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ABSTRACT

Paleo source to sink system analysis requires a complete earth systems model approach, utilising regional geology, tectonics,
climate and modern-day source to sink analogues. This study examines the Cretaceous source to sink systems of Senegal, NW
Africa, integrating a broad regional dataset using a multidisciplinary mineralogical approach. The most significant regional
geological and tectonic events to affect Senegal since the Pan-African Orogenies (800-520Ma) are the Hercynian Orogeny
(320-290 Ma), Pangea break-up and rifting between S. America and Africa, with associated Central Atlantic Magmatic Province
volcanism (200 Ma) and uplift of the Mauritanide hinterland (113-66 Ma). In addition to tectonic controls, climate is the princi-
pal driver for paleo-drainage reorganisation. During the Cretaceous an antithetical shift in climate from warm and arid (145-
115Ma), to hot and humid (100-88 Ma), increased fluvial catchment and energy. Antecedent paleo-drainage of the Cretaceous
Senegalese Basin is governed by subsurface grabens striking hundreds of kilometres into the continent formed during Atlantic
rifting. Early Cretaceous aridity restricted fluvial catchments to recycling pre-Cretaceous basinal sediments. Climate change
triggered expansion of paleo-drainage catchments during the Aptian caused fluvial incision and erosion of the Gaoud Group
Hercynian to Pan-African age source rocks along the western flank of the Mauritanides. Exhumation increased significantly
throughout the Cretaceous Thermal Maximum during the Cenomanian-Turonian, with exhumation of the Gadel Group Pan-
African source rocks, evidenced from a shift between a garnetiferous to staurolitic basin mineralogy. Inclusion of 200 Ma zircons
into the central Senegalese Basin during the Albian is evidence of possible catchment shifts to include CAMP detritus from the
Fouta Djallon Plateau. Cretaceous basinal sediments are almost exclusively sourced from the Mauritanide belt which includes
Hercynian metamorphic host rocks and Palaeozoic sediments ultimately derived from the erosion of the Pan-African orogenic
belts. During the Maastrichtian, the central fluvial systems breached the southern Mauritanides, sourcing Cambrian zircons
from the south.

1 | Introduction erosional terrane host to the exhumed sediment of the paren-

tal rock or sediment. The source catchment may include single
Source to sink system studies encapsulate a host of fundamen- or multiple erosional terranes which can interchange, expand
tal geological, tectonic and climatic principals (Morton 2012). or contract depending on tectonic, climatic or geomorphologi-

In its simplistic form ‘source’ is typically termed to describe an cal forces. The ‘sink’ is a term used in the characterisation of
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Summary

« The Mauritanide Belt is the principal source for
Cretaceous basinal sediments.

« Shifts in detrital heavy mineral assemblages exempli-
fies unroofing of the Mauritanides.

« Antecedent drainage linked to aulacogens and E-W
trending grabens striking into the African continent.

« Peak denudation occurred between the Albain and
Turonian due to extreme antithetical change in cli-
mate from arid to humid.

« Late Cretaceous sediment delivery was restricted to
the onshore basin due to the evolution of a swamp-like
environment.

sedimentary basins host to the accumulated sediments. These
basins can be defined as tectonic, structural, drainage and
endorheic (Evenick 2021), each with the potential for burial,
compaction and lithification including the propensity for recy-
cling (Morton 2012). Sediment routing systems define how the
sediment is transported between the source and sink which
can include aeolian (Farrant et al. 2018), fluvial (Mounteney
et al. 2021), submarine (Casson 2020) and glacial processes
(Latimer et al. 2006). Determination of the sedimentary prov-
enance can link source and sink but not necessarily the sedi-
ment pathways undertaken. Deciphering the sediment routing
requires a greater understanding of paleo tectonic, climatic and
geomorphological forces which can affect catchment size, en-
ergy, longevity and intensity of exhumation rates and sediment
dispersal.

This research focuses on the provenance of Cretaceous sed-
iments within the Senegalese segment of the Mauritania-
Senegal-Guinea-Bissau-Guinea-Conakry (MSGBC; Figure 1)
Basin in order to reconstruct sediment routing pathways be-
tween the Cretaceous source and sink.

1.1 | Motivation

Hydrocarbon potential of the MSGBC Basin is still poorly
constrained despite recent successes with the discovery of the
Sangomar Field (formerly SNE) in Senegal and later the Tortue
cluster of gas discoveries that straddles the Senegal/Mauritania
border. Historically, exploration of Cretaceous sandstone reser-
voirs along the Northwest African-Atlantic Margin (NWAAM)
has had mixed success due to limited basin-wide understanding
of the depositional systems (Brownfield and Charpentier 2003;
Hathon 2018; Casson 2020; Casson, Calvés, et al. 2020). In 2014,
Cairn Energy encountered hydrocarbons in the MSGBC Basin
with the FAN-1 well. This prospect targeted late Albian axially
reworked contourites and gravity deposits located approximately
100km offshore in the Sangomar Deep block. In 2017, Cairn
Energy drilled the SNE prospect located on the shelf margin
and discovered oil. Now called the Sangomar field, it is operated
by Woodside, with Phase 1 recoverable reserves estimated at
180 MMBO and up to 250 MMBO in-place resources in addition
yet to be exploited (Brownfield and Charpentier 2003). These
reservoirs are in Early Albian sands from a pro-delta turbidite

apron and delta-fed ramp (Martin et al. 2010; Hathon 2018;
Effimoff and Keall 2018). Reliable high-resolution modelling
of sediment routing from a multi-sourced system from source
to sink requires accurate mineralogical identification of sedi-
ments with a high degree of spatial and temporal variation; this
ultimately improves the interpretation of depositional systems
in order to de-risk understanding of reservoir distribution and
quality (Hawie et al. 2015, 2021).

1.2 | Previous Research

Much of the research on the regional structure, geology and
basin evolution was published during the late 1980s including
papers by: Burke (1976); Page (1988); Ponsard, Roussel, and
Villeneuve (1988); Chamley, Debrabant, and Flicoteaux (1988);
Fliocoteaux, Latil-Brunt, and Michaud (1988); Ritz and
Bellion (1988); Bellion and Crevola (1991); Villeneuve and
Cornee (1994). More recent regional publications on the MSGBC
Basin include work on the seismic stratigraphy and basin evo-
lution by Mourlot et al. (2018), a review of the petroleum geol-
ogy of the MSGBC Basin by Ndiaye et al. (2016) and Ko (2018)
and a number of re-appraisals of the structural geology:
Davison (2005); Villeneuve (2008); Caby and Kienast (2008) and
Villeneuve et al. (2015). With renewed interest in the NWAAM,
detailed assessments of the regional framework by Gouiza
et al. (2019) predicted post-rift uplift and exhumation of the
NWAAM hinterland through low-temperature thermochro-
nology analysis of basement rocks from the Mauritanides and
surrounding regions. Mourlot et al. (2018) represents the only
provenance-based research within the Senegalese region. They
utilised provenance indicators based upon Nd/Sr isotopes, and
major and trace elemental analyses by ICP-OES which identi-
fies changes in provenance associated with the opening of the
Southern and Equatorial Atlantic oceans, and tectonic uplift of
the continental hinterland. Assumed Cretaceous paleo-drainage
of the Senegal Basin was characterised by indeterminate east—
west flowing rivers, with source catchments evolving from
the Mauritanides during the Early-Mid Cretaceous to include
the Taoudeni Basin, Kédougou-Kéniéba Inlier (KKI) and the
upper limit of the Leo-Man Shield during the Late Cretaceous.
Drainage reorganisation during the Cenomanian-Turonian
was assumed to have resulted from marine transgression of
the onshore Senegalese Basin, potentially reaching as far as the
Palaeozoic and Hercynian proximal sources (i.e., Mauritanides).
Evidence of this global transgression was cited from Schlanger
and Jenkyns (1976). However, work by Pearson et al. (2023) cast
doubt on the impact of this major Cenomanian-Turonian trans-
gression in Senegal as evidenced by offshore deltaic fan-systems,
an absence of significant change in sedimentary facies and po-
tential differences in sedimentary provenance between north-
ern and central/southern fluvial systems.

1.3 | Knowledge Gaps

This research contributes to a larger study to refine our un-
derstanding of depositional environments and sediment
routing, including; quantitative seismic geomorphology of off-
shore Gambia (Casson 2020), tectono-stratigraphic evolution
of the Mesozoic continental margins of the Central Atlantic,
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FIGURE 1 | Regional location map of study area (A) digital elevation model (m Above Sea-Level; GEBCO 2021) of Senegal. (B) Location of
DSDP wells, nearshore exploration wells and onshore Maastrichtian outcrops. (C) Geological terranes of Senegal modified from Casson (2020) and
Mounteney et al. (2021). Bass, Bassaride Belt; FDP, Fouta Djallon plateau; KI, Keyes inlier; KKI, Kédougou-Kéniba inlier; MFT, Mauritanide front
thrust; SMB, Salémata meta-basalts.
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(Casson 2020) and mixed contourite-turbidite systems offshore =~ providing valuable information for the identification and mod-
Senegal and the implications for palaeoceanography, basin elling of Cretaceous sediments offshore Senegal. Most recently,
evolution and sediment distribution by Coskun et al. 2023, all in a linked study to this paper, a modern-day source to sink
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study on Cenozoic to modern-day sediments was conducted by
Mounteney et al. (2021), as a modern-day source to sink proxy.
Understanding Cretaceous climate change of NW Africa is crit-
ical for constructing Cretaceous source to sink models, research
was undertaken by Pearson et al. (2023) to correlate shifts in
climate to changes in clay-mineralogy from basin sediments.

