oceanographic vessel Pourquoi pas? in July
2016 (Figure 3a). Six dredge sites were successful. Three
of them yielded coarse detrital sediments: sites A, B and

magmatic rocks (Basile et al., 2020), pre-Late Albian
calcareous breccia and Rupelian chalk (Girault, 2017).

3.2 | Site A: Come Back Canyon

Site A is located at the western extremity of the northern
slope of the Demerara Plateau, 20 km west of the site pre-
viously dredged by Fox et al. (1970). The dredge DRA-A1
was carried out at 4200-4400m depth in a canyon named
‘Come Back Canyon’ (Figure 3b). Close to the starting
point, the dredge got stuck, forcing the vessel to come
back above the dredge to release it from the sea floor. This
position (at ca. 4350m depth) is interpreted as the sam-
pling location of in situ bedrock.

The dredge collected 40 rock fragments with a mass
ranging from 80g to 30.8 kg. Several fragments present
surfaces covered by a millimetre-thin crust of iron and
manganese oxides, hence interpreted as formerly outcrop-
ping on the sea floor. In contrast, the other surfaces are
not weathered and are interpreted as fractures caused by
dredging. Correlation with seismic line located 7 km to
the west suggests that the samples were collected below
the Late Albian unconformity (Uc8; Figure 3c).

3.3 | Site B: Waste canyon

Site Bislocated on the northern slope of the plateau, 24 km
east of the site dredged by Fox et al. (1970). Dredging took
place at 4000-4600m depth, in a canyon named ‘Waste
Canyon’ (Figure 3b). The dredge DRA-B1 yielded 37 frag-
ments of sandstone with a mass of 20g-6.6 kg. The frag-
ments do not present fresh fractures, and the edges are
slightly blunt. One sample was colonised by a living sea
anemone, indicating that it was not buried. Hence, we in-
terpret the rock fragments dredged in the Waste Canyon as
submarine screes. Correlation with a seismic line located
6 km to the east suggests that the samples were collected
below the Late Albian unconformity (Uc8; Figure 3c).

3.4 | Site F: Goleador Hill

Site F is located at the intersection of the northern and
eastern margins of the plateau, on an NNW-SSE ridge
culminating at ca. 3800m deep and named ‘Goleador Hill’.
Dredge DRA-F1 was carried out at 4200-4000m depth on
the eastern side of the ridge (Figure 3b). Nine fragments
of sandstone with a mass of 90g-53.1 kg were collected.
No significant rise in the cable tension occurred during
dredging, which indicates that the samples showed no
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DRADEM cruise, July 2016. (b) Bathymetric map of the northern slope of the Demerara Plateau and location of the DRA-A1, B1 and
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modified from Loncke et al. (2022); C3: modified from Museur et al. (2021).
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resistance to the dredge. After the break-up with a hammer,
the section of the largest fragment (DRA-F1-1) presents a
concentric alteration front formed by oxide precipitation
and sea floor mica alteration to smectite (Girault, 2017). The
fragments are therefore interpreted as submarine screes.
Correlation with a seismic line located 1 km to the west
suggests that the material is derived from unit E (Figure 3c).

4 | METHODS

4.1 | Microfacies analysis

Twelve sedimentary samples representative of the
macroscopic facies and weathering stage diversity
(Girault, 2017) were selected to realise 13 uncovered thin
sections with a thickness of 30 pm. We used two samples
from site A (two sections obtained from DRA-A1-4, and
one from DRA-A1-17), seven from site B (DRA-B1-1, 2, 3,
4,7,25 and 27) and three from site F (DRA-F1-1, 7, and 8).
The thin sections were made in the workshop of Lithologie
Bourgogne, Saint-Apollinaire, France and systematically
analysed with a polarised light microscope. Five microfacies
were defined based on lithology, grain components,
matrix, cement, depositional and deformation structures
in order to reconstruct the depositional environments
and diagenetic processes (Table 1). Complementary
analyses were done with the Hitachi-S2500 Scanning
Electron Microscope (SEM) and an Energy-Dispersive X-
ray Spectroscopy (EDS) probe at the Institut des Sciences
de la Terre (ISTerre), Université Grenoble Alpes, France.
In addition, the mineralogical composition was assessed
from X-Ray diffraction (XRD) analysis of the bulk sample
powders with a Brucker D5000 X-Ray diffractometer at
ISTerre. Mineral phases were identified and quantified
using the DIDFFRAC.EVA software.