2 | Objectives

This study has assembled an extensive dataset, encompassing
a high degree of spatial and temporal variation (Figure 1B)
throughout the Cretaceous Senegalese Basin. Analytical meth-
ods employed in this research include: detrital heavy mineral
analyses, Qm-F-Lt petrography, garnet speciation and U/Pb
geochronology of detrital zircons. The integration of several
mineralogical methodologies offers the most robust method for
establishing sediment provenance (Mange and Morton 2007;
Farrantet al. 2018; Roquette et al. 2019; Nauton-Fourteu, Tyrrell,
and Morton 2020; Mounteney et al. 2021).

Following a multidisciplinary approach integrating a variety of
mineralogical, geochemical and isotopic datasets, alongside ex-
tensive literature reviews the aim of this research is to ascertain
significant shifts in Cretaceous sedimentary provenance to pro-
duce high-resolution source to sink models for the exhumation,
transportation and deposition of Cretaceous sediments into the
onshore and offshore Senegalese basins. This research will ulti-
mately aid reservoir classification and increase our understand-
ing of Cretaceous source to sink dynamics in this region.

Significant changes in basin mineralogy, geochemistry and geo-
chronology will be linked to changes in climate, environmen-
tal conditions, tectonic-frameworks, dynamic topography and
paleo-drainage evolution as described in published research.

2.1 | Regional Geology and Tectonism

The Senegalese segment of the MSGBC basin is an ‘Atlantic-
type’ passive margin that developed in the Late Jurassic to
Cretaceous following Triassic to Early Jurassic rifting and con-
tinental break-up. Comprising of an extensive prograding wedge
of Mesozoic-Cenozoic sediments, which develops a broad shelf
offshore, formed on a Jurassic carbonate platform that was pro-
graded by Cretaceous clastic sediments (Pearson et al. 2023 and
references therein). Onshore, the average maximum thickness
of Cretaceous sediments is ca. 3km, with an offshore average
maximum thickness of ca. 2km on the shelf thinning over a

distance of ca. 300 to ca. 1km, drilled by DSDP 367 (Chamley
et al. 1983), where present day water depth reaches ca. 3km.

The western margin of the West African Craton (WAC) is a
polyphase mobile zone encompassing the Rokelide and Bassaride
belts through the Pan-African I (ca. 650Ma) and II (ca. 575-
580Ma) orogenic phases (Table 1; Figure 2B; Villeneuve 2008).
The hinterland of the MSGBC Basin to the east and southeast is
surrounded by the Mauritanides; a ca. 1500 km long orogenic belt
(Villeneuve et al. 2015) that developed as an accreted orogenic
terrain cross-cutting these Pan-African belts during the Late
Carboniferous to Early-Permian during the Hercynian Orogeny
(320-290Ma; Figure 2A) with thermal overprinting recorded at
300-325Ma (Caby and Kienast 2008). The Mauritanides can be
divided into two segments; the northern segment, which resides
north of the KKI with a width of ca. 150km, whilst the southern
segment is approximately 50km wide (Figure 3C). This regions'
tectonic and metamorphic characteristics are locally compli-
cated recording several tectonic events. The Mauritanides are
host to Pan-African I basement rocks, including granites, quartz-
ites, garnet-kyanite-staurolite grade mica schists (Dia 1984;
Page 1988; Caby and Kienast 2008; Villeneuve 2008; Markwitz,
Kim, and Miller 2015). Two main metamorphic domains are
acknowledged within the Mauritanides: (1) ‘moderately’ meta-
morphosed domain to the east and (2) an ‘intensively’ meta-
morphosed terrane to the west (Page 1988; Villeneuve 2008).
The limit between these domains is described as the high meta-
morphism line (Villeneuve 2008; Figures 1C, 3 and 14). The
‘intensively’ metamorphosed domain was defined by Caby and
Kienast (2008) as the Gaoua Group; a polymetamorphic domain
with undetached Palaeozoic quartzite cover with Hercynian age
overprint. The ‘moderately’ metamorphosed eastern domain is
sharply bounded to the west by the major west-dipping thrust of
the Gadel Group consisting of two units: (1) a gneissic basement
and (2) a locally undetached monometamorphic cover referred to
as the Farkaka Formation consisting of metapelite lithologies of
Pan-African age (640 Ma; Caby and Kienast 2008).

East of the southern-Mauritanide Belt is the Bassaride Belt,
an NNE-SSW trending orogenic belt formed between the
Late Proterozoic and Cambrian (660-520Ma) linked to the
Pan-African II event and the Cadomian orogeny (Villeneuve
et al. 2015). The majority of the Bassarides are concealed be-
neath Palaeozoic sediments, with only small regions of the belt
exposed (Figures 1C and 2B). It is characterised as a continen-
tal collisional belt, with the earliest recorded metamorphism
dated at 660 Ma (Villeneuve 2008). It is composed of amphi-
bolites, micaschists, chlorite-schists, metabasalts, metado-
lerites, serpentinites, red jaspers and quartzophyllitic rocks.

TABLE1 | Geological scheme of the West African Craton adapted from Villeneuve et al. (2014).

Periods

Belts

Ordovician to Devonian (320-290 Ma)
Late Proterozoic to Cambrian (635-520 Ma)
Cryogenian (850-650 Ma)

Birimian to Archean basement (3-2.5Ga)

Mauritanide Belt (Hercynian)
Rokelide Belt (Pan-African-II)
Bassaride Belt (Pan-African-I)

Leo-Man Basement
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FIGURE 3 | Synthetic geological profile across the Mauritanian segment of the Mauritanide Belt from Caby and Kienast (2008)—line of section
displayed on Figure 1C. WAC, West African Craton.

Post collisional volcanism (Figure 2B) occurred throughout  with the greenschist nappes of the Bassaride Belt (Figure 1C;
the Early Cambrian (Tichilit-al-Beida Group) on the southern Fullgraf et al. 2013).

margin of the Bassarides, depositing volcano-sedimentary

formations over a large area (Nagara and Bouly Groups; The KKI consists of Paleoproterozoic age volcanic and volcano-
Villeneuve 2008). A series of Late Cambrian (494 + 5.2 Ma) ba- sedimentary rocks intruded by granitoids with a wide composi-
saltintrusions (Nandoumba Group) are also recognised to have tional spectrum (Gueye et al. 2007). During the Late Eburnean
occurred throughout the Bassarides (Villeneuve et al. 2014). Orogeny (~2.16 to ~2.11Ga) the KKI was deformed by a net-
Small occurrences of low-grade metamorphosed basalts are ~ work of ductile shear-zones (Senegal-Mali shear zone; Ledru
located within Salémata region of southern Senegal in contact et al. 1991; Milési et al. 1992) metamorphosing almost all the
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lithostratigraphic units to greenschist facies (Gueye et al. 2007).
Resulting skarn-type mineralisation occurred throughout the
Late Eburnean orogeny, hosting various deposits of including
iron-ore and gold (Markwitz, Kim, and Miller 2015; Gerson
et al. 2018), containing accessory metasomatic (Type D) garnets
(Mounteney et al. 2021).

2.2 | Modern-Day Rivers and Catchment

The modern-day Senegal river is the largest of the four major
tributaries flowing through Senegal, followed by the Gambia,
Casamance and Saloum rivers (Figure 1). The Senegal is the only
river actively eroding and transporting fresh detritus from the
western-WAC. The modern-day Senegal River cuts through the
Mauritanides just north of the KKI, where several tributaries of
the river have their source catchment in the WAC (Figure 1). The
catchment includes eroded sediment from the northern extent of
the Fouta Djallon Plateau (FDP), KKI basement rocks, including
granites, quartzites and staurolite/garnet-grade micaschists, eclog-
ite and greenschist facies from the Mauritanides and Phanerozoic
sediments of the Taoudeni Basin (Mounteney et al. 2021 and ref-
erences therein; Figure 1C). The remaining three river systems
are actively recycling Meso-Cenozoic sediments from within the
onshore Senegal Basin (Mounteney et al. 2021).

2.3 | Cretaceous Climate

At the onset of the Early Cretaceous the climate has been in-
terpreted to be arid (Scherer et al. 2020; Dou et al. 2023), with
only limited monsoonal geostrophic precipitation restricted to
upland coastal regions. Continued fragmentation of Gondwana
led to the disruption of a large low-pressure cell in the south-
ern hemisphere, leading to the development of an equatorial
tropic zone influenced by Hadley cell circulation (Scherer
et al. 2020). The NW African equatorial climate subsequently
evolved into hothouse conditions which persisted throughout
the Cenomanian and into the Early Coniacian, referred to as the
Cretaceous Thermal Maximum (CTM; Haq and Huber 2017).
This period of climate change has been interpreted to be caused

by several factors, including: the continued fragmentation of
Gondwana, the opening of the Equatorial Atlantic Gateway
(Pletsch et al. 2001), expansion of the equatorial tropics (Hay
and Floegal 2012), accelerated magmatism from the Central
Atlantic Magmatic Province (CAMP; Takashima et al. 2006) and
the eruption of several Large Igneous Provinces (LIPs; Buchs
et al. 2018). Whilst exceptional humidity defined the CTM (Held
and Soden 2000; Pierrehumbert 2002), its demise and the subse-
quent return to a ‘normal’ Cretaceous climate, was also in-part
caused by the high humidity, due to an extreme hydrological
cycle causing prolonged and exceptional carbon sequestra-
tion through photosynthesis and increased silicate weathering
(Heimhofer et al. 2018). However, this was not the only mech-
anism which acted as a driver to allow the Earth's climate to
exit its hothouse state. Many authors suggest the CTM was at
least in-part caused by tectonics (Perez-Diaz and Eagles 2017)
and the ultimate departure from this hothouse period was due
to the continued drifting apart of Africa and S. America, which
resulted in the expansion of the Equatorial Atlantic Gateway,
increasing the size of the water body (Hay et al. 2019), and al-
lowing deep water currents to form. This is interpreted to have
initiated a halokinetic ocean current between the hypersaline
Northern Atlantic Basin and fresher waters from the southern
hemisphere, (Hay 2009; Poulsen, Gendaszek, and Jacob 2013;
Perez-Diaz and Eagles 2017) allowing the transfer of equatorial
heat towards the comparatively cooler polar regions. Towards
the end of the Cretaceous palynological analysis of Maastrichtian
Senegalese spores (Salard-Cheboldaeff and Dejax 1991) indi-
cated a transition to hot and damp ecological conditions with
extensive vegetation established around lakes and swamps.

3 | Material and Methods
3.1 | Material

Samples of sandstone from core and cuttings were analysed
from a suite of eight onshore and offshore exploration wells from
Senegal (Figure 1B, Table 2). Senegalese exploratory well sam-
ples were collected from the PETROSEN core repository, Dakar,
Senegal. A single sample of fine-grained sand of Albian age

TABLE 2 | Location of samples collected from exploration wells (exp-well) and outcrop.

Region Location name Location ID Latitude Longitude
Onshore Senegal Basin exp-well M'Bour-1 Br-1 14°25'0.75'N 16°58'1.11W
Offshore Senegal Basin exp-well Casamance Maritime-4 CM-4 12°45'27.10"N 17°24'43.14"W
Onshore Senegal Basin exp-well Diana Malari-1 DM-1 12°49'42.42"N 15°11'16.31"W
Onshore Senegal Basin exp-well Nord Casamance F-1 NCF-1 13°10'18.57N 15°59'58.53 W
Onshore Senegal Basin exp-well N'Dofane-1 Nd 13°56'23.14"N 16° 2'59.99"W
Onshore Senegal Basin exp-well Toundou-Besset-1 TB-1 16°13'3.38”"N 16°23'12.94"W
Onshore Senegal Basin exp-well Tienaba-1 Ti-1 14°47'17.88"N 16°42'35.76"W
Senegal coast outcrop Cap Rouge CR 14°38'6.46"N 17°10'24.33"W
Senegal coast outcrop Cap de Naze CdN 14°32'19.36”"N 17°6'15.28"W
Cap Verde Basin, offshore Senegal exp-well Deep Sea Drilling DSDP 367 12°29.2'N 20°02.8'W

Programme 367
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was collected from well DSDP 367. Samples were also collected
from Maastrichtian shallow marine sandstones from coastal
exposures at Cap de Naze and Cap Rouge (Pearson et al. 2023;
Figure 1B). Sediment ages are determined from biostratigraphic
dating defined by PETROSEN well-reports.

3.2 | Heavy Mineral Analysis

Traditionally, heavy mineral analysis has been performed on
the fine-sand fraction of sediments through the methodology
defined by Morton (1985) and Knox, Soliman, and Essa (2011).
This methodology is still employed in recent provenance-based
studies (Caracciolo et al. 2014; Farrant et al. 2018; Nauton-
Fourteu, Tyrrell, and Morton 2020; Mounteney et al. 2021) and
has been chosen in order to correlate provenance signatures be-
tween this research and the data from Mounteney et al. (2021).
The 63-125um grain size encapsulates the highest variety of
detrital heavy mineral species, demonstrating the usefulness of
analysing this grain-size window (Krippner et al. 2015). Detrital
heavy mineral assemblages are principally governed by the ori-
gin of the source rock lithology; however, this can be extensively
modified through hydrodynamic processes during transporta-
tion, weathering and diagenesis. Hydrodynamic affects asso-
ciated with fluvial transportation are minimised through the
selective identification of heavy minerals within the 63-125um
range (Morton 2012).

Heavy mineral separation was performed using lithiumhet-
eropolytungstate at a measured density of 2.9g/cm?, sepa-
rating grains using a sink-float method (Mounteney 2011).
Identification of transparent detrital heavy minerals was per-
formed using a transmitted light microscope, averaging counts
of 400 transparent detrital heavy minerals where possible.

Heavy mineral indices are used to complement the component
mineral assemblage (Figures 4-6) in order to better constrain
sediment provenance (Morton and McGill 2018). Whilst the
component mineral assemblage can be diagnostic of the in-
herited source terrane; subaerial, transportational and dep-
ositional modification of the detritus can alter the resultant
heavy mineral signature. The utilisation of heavy mineral in-
dices, as described by Morton and Hallsworth (1994), provides
a balanced perspective of sedimentary provenance. It focuses
on the relative abundance of detrital heavy minerals that are
stable during diagenesis, which possess similar hydraulic
properties. For the purpose of this study defined heavy min-
eral indices include: staurolite:tourmaline index (STi), gar-
net:zircon index (GZi) and rutile:zircon index (RZi).

Samples analysed from exploratory wells Br-1, CM-4, NCF-1,
Nd-1, TB-1 and DSDP 367 are used to constrain Cretaceous sed-
imentary provenance. Samples taken from the Maastrichtian
Cap Rouge and Cap de Naze outcrops are composed of shallow
marine sands deposited across the Senegalese shelf as stacked
progradational para-sequences of shallow marine sandstones
and shelfal siltstones (Barusseau et al. 2009, Casson, Calves,
et al. 2020). The well DM-1 encountered the oldest sediments
in the study (Silurian to Devonian) and was chosen to provide
a comparison between Palaeozoic and Mesozoic provenance
which may provide data on Palaeozoic sedimentary provenance.

3.3 | SEM Mineral Speciation

Heavy mineral speciation of garnet was performed using a
FEI Quanta 600 scanning electron microscope fitted with an
Oxford Instruments XMax 50 mm? silicon-drift energy disper-
sive x-ray (EDX) detector. Analytical conditions for the scan-
ning electron microscope were high vacuum (< 10-4Torr),
an accelerating voltage of 20keV, and a spot size of 6 (beam
current ~2nA). Automated quantitative microanalysis and
mineral identification was performed using the ‘Feature’
package within the INCA software. Multiple images were
obtained over a mm-scale grid with the backscatter electron
(BSE) technique. Since the brightness of a phase under BSE
imaging is proportional to its mean atomic number, greyscale
thresholding was used to limit microanalysis to grains with
similar average greyscale values to that of known garnets.
Microanalytical EDX data was obtained from a centre-point
site of each of the threshold-identified grains, determined
as the centre of the longest chord (a straight line that can
be drawn entirely within the grain boundary; Mounteney
et al. 2021). The automated nature of this technique allows
for a very-high threshold of grain analyses, scanning thou-
sands of heavy minerals in search of garnet, with the high-
est number of recorded garnets (892) identified in the Aptian
sands of Nd-1 (Figure 7F). Whilst grain size has been demon-
strated to be a crucial factor in mineral speciation (Krippner
et al. 2015), the 63-125 um fraction was used in order to com-
pare against garnet speciation of modern-day sediments of
Senegal (Mounteney et al. 2021).

3.4 | U/Pb Zircon Geochronology

Zircons are analysed at the Geochronology and Tracers
Facility, British Geological Survey (GTF-BGS) using a Nu
Instruments, Nu Plasma HR, multi-collector inductively cou-
pled plasma mass spectrometer (MC-ICP-MS). The Nu Plasma
HR is operated in static mode, with simultaneous measure-
ment of the isotopes of interest on either a Faraday detector
or an ETP secondary electron multiplier. Laser sampling is
performed using an Elemental Scientific Lasers UC-193 exci-
mer laser ablation system. The ablation parameters are as fol-
lows: 20 pm static spot, run at a repetition rate of 10 Hz, with
a fluence of ~2.2J/cm?. Samples are ablated for 20s with a 15s
washout/laser warm-up period between each sample. Data are
acquired using the time-resolved analysis (TRA) function of
the Nu HR's software and processed using Iolite 4; a software
package specifically designed to handle the large volumes
of data produced by laser ablation multi-collector induc-
tively coupled plasma mass spectrometer (Paton et al. 2011).
Isotopic data were exported and plotted using IsoplotR soft-
ware (Vermeesch 2018) specific parameters are defined in
Mounteney et al. (2021).