4.2 | Apatite and zircon fission-
track analysis

4.2.1 | Rationale

Spontaneous fission of **U in minerals produces latent
fission tracks, observable under an optical microscope
after etching. Fission tracks accumulate in apatite and
zircon crystals over time as long as the crystals remain
below the effective closure temperature. The effective
closure temperature depends primarily on the cooling
rate. In the case of rapid, monotonic cooling (>15°C/Myr),
the effective closure temperature is comprised in a range
of 120+ 20°C for apatite and 240 + 20°C for zircon (Bernet
et al., 2009; Brandon et al., 1998; Dodson, 1973; Reiners

& Brandon, 2006). In the case of slow cooling (<2°C/
Myr) or reheating of the rock due to burial or magmatic
intrusion, partial annealing of the fission tracks occurs
at temperatures below the effective closure temperature.
The partial annealing zone (PAZ) temperature ranges
from 60 to 114°C for a 10 Myr hold time in apatite and
180-240°C for a 10 Myr hold time in zircon (Reiners &
Brandon, 2006). A population of 100 grains is necessary to
approximate the representative cooling age spectrum of a
detrital rock sample (Vermeesch, 2004).

4.2.2 | Sample preparation and cooling age
calculation

The largest sedimentary samples of each dredge site
(DRA-A1-6, DRA-B1-3 and DRA-F1-1) were selected for
further preparation, in addition to magmatic samples from
other dredges (DRA-C2-1 and a mixture of DRA-E1-2, 3,
4 and 8; Basile et al., 2020). The samples were processed
in order to separate apatite and zircon grains at the Geo-
Thermochronology laboratory of the Institute of Earth
Sciences (ISTerre), Université Grenoble Alpes, France. The
samples were crushed and sieved to the 80-200 pm fraction.
Heavy minerals were concentrated using a Gemini separation
table, and standard magnetic and heavy liquid separation
techniques (Kohn et al., 2019). Magmatic samples appeared
to be devoid of any apatite or zircon grain coarse enough
for further analysis. In contrast, the sedimentary samples
yielded 11 apatite grains (3 from DRA-B1-3 and 8 from DRA-
A1-6) and 310 zircon grains (96 from DRA-A1-6, 94 from
DRA-B1-3 and 120 from DRA-F1-1; Table 2; Table S1).

Apatite grains were mounted on epoxy resin and sub-
sequently polished to expose internal grain surfaces. The
surfaces were etched at 21°C for 20s in a 5.5 mol HNO,
solution. Zircon grains were mounted in Teflon® sheets. The
grain mounts were polished and etched for 16-20hours in
a NaOH-KOH solution at 228°C, in order to reveal sponta-
neous fission tracks. We attached a low-U muscovite mica
detector to each grain mount, following the external detec-
tor method for fission-track analysis. The samples were ir-
radiated at the FRM Il reactor of the Technische Universitit
Miinchen, in Garching, Germany, along with IRMM540R
dosimeter glasses and Durango and Fish Canyon Tuff ages
standards for apatite, and IRMM541 dosimeter glasses and
Fish Canyon Tuff age standards for zircons. After irradi-
ation, the mica detectors were attached for 18 minutes at
20°C in a 48% HF solution to reveal induced fission tracks.
Both spontaneous and induced fission tracks were counted
optically at a magnification of 1250 using an Olympus BH2
microscope and the FT-Stage 4.04 system. Cooling ages
were calculated using the RadialPlotter Version 9.5 soft-
ware (Galbraith & Green, 1990; Vermeesch, 2009).
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TABLE 2 Results of apatite and zircon fission-track analysis.

Central
age (Ma)

Number

(ppm)

+20

(Ma) U (ppm)

n, pa (105cm-2) Nd P (o) Dispersion (%) +20

p; (105cm-2)

of grains p, (105cm-2) ng

Mineral Sample

29
24

86
86
244
215

30.4
0.7

5.9
14.7

4269

10.3

188
130
1276
1556
2137

5.65
6.78
9.22
10.20

9.

119

3.6

4.2
101.0

8
3

96

DRA-A1-6

Apatite

10
121

4277

10.3

81
13,942
14,659
17,454

DRA-B1-3

Apatite

34
30
22

43

0.0
0.0
0.0

4009

82
81
79

3.

DRA-A1-6

Zircon

134
124

44
44

4008

3.

94 96.0

120

DRA-B1-3

Zircon

176

4008

76.7 39 3.

DRA-F1-1

Zircon

Note: Fission tracks were counted dry at 1250 magnification using an Olympus BX51 microscope for apatite, an Olympus BH2 microscope for zircons and the FT-Stage 4.04 system. Apatite cooling ages were calculated

using a zeta value of 268.76 +6.01 (M. Bernet) and the IRMMS540R uranium glass standard (15ppm U). Zircon cooling ages were calculated using a zeta value of 123.4 +4.82 (I. Girault) and the IRMM541 uranium glass

standard (50 ppm U).