3.5 | Q-F-Lt Petrography

Petrographic clast analysis of sands and sandstones was
performed using the Gazzi-Dickinson method (Decker
et al. 1985) and conducted on 300 sand-sized counts per sam-
ple. Counts included the identification of monocrystalline and
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polycrystalline-quartz, plagioclase and K-feldspar, lithic grains
(metamorphic, igneous and sedimentary), clay minerals (mus-
covite, biotite and chlorite), carbonate, accessory minerals
and fine-grained clay matrix (Decker et al. 1985; Li, Qu, and
Gong 2015; Dickinson et al. 1983).

3.6 | Grain Petrography

Grain textures are typically manifested as surface pitting,
etching and faceting resulting from chemical weathering and/
or diagenesis. The most extensive weathering occurs in warm
to hot humid climates where chemical reactions proceed at
a faster rate through the interaction of acidic meteoric water
(Ando et al. 2012) and/or organic acids from tropical soil pro-
files (Afanasiev et al. 2013). Observation and interpretation of
dissolution features in detrital minerals can aid in the under-
standing of climate, mode of transportation and to the extent
that the heavy mineral assemblage may have been modified by
diagenesis. Detrital grain morphologies are captured using a
petrological microscope under plain-polarised light conditions.
Corrosion textures are described using the catalogue of optical
grain images defined by Ando et al. (2012). Apatite is the least
stable of all the detrital heavy minerals to the effects of subaerial

acidic weathering with garnet being mildly susceptible to these
conditions. Conversely, apatite is among some of the most resis-
tant detrital heavy minerals to diagenetic dissolution through
intrastratal dissolution, whilst garnet is comparatively more sus-
ceptible to diagenesis (Morton 2012).

4 | Results
4.1 | Heavy Mineral Analysis

Results from detrital heavy mineral analysis are illustrated in
Figure 4. Heavy mineral indices for the four key wells (TB-1,
Ti-1, Br-1 and Nd-1) are displayed in Figures 5 and 6.

411 | TB1

Early-Aptian heavy minerals are dominated by apatite, tour-
maline and zircon with a minor proportion of garnet and rutile.
Towards the late Aptian, garnet content increases substantially
(39%), peaking during the late Albian (77%). Garnet content
declines throughout the Cenomanian, with the concurrent in-
crease of rutile and staurolite towards the end of the epoch. This
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FIGURE4 | Transparent detrital heavy mineral assemblage, opaque minerals have been excluded. ‘Other’ includes trace quantities of the follow-

ing heavy minerals: Anatase, andalusite, baryte, brookite, Cr-spinel, glaucophane, monazite, orthopyroxene, sillimanite, spinel, topaz and titanite.

CTM, Cretaceous thermal maximum; OAE, Ocean Anoxia Event-2.
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FIGURE 7 | Garnet speciation ternary diagrams, data from geochemical analysis of polished heavy mineral grain mounts, based on the classi-
fication scheme by Mange and Morton (2007). Type-A, high-grade granulite-facies metasediments or charnockites and intermediate felsic igneous
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high Mg (pyroxenites and peridotites); D, metasomatic rocks, very low-grade metamafic rocks and ultrahigh temperature metamorphosed calc-

silicate granulites. Plots A-F and H-J present garnet speciation from this study, plot (G) presents Senegal River garnet data extracted from Mounteney

et al. (2021) and plot K represents garnet type and corresponding source terrane.

trend continues into the Campanian, by which time garnet is
absent, with a measured increase in rutile (12%-19%), staurolite
(13%-21%) and tourmaline (27%-29%).

4.1.2 | Ti-1and Br-1

Heavy mineral assemblage for Ti-1 and Br-1 are remarkably
similar, however this might have been expected given the prox-
imity of both wells to each other (Figure 1B). Aptian to Lower-
Cenomanian assemblages consist of apatite and tourmaline with
rutile and zircon. There is a transition to a garnet-rich (11%-55%)

assemblage during the middle Cenomanian, with the addition of
staurolite during the Cenomanian-Turonian transition.

41.3 | Nd-1

The heavy minerals identified in well Nd-1 remain mineralogi-
cally comparable throughout the entire succession including vari-
able proportions of apatite (0%-22%), garnet (0%-55%), kyanite
(0%-8%), rutile (0%-24%), staurolite (0%-16%), tourmaline
(4%-26%) and zircon (21%-64%). The category ‘Others’ within
Aptian and Albian sediments consist of anatase and baryte. The

10 of 26

Basin Research, 2024

85U80|7 SUOWWIOD 3A 810 3|qeo(dde aL Aq pausenob ae sejonse VO ‘@sn Jo Sa|nJ Joj Akeiq)TauljuO A3|IA UO (SUORIPUOO-pUe-SLLRI/LID A8 1M A1 1 BUIUO//:SANY) SUORIPUOD pue swie | 8y} 89S *[5202/20/£0] uo AriqiTauluo Ae|im ‘Aenins [eo160j0e ysnuig Aq 80002 @1G/TTTT OT/I0P/W00" A8 AReiq1jeuljuo//Sdny Woly papeojumod ‘9 ‘#7202 ‘L TTZS9ET



most significant shift in detrital heavy minerals occurs during
the Cenomanian-Turonian transition, whereby garnet content
decreases from an average of 27%-9.7%, staurolite increases from
an average of 4.8%-9.0% and kyanite increases from 1.3% to 3.7%.

414 | DM-1

The heavy mineral assemblage is predominantly composed of
zircon (Ave. 83%) with a minor proportion of rutile (Ave. 6.4%),
staurolite (Ave. 1.6%) and tourmaline (Ave. 8.4%). Within the
high concentration of zircons, 10% of total Devonian zircons and
2% of Silurian zircons were pink in colour.

415 | CM-4

A single Aptian age sediment was analysed from well CM-4,
which allowed comparison of onshore and offshore provenance.
The heavy mineral assemblage is comparable to well Br-1, pre-
dominantly composed of apatite (41%), rutile (6.6%), tourmaline
(29%) and zircon (21%).

4.1.6 | DSDP 367

Only a single sample of Albian age sediment was identified to
have a measurable proportion of fine sand yielding sufficient
heavy minerals for analysis. Heavy mineral assemblage is com-
parable to Albian sands analysed from well TB-1, consisting of
a high proportion of apatite (18%), garnet (39%), rutile (2.2%),
tourmaline (12%) and zircon (24.6%).

41.7 | NCF-1

Well NCF-1 comprises of two samples of undifferenti-
ated Senonian age (Coniacian to Campanian) and a single
Maastrichtian age sediment. Senonian heavy mineral content is
predominantly composed of zircon (42%-74%), with tourmaline
(7%-29%), apatite (11%-20%), rutile (3%-9%) and staurolite (3.7%)
in the Upper-Senonian sediment. The single Maastrichtian
sample has an anomalous heavy mineral assemblage, predom-
inantly composed of zircon (36%), staurolite (31%) and apatite
(24%) with minor kyanite (4.4%) and epidote (4.4%).

4.1.8 | Cap Rouge and Cap De Naze

The combined heavy mineral assemblages are similar in both
outcrops, consisting of zircon (28%-35%), tourmaline (22%-26%),
rutile (22%-28%), calc-amphibole (3%-7%), trace quantities of clin-
opyroxene (0.3%-1.1%) and epidote (0.6%-0.7%). Kyanite (0.3%) and
staurolite (2.4%) are trace components in Cap Rouge but is more
abundant within Cap de Naze (Kyanite-10.5% and staurolite-5.9%).

4.2 | Heavy Mineral Indices

Heavy mineral indices for wells Ti-1 and Brl both exhibit
high RZi values for Early Cretaceous sediments, transitioning

into higher GZi values in the Cenomanian-Coniacian
(Figure 5B,C). Indices for TB-1 and Nd-1 (Figure 5A,D) exhibit
similar trends in provenance, with high RZi values during
the Aptian, shifting towards high GZi values throughout the
Albian. A third major shift in provenance occurs during the
period of the CTM whereby provenance indices trend towards
high STi values.

The apatite:tourmaline index (ATi) can provide valuable ev-
idence on the pre-depositional history of a sediment due to
their contrasting stability. Of all the heavy minerals apatite
is the most susceptible to chemical weathering under acidic
conditions, especially within tropical environments which
can be a useful indicator of weathering rates during alluvial
storage (Morton 2012); whilst tourmaline is one of the three
most stable of the heavy minerals (rutile and zircon being the
other two). Due to the similar physical properties of rutile and
zircon, including density and resistivity to weathering and di-
agenesis, the rutile:zircon index (RZi) is considered to be more
diagnostic of changes in sediment provenance (Morton and
Hallsworth 1999).