. 9
- soewitey-

4.3 | Zircon U-Pb dating

Among the 310 zircon grains selected for fission-track
analysis, 111 were selected for U-Pb dating: 23 from
DRA-A1-6, 33 from DRA-B1-3 and 55 from DRA-F1-1.
The grain sections were systematically observed under
cathodoluminescence in order to locate variations of
the chemical composition resulting from discontinuous
crystallisation phases. We measured the *°Pb/***U and
297pb/*U isotope ratios on the outermost growth ring
of each zircon grain in order to date the last phase of
crystallisation of the grain (Figure 4).

U-Pb isotope ratios were measured by in situ laser
ablation inductively coupled plasma spectrometry
(LA-ICP-MS) at the Laboratoire Magmas & Volcans
in Clermont-Ferrand, France. We used a Resonetics
Resolution M-50 Excimer laser system operating at a
wavelength of 193 nm with a repetition rate of 3 Hz and
a laser fluencce of 2.5 J.cm™ for mineral ablation. The
laser spot diameter was set at 20-27 pm. The ablated ma-
terial was carried by helium and mixed with nitrogen and
argon before injection into the plasma source of a Thermo
Element XR sector-field HR-ICP-MS (Hurai et al., 2010;
Mullen et al., 2018; Paquette et al., 2014). Measured
U-Pb isotope ratios were corrected by standard bracket-
ing with repeated measurements of GJ-1 zircon (Jackson
et al., 2004) in order to avoid biases caused by U-Pb frac-
tionation during laser sampling and instrumental mass
discrimination. The 91,500 zircon reference material
(Wiedenbeck et al., 1995) was repeatedly analysed in
order to independently monitor the reproducibility and
accuracy of the corrections.

Data reduction was carried out with the GLITTER
software from Macquarie Research Ltd (van Achterbergh
et al., 2001). Data were not corrected for common Pb.
Concordia ages and diagrams were generated using the
Isoplot/Ex v. 2.49 software (Ludwig, 2001).

5 | RESULTS
5.1 | Microfacies
5.1.1 | Facies 1: Calcareous sandstone

The samples collected by the DRA-A1 dredge consist of
sandstone fragments with cross beddings (Figure 5a)
overlaying erosional surfaces with truncated particles
(Figure 5b). Grains are composed of ooids (90%) and
bioclasts (10%). Ooids present a core composed of sharp-
edged angular, well-sorted (100-200pum) quartz grains
covered by a 10-20pum thin cortex. Bioclasts include
bivalves (Figure 5c), brachiopods and rounded fragments
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FIGURE 4 Example of the photograph of a detrital zircon
grain under cathodoluminescence, highlighting successive
crystallisation phases and location of the laser-ablated zone for
dating.

of echinid radioles (Figure 5d) and bryozoan. Other
elements include mudclasts (Figure 5e). Micritic matrix
is rare and restricted to concave faces of bivalve shells
(Figure 5c). The grains are covered by an isopachous
calcite cement. Bivalves and ooids underwent pressure
solution as they were punched by quartz grains under
compaction (Figure 5f,g). Sparite eventually filled the
intergranular porosity. These characteristics indicate that
the sediment was deposited in a high-energy, shallow
marine environment with strong detrital input, such as
the upper shoreface zone of an epicontinental sea.

5.1.2 | Facies 2: Calcareous sandstone

Most samples recovered in dredge DRA-B1 (thin
sections DRA-B1-2, 3, 4, 7 and 27) consist of sandstone
fragments with planar beddings and millimetre-
thin micritic interbeds. This sandstone is composed
of well-sorted (50-200pum), sharp-edged angular to
rounded quartz grains (90%), in addition to feldspar,
bioclasts including bivalves, echinoderms (Figure 5h)
and plant fragments. Two samples (DRA-B1-14 and

DRA-B1-27) present millimetre-thin layers composed
of micrite. Intergranular porosity is filled mostly
by micrite, alternatively with sparite and ankerite
rhomboidal crystals. One sample (DRA-B1-2) is strongly
bioturbated, presenting burrows up to 2 cm wide, filled
by micrite (Figure 5i). These characteristics suggest that
the sediment was deposited in a high-energy marine
environment, yet with phases of micrite sedimentation,
and strong detrital input, such as the lower shoreface
zone of an epicontinental sea. One sample (DRA-B1-5)
yielded the pollen genus Afropollis (Dall'Asta, personal
communication). This genus is known on the Equatorial
Atlantic African margin from the Late Barremian to the
Middle Cenomanian (Moullade et al., 1998). This age is
consistent with the seismic data indicating a pre-Late
Albian age.

5.1.3 | Facies 3: Quartz-cemented sandstone
The samples collected by the DRA-F1 dredge consist of
fragments of massive sandstone composed of coarse,
well-sorted (200-1000 pm), subangular to rounded quartz
grains (99%), in addition to muscovite. The intergranular
porosity is totally filled by quartz outgrowths and smectite
cement. Microstylolite contact between quartz grains
indicates the rock underwent significant compaction and
pressure solution (Figure 5j). In the absence of microfossil
content, the depositional environment remains
speculative, although compatible with a shallow marine
as well as a deltaic environment.

5.1.4 | Facies 4: Ferruginous sandstone

This facies occurs in one sample from the DRA-B1
dredge (DRA-B1-1). This sample consists of a sandstone
fragment made up of well-sorted (200pm) quartz grains.
The intergranular porosity is totally filled by goethite
cement. Quartz grains present residual overgrowths
mostly corroded and replaced by goethite cement. Quartz
grains were deformed by fan-shaped micro-fractures
under compaction, later filled by goethite (Figure 5k).

FIGURE 5 Microfacies of the pre-Late Albian detrital sedimentary rocks of the Demerara Plateau. (a) F1. Cross-bedded calcareous
sandstone fragment (DRA-A1-5). (b) F1. Truncated ooid (DRA-A1-7), reflected light. (c) F1. Bivalve shell and micrite (DRA-A1-17),
polarised light. (d) F1. Echinoderm fragment (DRA-A1-17), polarised light. E: F1. Mud clast (DRA-A1-17), polarised light. (f) F1. Bivalve
shell punched by quartz grains (DRA-A1-17), polarised light. (g) F1. Ooid punched by quartz grains with isopachous calcite cement (DRA-
A1-17), polarised light. (h) F2. Calcareous sandstone with bivalve shells, echinoderms and micrite matrix (DRA-B1-14), polarised light. (i)
F2. Matrix-filled burrow (DRA-B1-2), polarised light. (j) F3. Quartz-cemented sandstone (DRA-F1-8), polarised-analysed light. The arrow
points microstylolite contact between two quartz grains. (k) F4. Ferruginous sandstone (DRA-B1-1), polarised light. The arrow points fan-
shaped micro-fractures filled with goethite cement. (1) F5. Shale with iron oxide polyframboids (DRA-B1-25), polarised light. (m-o) F5. Iron
oxide polyframboids and framboids (DRA-B1-25) observed with SEM under the backscattered electron beam, and EDS spectrum.
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The depositional environment is uncertain. Goethite  suggests that it was originally laying under one of the
cement and quartz corrosion indicate that this sample Early Cretaceous erosional unconformities such as Ucé6,
underwent subaerial weathering under an equatorial  for which subaerial erosion is documented in industrial
climate (Garzanti et al., 2013) before drowning. This  wells (Casson et al., 2021).
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5.1.5 | Facies 5: shale

This facies occurs in one sample from the DRA-B1
dredge (DRA-B1-25). This sample consists of a laminated
shale fragment with sparse quartz grains (up to 50 pm)
and polyframboids composed of smaller iron oxide
framboids (Figure 51-0). These framboids are interpreted
as pseudomorphs of pyrite framboids. Pyrite framboids
precipitate in anoxic environments (Sawlowicz, 2000).
These characteristics indicate that this microfacies are
deposited in a low-energy environment, such as the
offshore zone of an epicontinental sea.

5.2 | Cooling ages

Apatite apparent cooling ages are reported in Table 2.
However, considering the limited number of grains (8 and
3, respectively), these ages are not likely representative of
the actual cooling age distribution.

Zircon apparent cooling ages range from 58 to 2108 Ma
for DRA-A1-6, 71 to 2305Ma for DRA-B1-3 and 51 to
4617Ma for DRA-F1-1 (Table 2). The populations of zir-
con cooling ages in each sample fail the y* homogeneity
test and present dispersions of 43%-44%. Best-fitting cool-
ing peak ages were determined using the automatic mix-
ture model of RadialPlotter. Two peaks were obtained for
DRA-A1-6 at 170 + 12 Ma and 382 + 31 Ma, three peaks for
DRA-B1-3at127+11,248+16 and 778 +194 Ma and three
peaks for DRA-F1-1at106 + 8,221 +12and 3587 +2634 Ma
(Figure 6). The distribution of the zircon cooling ages sug-
gests minimum cooling ages as 144 + 14 Ma for DRA-A1-6,
128 +11 Ma for DRA-B1-3 and 105+8 Ma for DRA-F1-1.
Cooling ages of detrital zircon are reported with their 2
error in Table S1.