RZi values (Figure 6) could infer a similar sedimentary prove-
nance, with the majority of RZi values ranging between 10 and
40, however, this doesn't accurately reflect the true shift in prov-
enance, which is more evident when comparing RZi, GZi and
STi values (Figure 5). ATi values for well Br-1 exhibit no discern-
ible relationship with deposition age, with intermediate ATi val-
ues. Both wells Ti-1 and Nd-1 display a significant variation in
ATi values with a lower value in the range of 0-20 and a higher
ATi value in the range of 30-80 (Figure 6B,D), however, these
two populations of ATi values exhibit no correlation with depo-
sitional age. Well TB-1 ATi values (Figure 6A) are similar to the
range of indices exhibited in wells Ti-1 and Nd-1 with an upper
ATi population of 40-70 and a lower population in the range of
0-30. High ATi values for TB-1 sediments are exclusively Aptian
to Albian in age, whilst the lower ATi values are all younger in
age (Cenomanian to Santonian).

4.3 | Garnet Speciation

Garnet speciation is based on the classification scheme de-
vised by Mange and Morton (2007), using Fe, Mg, Mn and
Ca compositional discrimination (Figure 7). The relative pro-
portion of Ca-rich grossular garnet is typically concentrated
in the smaller grain sizes, whereas Mg-rich pyrope is typi-
cally found within the coarser grain-size fractions (Krippner
et al. 2015), however given the total number of garnets exam-
ined in this study (3337), the total absence of Mg-rich pyrope
garnets is more likely to be provenance specific and not de-
pendant on grain size. Indeed, there are many examples for
the occurrence of Mg-rich garnets within the 63-125 um grain
size (Lewin et al. 2020; Morton, Chisholm, and Frei 2024).
Statistically, if pyrope garnets are present in the coarser frac-
tions there should be a small proportion of broken ‘smaller’
grossular grains identified within the 63-125pum but this is
not the case. The occurrence of Ca-rich grossular garnets
(Type D) in Albian DSDP 367 sediments (Figure 7J) must also
be provenance specific and not an artefact of analysing a nar-
row grain size as they are not identified in any of the other
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Cretaceous basinal sands. Aptian garnets recorded from well
TB-1 are calcic-poor Type A and Bi, representing an igneous/
metasedimentary to high-grade metamorphic origin. The
limited garnet data points reflect the low garnet content as
seen in Figure 4. Garnet species change to principally Type
Bi (igneous/metasedimentary) during the Albian and into the
Cenomanian, where the Type Bi garnets transition to include
more calcic endmember Type Bi garnets. In well Nd-1, Aptian
garnets include Type Bi endmember species but shift to Type
A and Bi (igneous/metasedimentary to high-grade metamor-
phic) during the Albian. Cenomanian garnets recovered from
wells Nd-1 and Br-1 are comparable to Cenomanian garnets
from well TB-1, both containing Fe + Mn to calcic endmember
Type Bi garnets.

Limited data points are available for Campanian garnets recov-
ered from well NCF-1, owing to the garnet-poor heavy mineral
assemblage highlighted in Figure 4. Although limited recov-
ery, the garnets still reflect the same source origin, comprising
of Type Bi garnets. In the offshore well DSDP 367, recovered
garnets of Albian age comprise of several endmember species
including: Type A (high-grade metamorphic), Type B (igneous/
metasedimentary), Type D (Metasomatic) and Type Ci (high-
grade mafic). Whilst the Type A and Bi garnets are identified in

other Cretaceous sediments, there are no other occurrences of
Type D or Type Ci garnets in any of the other Cretaceous basinal
sediments.

4.4 | Grain Textures

Photomicrographs of detrital garnet and apatite grains are dis-
played in Figures 8-11.

TB-1 Santonian garnet grains (Figure 8A) range in morphol-
ogy between rounded dodecahedral to blocky grains with
minimal surface etching associated with the blockier grains.
TB-1 Albian to Cenomanian garnet grains (Figure 8B,C) con-
sist of two types of surface textures including slight-advanced
dissolution evidenced by ‘microscaly’ etch facets and a greater
degree of dissolution represented by large-scale cuboid etch
faceting. TB-1 Aptian garnet textures (Figure 8D) range be-
tween unaltered subhedral dodecahedral to angular-blocky
with low degrees of surface etching and large-scale cuboid etch
faceted grains. Nd-1 Cenomanian garnet grains (Figure 9A)
range in morphology between angular grains with prominent
conchoidal fracturing and subrounded to rounded grains both
with slight surface corrosion. Nd-1 Aptian to Albian garnet
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FIGURE 8 | Representative photomicrograph images of garnet observed under plain-polarised light. (A) Santonian, well TB-1 (i-iii) round-

ed dodecahedral grains, (iv-vii) blocky/fractured grains, (viii) grains showing early-stage corrosion, (ix) surface etch facets on grain surface. (B)

Cenomanian, well TB-1 (i-v) large-scale cuboid etch faceted grains, (vi-x) ‘microscaly’ etch facets on grain surface. (C) Albian, well TB-1 (i-vii)

large-scale cuboid etch faceted grains, (viii) early-stage corrosion, (viii-x) ‘microscaly’ etch facets on grain surface, (xi-xii) macroscaly etch facets.

(D) Aptian, well TB-1 (i-iv) large-scale cuboid etch faceted grains (v-vii) blocky grains with low-degree of surface faceting, (viii) subhedral dodeca-

hedral grain.
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FIGURE 9 | Representative photomicrograph images of garnet observed under plain-polarised light. (A) Cenomanian, well Nd-1 (i-vii) con-

choidal fractured grains with slight surface corrosion, (viii-xi) subrounded to rounded grains with slight surface corrosion. (B) Albian, well Nd-1,

(i-vi) large-scale cuboid etch faceted grains, (vii-xi) advanced to heavily corroded to skeletal grains. (C) Aptian, well Nd-1, (i-xi) large-scale cuboid

etch faceted grains. (D) Albian, DSDP 367 (i-iii) angular grains with conchoidal fracturing, (iv-v) early-stage corrosion, (vi-vii) mamillated surface

etching.

grains (Figure 9B,C) exhibit large-scale cuboid etch facets,
Albian grains are heavily corroded compared to garnets of
Aptian age with several grains showing skeletal morphologies.
DSDP 367 Albian garnet grains (Figure 9D) are angular exhib-
iting conchoidal fracturing with dissolution features ranging
from early-stage corrosion to mamillated surface etching to
‘microscaly’ etch facets.

TB-1 Cenomanian apatite grains (Figure 10A) are subangu-
lar with low-sphericity, surface corrosion is absent or initial
to slight. TB-1 Albian apatite grain morphologies (Figure 10B)
range from subrounded with low sphericity to subangular
with high sphericity with the latter grains displaying slight
to advanced stages of surface corrosion. DSDP 367 Albian ap-
atite grains (Figure 10C) are subangular to angular with low
sphericity and surface corrosion either absent or in the ini-
tial to slight stages. TB-1 Aptian apatite grains (Figure 10D)
have some angularity but are predominantly rounded with
medium sphericity, surface corrosion features are absent.
Apatite's from well Br-1 (Figure 11) exhibit a range of mor-
phologies and textures unconstrained to age and depth of sed-
iment. Morphologies range between unweathered subrounded

euhedral grains to subangular grains with slight to advanced
degrees of surface corrosion.

4.5 | Q-F-Lt Petrography

Clast analysis of Cretaceous sediments is based on the two classi-
fication schemes devised by Dickinson et al. (1983), Qm-F-Lt plot
(Figure 12A) and Qt-F-Lt plot (Figure 12B). Sandstones classify
as subarkose, sublitharenite and quartz arenites. Petrographic ob-
servations show a transition from Early Cretaceous transitional
continental to Late Cretaceous cratonic interior (Figure 12B).
This transition trends from an arid to hot and humid paleoclimate
as described by Suttner and Dutta (1986) and Weltje (1994).

4.6 | Zircon U/Pb Geochronology

Well TB-1 (Figure 13) zircons are predominantly Proterozoic
in age; the proportion of Neoproterozoic zircons decrease from
the Aptian to the Campanian, conversely the proportion of
Paleoproterozoic zircons increase through time. Palaeozoic
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FIGURE 10 | Representative photomicrograph images of apatite observed under plain-polarised light. (A) Cenomanian, well Ti-1 (low ATi ratio),

(i) subrounded euhedral grain, (ii-vi) subrounded to sub angular grains with initial to slight degrees of surface corrosion. (B) Cenomanian, well Ti-1

(high ATi ratio), (i) subrounded euhedral grain, (ii-vi) subrounded low-sphericity grains with surface conchoidal fracturing, (vii) rounded medium-

sphericity grain with surface conchoidal fracturing. (C) Cenomanian, well TB-1, (i-ii) unweathered subangular low-sphericity grains, (iii-ix) initial

to slight degree of surface corrosion. (D) Albian, well TB-1, (i-iv) subrounded subhedral grains, (v—xi) grains displaying initial surface corrosion, (xii)
slight to advanced surface corrosion. (E) Aptian, well TB-1, (i-ii) subrounded euhedral grain, (iii-vii) rounded medium-sphericity grains. (F) Albian,
DSDP 367, (i-ii) subrounded subhedral grain, (iii) subangular medium-sphericity grains with pitted surface etching, (iv-vi) angular grains with ini-

tial to slight corrosion, (vii) angular grain with advanced corrosion.

zircons are predominantly Carboniferous and Permian and are
principally found within Aptian and Albian sediments of wells
TB-1 and Nd-1. The proportion of Archean zircons increase
throughout the Cretaceous with the highest proportion of Archean
ages found within the Maastrichtian sediments of well Nd-1.