5.3 | Crystallisation ages

Zircon crystallisation ages are reported in Table S2.
Following previous authors (Baesso et al., 2021; Markwitz
et al., 2017; Olierook et al., 2019; Philipp et al., 2021; Wang
et al., 2021), ages with discordance >10% were discarded
(n = 17). We used the 2°Pb/**U age to date the zircons
younger than 1.3 Ga and the ***Pb/**’Pb age for the zircons
older than 1.2 Ga, in agreement with Gehrels et al. (2008).
Crystallisation ages range from 564+17 to 2926+ 53Ma
in DRA-A1-6, 594+17 to 2808+50Ma in DRA-B1-3
and 452+14 to 2557+ 57Ma in DRA-F1-1. Each sample
presents a main mode between 600 and 700 Ma. This time
interval overlaps 53% of the total population, including 51%
of the grains with cooling ages younger than 200 Ma. A less
prominent mode occurs between 2.0 and 2.5 Ga (Figure 7).

6 | DISCUSSION

6.1 | Depositional ages

Before discussing the provenance of the detrital material,
it is necessary to assess its depositional age and the
significance of the detrital zircon apparent cooling ages.

Interpreting the detrital zircon apparent cooling ages
requires, as a first step, to bound the depositional age
based on independent evidence (Brandon et al., 1998).
Because the samples were obtained by dredging, their
stratigraphic position is not known a priori. Only one
sample (DRA-B1-5) yielded a direct biostratigraphic
evidence, the presence of the pollen genus Afropollis,
suggesting a Late Barremian-Middle Cenomanian age
(Moullade et al., 1998). Concerning the other samples, we
are left with two types of indirect evidence: the position
of the dredge on the seismic line, and the depositional en-
vironment. According to previous interpretations of the
seismic lines (Loncke et al., 2022; Museur et al., 2021),
the samples were collected below the Late Albian uncon-
formity, and one dredge set (DRA-F1) can be ascribed
to Unit E (Figure 3c). On the other hand, the microfa-
cies analysis indicates that the three samples deposited
in high-energy, shallow environments, hence before the
Late Albian drowning of the plateau and the onset of pe-
lagic sedimentation. The DRA-A1 and DRA-B1 samples
were deposited in shoreface environments (Facies 1 and
2) such as those documented by the Demerara A2-1 well
in Unit D and Unit E (Casson et al., 2021). Facies 3 (DRA-
F1 samples) is more difficult to interpret because it is
apparently devoid of fossil content. This facies could cor-
respond to the coarse deltaic sandstones of the Stabroek
Formation (Unit E) penetrated by the FG2-1 borehole
(Casson et al., 2021).

The two sets of evidence (seismic data and deposi-
tional environments) consistently point a Late Albian
age as a minimal depositional age. We have seen that
the population of zircon cooling ages in each sample
fails the y2 homogeneity test. This indicates that the fis-
sion tracks did not experience strong annealing due to
post-burial heating (Brandon et al., 1998). In addition,
none of the minimal cooling ages is strictly younger
than Late Albian (Figure 6), which is the minimal dep-
ositional age of the samples. The apparent cooling ages
can therefore be interpreted as inherited from the sed-
iment source (Bernet & Garver, 2005; Galbraith, 2005;
Galbraith & Laslett, 1993; Garver & Brandon, 1994;
Vermeesch, 2019), in consistency with the indirect
stratigraphic evidence. Considering this hypothesis, the
minimal cooling ages provide in turn a lower bound for
the depositional ages. DRA-A1-6 is therefore interpreted
as younger than 144 + 14 Ma (Berriasian), DRA-B1-3 as
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FIGURE 6 Radial plots of detrital zircon fission-track cooling ages from DRA-A1-6 (site A), DRA-B1-3 (site B) and DRA-F1-1 (site F).
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younger than 128 + 11 Ma (Barremian) and DRA-F1-1 as
younger than 105+ 8 Ma (Albian).

6.2 | Source orogens

The three samples present similar distributions of zircon
crystallisation ages, with a Palaeoproterozoic peak at 2.0-
2.5 Ga and a more prominent Neoproterozoic peak at
600-700 Ma. Detrital zircons from the Cretaceous deposits
of the Potiguar basin, north-eastern Brasil, previously
yielded a similar distribution of crystallisation ages with
two Palaeoproterozoic peaks at 1.7-1.9 Ga and 2.0-
2.2 Ga, and a Neoproterozoic peak at 620-550 Ma (Baesso
etal., 2021). The Palaeoproterozoic peaks coincide with the
Eburnean-Transamazonian orogeny, ca. 2.3-1.8 Ga (Delor
et al., 2003; Grenholm et al., 2019; Théveniaut et al., 2006;
Vanderhaeghe et al., 1998; Zhao et al., 2002), while the
Neoproterozoic peaks overlap the Brasiliano-Pan-African
orogeny, ca. 800-500Ma (Brito Neves et al., 2014; Brito
Neves & Cordani, 1991; Villeneuve et al., 2010). The detrital
material is therefore interpreted as a mixture of eroded
Eburnean-Transamazonian and Pan-African-Brasiliano
material.

Total (n =94)
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Median = 667 Ma |
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The Eburnean-Transamazonian orogen extends on
both sides of the Equatorial Atlantic Ocean. In Africa,
remnants of the Eburnean orogeny occur in the Man-
Leo shield, southern West African craton, as the Birimian
orogenic belt (Liberia, Ivory Coast and Ghana; Aidoo
et al., 2021; Grenholm et al., 2019). In South America,
remnants of the Transamazonian orogeny occur as plu-
tonic and metamorphic belts that compose most of the
Guiana shield, notably the outcropping basement of on-
shore Suriname and French Guiana (Delor et al., 2003;
Théveniaut et al., 2006; Vanderhaeghe et al., 1998).

The Pan-African-Brasiliano orogeny resulted from the
collision of the Archaean-Palaeoproterozoic cratons of
Africa and South America during the Neoproterozoic and
formed a continuous orogen extending on both continents
(Figure 8a), now partially buried under the Amazon basin
and the Equatorial Atlantic continental margin depos-
its (Villeneuve & Marcaillou, 2013; Figure 8b). The Pan-
African-Brasiliano orogeny occurred diachronously as
successive pulses of magmatic and metamorphic activity.

In South America, remnants of the Brasiliano orog-
eny occur in the Borborema Province, north-eastern
Brazil (Figure 1d) as magmatic arcs dated at 665+5 to
591+ 8 Ma (Arthaud et al., 2008; dos Santos et al., 2008;
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FIGURE 8 Tectono-sedimentary model for the Equatorial Atlantic rifting on the Demerara Plateau-Guinea Plateau conjugate

margins. (a) Palaecogeographical reconstruction of the pre-rift basement. Modified from Villeneuve and Marcaillou (2013). (b) Pre-drift
palaeogeographical reconstruction with present-day geology. Geological data from Thiéblemont et al. (2016) for Africa and Gémez

et al. (2019) for South America. (c) Palaeogeographical reconstruction of the Demerara Plateau and Equatorial Atlantic rift during

Aptian. Oblique view from the southeast. Adapted from Casson et al. (2021), in addition to the reconstruction of offshore basements. The
offshore extent of the Pan-African-Brasiliano orogen is hypothetical, based on combined evidence from U-Pb dating and fission-track
thermochronology of the detrital zircons from the Demerara Plateau. (d) Schematic, hypothetical cross-section of the French Guiana
transform rift shoulder during the Equatorial Atlantic rifting. Adapted from Basile and Allemand (2002). E: Schematic, hypothetical cross-
section of the post-rift French Guiana transform margin. Legend: cf. Figure 1. DP: Demerara Plateau; GP: Guinea Plateau; GS: Guiana
shield; AC: Amazonian Craton; WAC: West African craton; PBB: Pan-African-Brasiliano belt; BB: Bassaride belt; AB: Araguaia belt; RB:

Rockelide belt.
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Fetter et al., 2003), and on the eastern rim of the
Amazonian craton as the Araguaia fold belt (Figure 8b),
with granitic veins dated at 583 + 39 to 498 + 19 Ma (Moura
& Gaudette, 1993). In addition, detrital zircons from the
Serido basin, in the Borborema province, recorded a major
orogenic phase at ca. 650 Ma (Van Schmus et al., 2003). Its
African counterpart, the Pan-African orogeny, took place
at the eastern and western rims of the West African craton.
At the eastern rim, the Pan-African orogen occurs as the
Dahomeyide fold belt (Ghana, Togo, Benin and Nigeria;
Figure 1d), with a magmatic arc dated at 666+16 to
547+15Ma and associated metamorphic events dated at
704 + 34 to 548 + 24 Ma (Kalsbeek et al., 2012). At the west-
ern rim, the Pan-African orogen outcrops as the Bassaride
and Rockelide fold belts (Figure 8b). In the Bassaride belt
(northern Guinea), the peak of magmatic and metamor-
phic activity is dated at ca. 650 Ma (‘Pan-African I event’).
In contrast, in the Rockelide fold belt (Guinea, Sierra
Leone and Liberia), the Pan-African I event is mostly
overprinted by the ca. 550Ma old ‘Pan-African II event’
(Brinckmann & Meinhold, 2007; Dallmeyer et al., 1987;
Villeneuve et al.,, 2010; Villeneuve & Cornée, 1994).
Hence, the Rockelide fold belt is unlikely to represent the
main source of Early Cretaceous detrital material on the
Demerara Plateau, although it is the closest presently out-
cropping Pan-African-Brasiliano orogen according to pre-
drift palaeogeographical reconstructions (Figure 8b). The
distribution of the zircon crystallisation ages rather sug-
gests that the main source orogen did not undergo signif-
icant magmatic and metamorphic activity following the
Pan-African I event.