Zircon geochronology of sediments from Nd-1 (Figure 13) also
exhibits a high proportion of Proterozoic ages with an increas-
ing proportion of Meso-Paleoproterozoic zircons towards the
Late Cretaceous. A significant quantity of zircons (23%) from
Albian sediments are of CAMP age (ca. 200Ma) with a far
lesser contribution within the Aptian and Cenomanian sed-
iments. Maastrichtian sediments from Nd-1 show an increase
in Archean zircons similar to the Late Cretaceous sediments of

TB-1. These Maastrichtian sediments also include a significant
proportion of Cambrian zircons (20%).

Silurian sediments sampled from well DM-1 contain zircons
predominantly Proterozoic in age, with a smaller population
of Neo-Archean zircons. Wells DSDP 367, Br-1 and NCF-1 sed-
iments contain proportionally similar populations of zircons,
predominantly Proterozoic with a minor proportion of Archean
and Palaeozoic ages. The sampled Maastrichtian sandstones
from the Cap de Naze outcrop and well Nd-1 have similar zircon
populations, with a significant proportion of Cambrian zircons
(11%) and a lower proportion of Archean zircons. Cambrian zir-
cons from Maastrichtian sediments of Nd-1 and Cap de Naze are
diverse with ages ranging between 497 and 528 Ma.
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FIGURE 11 | Representative photomicrograph images of apatite observed under plain-polarised light. (A) Coniacian, well Br-1, (i) unweathered
subrounded subhedral grain, (ii) subangular grain with initial stages of surface corrosion, (iii-vii) subrounded grains with initial to slight degrees of
surface corrosion. (B) Cenomanian, well Br-1, (i) unweathered subrounded euhedral grain, (ii-vii) subrounded to subangular grains with initial to

slight degrees of surface corrosion. (C) Albian, well Br-1, (i) unweathered subrounded subhedral grain, (ii-iv) subrounded grains with initial to slight

degrees of surface corrosion, (v-vii) subangular grains with slight to advanced degrees of surface corrosion. (D) Aptian, well Br-1, (i-ii) unweathered

subrounded grains, (iii-vi) subrounded grains with slight to advanced degrees of surface corrosion, (vii-viii) subangular moderately etched grains.
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FIGURE 12 | (A) Qm-F-Lt plot; monocrystalline-quartz, feldspar (total) and lithic (igneous, metamorphic and sedimentary plus polycrystalline-
quartz) and (B) Qt-F-Lt plot; quartz (total), feldspar (total) and lithic (igneous, metamorphic and sedimentary).

5 | Discussion
5.1 | Provenance, Diagenesis and Recycling

Diagenetic removal of detrital heavy minerals is restricted
to the less-stable amphibole and pyroxene due to their oc-
currence is the Maastrichtian sands of Cap de Naze and Cap
Rouge (Figure 4) but their absence from older basinal sedi-
ments. With limited diagenesis occurring at depth, textural

variations of garnet from within the same sand-unit is more
likely to be diagnostic of source, indicative of first cycle and
recycled source lithologies. Garnets with significant cuboidal
etching are recycled from Palaeozoic sandstones, whilst grains
with minimal surface etching are directly sourced from first-
cycle sources. Albian DSDP 367 garnets represent the oldest
garnets which do not exhibit extensive cuboidal etching, the
predicted source of these garnets is the KKI which is known
to be a source of metasomatic grossular garnets (Mounteney
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cellaneous samples. Central Atlantic Magmatic Province (CAMP), Pan-African event (Pan-Af), Eburnean Orogeny (EO) and Leo-Man Basement

(LMB).

et al. 2021). The lack of significant corrosion features is there-
fore likely to infer a first-cycle source. Aptian garnets from
well TB-1 and Nd-1 are generally corroded with cuboidal etch
facets except for anumber of grains from TB-1 (Figure 8Dv-vii)
which are blocky with low-degree of surface faceting. Albian
garnet from well Nd-1 display the highest degree of corrosion
with heavy cuboidal etching and skeletal remnants, these gar-
nets are of Type-A high-grade metamorphic origin and Type-B
igneous/metasedimentary source (Figure 7E), recycled from
Palaeozoic sediments. Cenomanian garnets from wells TB-1
and Nd-1 both display dual morphologies and textures how-
ever, these features differ between the wells with TB-1 exhib-
iting cuboidal and ‘microscaly’ etching whilst Nd-1 garnets
exhibit conchoidal fractured grains with slight surface cor-
rosion and subrounded to rounded grains with slight surface
corrosion. Speciation of garnet from both wells (Figure 7A,D)

is indicative of an igneous/metasedimentary source for the
garnets however, the mixed morphologies/textures indicate
potential differences in recycled source rock and first-cycle ig-
neous/metasedimentary source rocks; the similarity in garnet
speciation between recycled and first-cycle sources is repre-
sentative of facies replication. Santonian garnets (Figure 8A)
from well TB-1 consist of rounded dodecahedral grains to
blocky/fractured grains which are likely to have been sourced
from continued erosion of a first-cycle igneous/metasedimen-
tary lithology.

Aptian apatite's from wells TB-1 (Figure 10E) and Br-1
(Figure 11D) encompass a range in morphologies between sub-
rounded with high sphericity and moderately etched subangular
grains, indicating a degree of aeolian transportation, however,
changes in the Early Cretaceous monsoonal climate developed
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modest fluvial systems throughout the basin recycling intraba-
sinal sediments. Albian to Cenomanian onshore basin apatite's
from well TB-1 range in morphology from subrounded euhedral
to subrounded-angular, with initial degrees of surface corro-
sion indicative of limited alluvial-stage chemical weathering.
However, Albian apatite's from DSDP 367 (Figure 10F) exhibit
subrounded euhedral prismatic grains to angular grains with
initial to slight corrosion which are principally fluvial in origin.

The similarity in provenance between wells Ti-1 and Br-1
(Figures 4 and 5) infers a common detrital source, although vari-
ation in ATi values (Figure 6) between the wells Ti-1 and Br-1
vary considerably. Exploration well Ti-1 is located inland approx-
imately 90km east of Dakar, associated ATi values (Figure 6B)
include two distinct populations represented by high ATi and
low ATi values. Typically, lower ATi values are diagnostic of ex-
tensive subaerial weathering of apatite during the alluvial stage
(Figure 10A), however, the degree of apatite surface corrosion
for Cenomanian sediments with higher ATi values (Figure 10B)
is initial-slight suggesting the degree of alluvial-stage weath-
ering is insufficient to cause the low ATi values (Figure 6B).
Indeed, the lowest ATi values for Ti-1 Cenomanian sediments
represent the youngest of the analysed Ti-1 sediments with the
decrease in apatite content reflecting the basin-wide shift in sed-
iment provenance as observed in well TB-1. The single low ATi
Albian sediment (Figure 6B) is stratigraphically in the midpoint
(Figure 4) of the higher ATi Albian sediments and is likely due to
exceptional hydraulic sorting of the sediment. Whilst subtle, the
differences in apatite surface corrosion for sediments with vary-
ing ATi values are still indicative of variations in alluvial-stage
weathering that would be indicative of different depositional en-
vironments including riverbed-load environment (Figure 10B)
and a point-bar environment (Figure 10A). These variations in
corrosion textures are therefore representative of a transitional-
wandering or multi-thread braided system with several branch-
ing channels (Rinaldi et al. 2016).

Exploration well Br-1 is located close to the modern-day
coastline of Senegal (Figure 1B), associated intermediate ATi
values are grouped as a single cluster (Figure 6C). Several
explanations can account for variable ATi values in sedimen-
tary systems, including hydraulic sorting, changes in source
area, mechanical instability during transportation and post-
depositional dissolution (Morton 1986). Apatite corrosion tex-
tures range from initial to advanced, however, final corrosive
stages represented by skeletal morphologies are absent from
the entirety of the Br-1 sediments suggesting alluvial-stage
dissolution occurred, but not sufficiently enough to reduce the
apatite content as a whole.

Observations of apatite and garnet textures negate the prob-
ability that alluvial-stage weathering and diagenesis had any
measurable effect on heavy mineral content. As differences in
detrital heavy mineral provenance are not the result of diagene-
sis by interstratal dissolution, they are therefore an accurate rep-
resentation of changes in sediment source through the lateral
unroofing of the Mauritanide Belt.