6.3 | Thermal history of the sediment
sources

As discussed, statistical and chronological evidence sup-
port the interpretation of the zircon cooling ages as mostly
inherited from the sediment sources. The main peak ages
are therefore expected to date the cooling of the source
material.

Archaean-Proterozoic peaks in DRA-F1-1 and DRA-
B1-3 are supported by less than 10% of the zircon grain
population. In addition, each sample presents two main
peaks. The oldest peak is the most prominent, represent-
ing ca. 70% of the total population in DRA-B1-3 and DRA-
F1-1 and ca. 50% in DRA-A1-6 (Figure 6). In DRA-A-6,
this peak occurs at 382 +31, after the collapse of the Pan-
African-Brasiliano fold belts (Figure 8a) and before the
Central Atlantic rifting (Dias et al., 2017). Precambrian
gneisses from the Araguaia fold belt (Figure 8b) previ-
ously yielded similar peak ages (331+8 to 345+13Ma)
attributed to the Gondwanides orogeny, which took

place in the western margin of Gondwana during the
Carboniferous (Dias et al., 2017). In DRA-B1-3 and DRA-
F1-1, this peak occurs during the Triassic (248 +16 and
221+ 12Ma, respectively). These ages pre-date the forma-
tion of the CAMP but could reflect crustal exhumation
during the early phase of Central Atlantic rifting (Loparev
etal., 2021).

The youngest peak represents ca. 50% of the zircon
grain population in DRA-A1-6 and ca. 25% in DRA-B1-3
and DRA-F1-1 (Figure 6). In DRA-A1-6, this peak fits
remarkably well with the age of the magmatic mate-
rial outcropping on the northern margin of the plateau,
173 +£2 Ma (Basile et al., 2020). Recent thermochronologi-
cal evidence from apatite and zircon U-Th/He dating and
apatite fission-track analysis indicate that the onshore
basement of French Guiana was heated to ca. 100°C be-
tween 210 and 140 Ma (Derycke et al., 2021). Crustal heat-
ing may have been initiated by the formation of the CAMP,
ca. 201 Ma (Marzoli et al., 1999; Marzoli et al., 2018),
and may have lasted until continental break-up due to
the hotspot activity. The peak of zircon cooling ages at
170 + 2 Ma therefore reflects the subsequent cooling of the
source material.

The two other samples (DRA-B1-3 and DRA-F1-1) pres-
ent an Early Cretaceous peak at 127+11 and 106 +8 Ma,
respectively. These ages are very close to the minimal
depositional age of the samples, inferred as Late Albian.
Considering their 2¢ uncertainties, they! overlap with
the timing of the Equatorial Atlantic rifting, between ca.
129 and ca. 114 Ma (Basile et al., 1998; Basile et al., 2005;
Moulin et al., 2010). During rifting, thermal uplift along
the border faults causes denudation of rift shoulders
(Withjack et al., 2002). Indeed, Derycke et al. (2021) pre-
viously documented on the offshore basement of French
Guiana a cooling of ca. 60°C between 140 and 90 Ma, at-
tributed to the Equatorial Atlantic rifting. Considering a
thermal gradient of 30°Ckm™, such cooling represents
an uplift of 2 km. By contrast, the detrital zircons from
the Demerara Plateau recorded a cooling of at least 240°C,
implying an uplift of 8 km for a similar thermal gradient.
This represents a maximal uplift, considering that the
thermal gradient could have been higher due to volcanic
activity such as documented during the Aptian-Albian on
the Guinea Plateau (Olyphant et al., 2017). Yet, this obser-
vation raises the following problem: what mechanism is
able to bring in a few million years only rocks that were
initially at temperatures of >240°C up to the surface, be-
fore erosion and sedimentation? Along transform mar-
gins, the difference in thickness between the continental
and the oceanic crusts brought in contact by strike-slip
displacement promotes the erosion of the rift shoulder.
As a result, the rift shoulder is subject to intense flexural
uplift by isostatic compensation as long as the transform
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fault remains active (Figure 8d). Previous works suggest
that flexural uplift along transform margins can cause ero-
sion of a total thickness of several kilometres (Basile &
Allemand, 2002). The uplift is limited to the first 20-50 km
of the margin, starting from the transform fault. This sug-
gests that the exhumation of the zircons occurred on a
transform margin during the Early Cretaceous rifting.