Deciphering tectonic and metamorphic characteristics of the
Mauritanides can be locally complicated (Villeneuve 2008); pre-
dicting sediment source can be equally difficult when significant

unroofing has occurred, completely eroding source terranes
which no longer exist in modern geology. However, generalised
metamorphic trends along the axis of the Mauritanides have
been identified with ‘advanced’ metamorphism on the westward
side containing the Gaoud Group and ‘moderately’ metamor-
phosed suites on the eastern side containing the Gadel Group
(Figure 14; Caby and Kienast 2008). The ‘intensively’ metamor-
phosed terrane of the western flank of the Mauritanides repre-
sent the first stage of active exhumation during the Early-mid
Cretaceous characterised by the significant increase in garnet
content (Figure 14C). Occurrences of high-grade metamor-
phic garnets which observed in Early Cretaceous sediments
(Figure 7C,E) are heavily corroded and likely recycled from
Palaeozoic sandstones within the Gaoud Group. Significant
exhumation of the Mauritanides continued throughout the
mid-late Cretaceous as response to the changes in climate to
hothouse conditions and uplift of the hinterland, resulting in the
lateral shift in sedimentary source to the eastward side of the
high metamorphism line (Figure 14B). This change in source
to a ‘moderately’ metamorphosed terrane is characterised by
staurolitic-grade basinal sediments (Figure 4). However, the oc-
currence of kyanite in well Nd-1 but not TB-1 suggests a different
grade metamorphic source rock for the northern and southern
Mauritanides with a higher-grade kyanite-bearing metapelites
to the south (Figure 14A,B; Farkaka Formation). Garnet is pres-
ent throughout the entirety of well Nd-1 and only becomes ab-
sent in well TB-1 during the Campanian, it is likely that garnet
is still being sourced from the Mauritanides throughout the lat-
ter stages of the Cretaceous. This absence of garnet may be at-
tributed to either a punctuated shift in metasedimentary source
which is devoid of garnet or there has been a degree of hydraulic
sorting during the transportation stage, preferentially removing
the garnet from the Campanian sediments of TB-1.

Aptian to Albian sediments contain a significant proportion of
Carboniferous to Permian zircon reflecting the primary stages
of lateral unroofing of the Gaoua Group source lithologies, rep-
resentative of Hercynian thermal overprinting. The inclusion
of Proterozoic Pan-African zircons within the Gaoua Group
represents recycling of Palaeozoic sandstones and core isotopic
crystallisation ages associated with Pan-African I and II events.

Zircon geochronological trends for wells Tb-1 and Nd-1
correspond with shifts in detrital heavy mineral assem-
blages through apatite-garnet-staurolitic bearing sediments
(Figures 4 and 13). Aptian sediments of wells TB-1 and Nd-1
are dominated by Neoproterozoic zircons which decreases
throughout the Cretaceous with corresponding increases in
Meso-Paleoproterozoic and Archean zircons. This trend in zir-
con geochronology reaffirms the model for lateral unroofing of
the Mauritanide Belt throughout the mid-late Cretaceous. The
timing for this unroofing event is synchronous with the unroof-
ing of the White Mountains, a subrange of the Appalachian Belt
which is believed to have accelerated during the Albian (Roden-
Tice, Eusden-Jr, and Wintsch 2012) as a consequence to global
climate change.

Two distinct changes in zircon provenance occur within the
Albian sediments of Nd-1 and Maastrichtian sediments of
Nd-1 and Cap de Naze. Albian sediment include a high pro-
portion of CAMP zircons. Known sources of CAMP volcanics

18 of 26

Basin Research, 2024

85U80|7 SUOWWIOD 3A 810 3|qeo(dde aL Aq pausenob ae sejonse VO ‘@sn Jo Sa|nJ Joj Akeiq)TauljuO A3|IA UO (SUORIPUOO-pUe-SLLRI/LID A8 1M A1 1 BUIUO//:SANY) SUORIPUOD pue swie | 8y} 89S *[5202/20/£0] uo AriqiTauluo Ae|im ‘Aenins [eo160j0e ysnuig Aq 80002 @1G/TTTT OT/I0P/W00" A8 AReiq1jeuljuo//Sdny Woly papeojumod ‘9 ‘#7202 ‘L TTZS9ET



within close proximity of Senegal include the lowermost limit
of the Tioujdal Group to the east of the Mauritanide Belt and
high-Ti Group CAMP lavas throughout Sierra Leone and Liberia
(Marzoli et al. 1999, 2018). The Tioujdal Group volcanics are an
unlikely source for these Albian sourced CAMP zircons, as the
Mauritanide Belt would have been a geographic barrier pre-
venting fluvial capture of this terrane. The northern limit of
the High-Ti Group CAMP lavas in Sierra Leone may also be too
distal to be a source. However, the present day distribution of
these lavas may not represent their full extent during the Early
Cretaceous, which may have cropped out further north within
the region that hosts the Fouta Djallon Sills (Figure 15). The lack
of modern-day evidence for extension of High-Ti Group CAMP
lavas as far north as the FDP may be due to either burial beneath
Mesozoic-Cenozoic sediments and/or near-complete erosion
during the Cretaceous. A small number of CAMP zircons are
still recorded during the Cenomanian, which could infer par-
tial recycling of Albian sediments, a reduced fluvial catchment
within the FDP or near-complete erosion of CAMP lavas during
the Albian, therefore reducing the availability of a CAMP source
in the Cenomanian. Another possible source for these CAMP
zircons is through the surface manifestation of a tholeiitic vol-
canic dome structure located at the total depth of Nd-1 (3458 m;
Ndiaye et al. 2016), although this would not account for the sig-
nificant shift in garnet source encountered within the Albian
sediments (Figure 7E).

Maastrichtian sands from Cap de Naze and Nd-1 contain a sig-
nificant proportion of Cambrian zircons (Figure 8). The clos-
est proximal source for these zircons are the Early Cambrian
Nagara and Bouly Group volcanics and Late Cambrian
Nandoumba Group intrusive basalts located in the southern
extent of the Bassarides (Villeneuve et al. 2014). It is un-
known if these Cambrian zircons are sourced directly from
the Bassarides or recycled from the Bove Basin Palaeozoic
sediments located between the southern Mauritanides and
Bassarides (Figures 1C, 14 and 15). For the paleo-Saloum
catchment to include these Cambrian volcanics, significant
pre-Maastrichtian erosion of the southern Mauritanides must
have occurred, allowing for the addition of this Cambrian-
sourced detritus. The diverse range in Cambrian age (497-
538 Ma) zircons may reflect a combination of these sources,
however, an unknown proportion of Early Cambrian zircons
may also be representative of late-stage Pan-African II over-
printing with recorded ages for this event ranging between
635 and 520 Ma (Villeneuve et al. 2014) with a temporal over-
lap of ca. 18 Ma. The paleo-Senegal River isn't predicted to
source sediment from within the region of the Early Cambrian
Nagara and Bouly Group volcanics or the late Cambrian
Nandoumba Group intrusive basalts, therefore Maastrichtian
sediments from well TB-1 would be extremely useful in
precisely constraining late-stage Pan-African II overprint-
ing of the Mauritanide Belt which was exposed during the
Maastrichtian, unfortunately to our knowledge they do
not exist.

5.2 | Paleo-Drainage

Varietal heavy mineral provenance of basin sediments implies
at least three potential major paleo-drainage systems within the

Senegal Basin. The geometry of these paleo-river systems is com-
parable to their modern-day counterparts, suggesting these sys-
tems are long-lived. However, changes in temporal sedimentary
provenance suggests varying degrees of catchment evolution
throughout the Cretaceous occurring during periods of signif-
icant climate change. Combining the interpretation of prove-
nance and climate evolution (Pearson et al. 2023), it is possible
to predict paleo-drainage throughout the Senegal Basin during
the Cretaceous (Figure 15). Climate, subsurface-geology, topog-
raphy and vegetation all control fundamental aspects of river
geometry; of these four aspects, topography can be the hardest
to predict through multiple orogenic cycles, dynamic uplift and
erosion. The reconstruction of paleo-elevation in eroded orogens
has been calculated using various methods (Mulch et al. 2004;
Hu et al. 2020; Hillenbrand and Williams 2021). Unfortunately,
no such data exists for the orogenic terranes of NW Africa,
therefore the predicted paleo-elevation of the Mauritanides is
based on inferences from similar orogenic terranes.