6.4 | Source-to-sink model

The distribution of the detrital zircon crystallisation
ages indicates that the sediment source was either a
Neoproterozoic basin contemporary with the Pan-African-
Brasiliano orogeny, such as the Serid6 basin (Van Schmus
et al.,, 2003), or the orogen itself. The latter hypothesis
is the most likely, considering the relative abundance of
Pan-African-Brasiliano zircons (more than half of the
population). In addition, the thermal history of the zircons
points to an Equatorial Atlantic transform margin as the
source area. Locating the source area therefore requires
to propose a source-to-sink model matching with these
evidence.

On the northern margin of the Demerara Plateau, the
Precambrian basement (Unit A) is presently overlain by
the Jurassic syn-rift unit (Unit B). It was therefore not
eroded during the Early Cretaceous rifting. This is also
the case on the southern margin of the Guinea Plateau
(Loncke et al., 2022; Mercier de Lépinay, 2016). This trans-
form segment formed on a former Central Atlantic diver-
gent margin. Hence, the continental crust was previously
thinned during Central Atlantic rifting, and one can as-
sume that the flexural uplift during the Early Cretaceous
transform phase was insufficient to erode the margin
down to the Precambrian basement.

The French Guiana hyper-oblique margin (Figure 1b)
represents a more plausible source area. Unlike the north-
ern margin of the Demerara Plateau, the French Guiana
hyper-oblique margin accommodated the shear move-
ment during the Equatorial Atlantic rifting with a series of
smaller-scale transfer zones (Sapin et al., 2016) forming an
oblique rift basin, the Cacipore graben (Figure 8c). At the
intersection between the eastern divergent margin of the
Demerara Plateau and the French Guiana margin, seismic
data indicate that Unit A is directly overlain by the Early
Cretaceous syn-rift deposits (Unit E; Basile et al., 2022;
Graindorge et al., 2022; Loncke et al.,, 2022; Museur
et al., 2021; Sapin et al., 2016). This implies that the rift
shoulder was eroded down to the Precambrian basement
along the French Guiana margin, during the early phase
of Equatorial Atlantic rifting.

Casson et al. (2021) previously suspected that the
Cacipore graben axis funnelled the syn-rift detrital inputs

Research

to the Demerara Plateau. This hypothesis matches well
with the thermal history of the zircons. Indeed, the for-
mer catchment area of the Cacipore graben was delimited
by the rift shoulders. Hence, the sediments produced by
the erosion of the transform scarps were collected by the
graben drainage system. At that time, shallow marine sed-
imentation occurred on the Demerara Plateau (Casson
et al., 2021; Loncke et al., 2022; Mercier de Lépinay, 2016),
which therefore represented the outlet of the drainage sys-
tem (Figure 8c).

This source-to-sink model postulates that the
Precambrian basement of the French Guiana margin and
eastern Demerara Plateau are composed of Pan-African-
Brasiliano orogenic material, instead of the Guyana Shield
as proposed by Mercier de Lépinay (2016). Testing this
hypothesis would necessitate sampling and dating the
basement of the French Guiana transform margin, which
presently lies under 2 km of post-rift deposits. Yet, our
model supports earlier works of Villeneuve et al. (1993),
who proposed that the Equatorial Atlantic rift took place
along the former Pan-African lineaments.

7 | CONCLUSION

Provenance analysis of the sandstones dredged on the
northern margin of the Demerara Plateau brings new
insights into the tectono-sedimentary setting of the
Equatorial Atlantic rifting. The examination of the results
of microfacies analysis, zircon fission-track analysis,
zircon U-Pb dating, combined with existing seismic and
stratigraphic data, shed light on the sediment history from
source to sink. The detrital material is mostly derived from
a 650 Myr old Pan-African-Brasiliano orogen, presently
buried under the French Guiana continental margin. The
detrital zircons recorded several cooling phases attesting
to the complex thermal history of the source material.
Three main cooling phases were recognised during the
Mesozoic. The first one occurred during the Triassic,
presumably in response to exhumation during the early
phase of the Central Atlantic rifting. The second took place
during the Middle Jurassic, ca. 170 Ma in the aftermath of
a peak of magmatic activity previously attributed to the
Sierra Leone hotspot. The last cooling phase (127 +11
and 106 +8 Ma) occurred during the Equatorial Atlantic
rifting as a result of flexural uplift along the French Guiana
hyper-oblique margin. The eroded material was funnelled
via the Cacipore graben and ultimately sustained syn-rift
detrital sedimentation on the Demerara Plateau.
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