The Mauritanide Orogeny is associated with the larger
Appalachian Orogeny during the Late Permian (Figure 2A).
Predicted paleo-elevation of the Appalachians are in the range
of 5-7km with crustal thickness estimations of 55-70km
(Hillenbrand and Williams 2021). If Airy-type isostatic bal-
ance is assumed, the correlation between crustal thickness
and topography can be used to estimate the paleo-elevation
of the Mauritanides during the Mesozoic (Beck et al. 1996).
Calculated crustal thickness of the Mauritanides is between
32 and 34km (Globig et al. 2016), half the thickness of the
Appalachian crust; suggesting a maximum paleo-elevation
for the Mauritanides of 2.5-3.5km during the Mesozoic. The
residual mountain widths of the Mauritanides range from ca.
150km for the northern segment to ca. 50 km for the southern
segment, inferring a higher paleo-elevation for the northern
segment of the Mauritanides. It is more difficult to predict the
paleo-elevation of the Bassarides because they were formed
during a much older orogenic event (Figure 2B) but was likely
to have been higher than today. The modern-day Senegal
River's catchment is still governed by the current elevation
of the Mauritanides despite its comparatively low relief, with
maximum elevations of ~150 m ASL (Figure 1A). The Senegal
River breaches the Mauritanides between Bakel (Senegal;
N14°54') and Keyes (Mali; N14°27’) where its catchment ex-
pands into the Taoudeni Basin, KKI and the northern limits of
the Leo-Man Shield.

5.3 | Paleo-Senegal River

Offshore submarine siliciclastic fans off the coast of northern
Senegal, adjacent to the exploration well of TB-1 (Figure 14B-D)
exist throughout the Aptian and Cenomanian/Turonian. The
river mouth for these offshore deposits is similar to the exit of
the modern-day Senegal River, suggesting the river geometry
has changed very little throughout the previous ca. 125Ma.
Therefore, the antecedent drainage geometry of this river is pos-
tulated to be governed via deep-seated subsurface structures.
The east-west nature of the Senegal River is parallel to that of
the Gambia River suggesting an association with the rift grabens
which strike into the continent. Paleo-Senegal River morphology
is likely to range between sinuous and meandering-unconfined
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single-thread, similar to the meandering nature of the modern-
day Senegal River (Sadio et al. 2017). The lack of divergence
in the paleo-Senegal River suggests the river maintained a

fast-flowing velocity throughout the mid-late Cretaceous, which
would be crucial in the transportation of large volumes of sed-
iment offshore. The provenance of these sediments exhibits an
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unroofing event continuing beyond the Cretaceous with the
drainage catchment restricted to the high-altitude northern
Mauritanides. It is unclear as to when the paleo-Senegal river
breached the northern Mauritanides allowing the erosion of
Taoudeni Basin and KKI, due to a lack of Maastrichtian sedi-
mentological data from the north. An increase in topographic
elevation in northern Senegal, caused by the emplacement of
the Dome de Guiers (Trenous and Michel 1971), may have redi-
rected drainage from the basin northwards and into the paleo-
Senegal River, resulting in the formation of the proto-Ferlo River.
Prolonged inflation of the dome throughout the Pliocene would
eventually cause orthogonal faulting of the region, permanently
controlling the geometry of the modern-day Ferlo River and re-
sulting in the creation of Lake de Guiers (Figure 14F).

5.4 | Paleo-Saloum River

The paleo-Saloum, like its modern-day counterpart, was prob-
ably the smallest of the Senegalese rivers. Restricted to recy-
cling pre-Cretaceous sediment from the onshore basin interior
during the Early Cretaceous. The river only began to erode the
Mauritanides during the Cenomanian as evidenced by the in-
clusion of garnets from the ‘intensively’ metamorphosed west-
ern flank of the Mauritanide Belt into the basin sediments. The
system is likely to have a common source to the Paleo-Gambia
River during the Late Cretaceous due to the inclusion of kyanite-
grade metapelite source rocks and the inclusion of Cambrian
zircons predicted to have been sourced from the Bassarides and/
or Bove Basin.

5.5 | Paleo-Gambia River

This river is known to have existed prior to the Cretaceous
period (Long and Cameron 2016; Casson 2020). The Gambia
River is confined within the region of the Casamance failed rift
arm, associated with the existence of subsurface grabens be-
tween 50 and 100km wide striking up to 400km into the con-
tinent (Burke 1976). These structures are postulated to control
the antecedent drainage of the proto-Gambia River (Long and
Cameron 2016; Casson 2020). It is therefore plausible that the
Cretaceous paleo-Gambia River resided within the same region
as the modern-day river. Sedimentary data for the paleo-Gambia
system is based upon data from Nd-1. Sedimentary provenance
suggests erosion of basinal sediments during drier seasons with
erosion of the central-southern Mauritanides during wetter sea-
sons. Temperature and humidity increased during the Albian as
a result of the expanding paleo-ITCZ, elevated levels of precip-
itation were concentrated over upland regions of southern NW
Africa to include Leo-Man Shield and FDP. Increased precipi-
tation in southern-upland NW Africa diverted the catchment
of the paleo-Gambia River southwards to capture detritus from
within the FDP sourcing CAMP zircons from Fouta Djallon
volcanics. Further expansion of the paleo-ITCZ during the Late
Cretaceous increased precipitation northwards rediverting the
paleo-Gambia catchment back towards the lower Mauritanides.

It is unclear if drainage of the FDP continued into the Senegal
Basin during the Late Cretaceous due to a lack of CAMP zircons;

although it is possible that these source rocks were exhausted
during the Albian exhumation. The source catchment of the
paleo-Gambia River remained relatively static throughout the re-
mainder of the Cretaceous unroofing the southern Mauritanides
until sufficient denudation had occurred to allow expansion of
the river catchment into the southern Bassarides. These obser-
vations demonstrate a divergent fluvial system throughout the
basin with multiple channel bars creating a braided-fluvial sys-
tem throughout the basin (Figure 15E,F).

5.6 | Paleo-Casamance River

The fourth modern-day Senegalese river is the Casamance lo-
cated south of Gambia, unfortunately there is insufficient data
to conclusively support the evidence for a southern system anal-
ogous to the Casamance.

5.7 | Paleo-Guinean River

Evidence of a paleo-Guinean fluvial system is speculative and
based on evidence from a single sample of Albian sand from well
DSDP 367. Whilst a single sample is not entirely diagnostic of
an additional system, the unique provenance of this sediment
cannot be ignored. Cretaceous elevation of the Mauritanides
prevents direct sourcing of KKI detritus into the proto-North
Atlantic via Senegal, as evidenced by the lack of the Type Ci
and D garnets within the Cretaceous onshore basinal sedi-
ments. However, a southern Guinean system bypassing the
Mauritanides could have an erosional catchment encompass-
ing the KKI, FDP and Bove Basin. This fluvial system would
have to flow north to south before turning to deposit sediment
offshore to the west (Figure 15C). Contourite currents are the
likely transport mechanism offshore moving the sands along
strike, parallel to the shelf margin and then in the deep basin
(Figures 14C and 15C). Palaeoceanographic currents during
the Early Cretaceous are interpreted to flow south to north
(Hay 2009) along the NWAAM, with evidence of extensive con-
tourite deposits recorded on 3D seismic onshore in the shelf
slope and basin by (Coskun et al. 2023). One problem with this
model is the absence of any CAMP zircons in DSDP 367, which
are abundant in Albian sediments in well Nd-1 (Figure 8) and
are assumed to be derived from the FDP. The lack of CAMP zir-
cons in Albian sands from DSDP 367 does not preclude a source
from part of the FDP, as the exact extent of exposed CAMP vol-
canics during the Cretaceous is unknown.

6 | Conclusion

Mineralogical analysis of Cretaceous sediments from Senegal
records several shifts in provenance; these shifts are interpreted
to reflect a dominant climate control and the evolution to a hot-
ter and more humid environment. As temperature and humid-
ity increased throughout the Cretaceous, so did precipitation
and denudation of the Mauritanide Belt. This was exacerbated
further through the dynamic uplift of the hinterland, increas-
ing sediment supply into the Senegalese onshore and offshore
basins.
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Cretaceous paleo-drainage maintains a strong resemblance to
the modern-day drainage of the Senegal Basin with two major
fluvial systems; the paleo-Senegal and paleo-Gambia, and a
comparatively minor fluvial system akin to the modern-day
Saloum. No provenance data exists for the Casamance region
of Senegal, but fluvial systems are highly likely due to the
proximity of the high-altitude FDP. The paleo-Gambia river
is a long-lived system that may have existed as far back as the
Jurassic as a consequence of the Casamance failed rift arm.
The paleo-Senegal river is also a long-lived system existing
since at least the Cretaceous, flowing east to west the river is
parallel to the subsurface grabens which strike hundreds of
kilometres into the continent as a result of the Atlantic rifting.
It is unclear if the paleo-Saloum is controlled via subsurface
structures or just the result of alluvial-type drainage across a
broad flat basin.

Whilst the modern-day rivers and their Cretaceous coun-
terparts share distinct similarities, the most significant
difference between the two source to sink systems are the
paleo-elevation of the Mauritanides. Maximum estimated
paleo-elevation for the northern segment of the Mauritanides
is 2.5-3.5km, based upon the crustal thickness comparison
between the Appalachian and Mauritanide orogenic belts.
It is unknown to what degree the Mauritanides may have
been eroded throughout the Triassic and Jurassic, however,
Cretaceous paleo-elevation is assumed to be greater than
today restricting paleo-river catchments to the windward
side of the Mauritanides. Dynamic uplift of up to 2km for
the Mauritanides is calculated from low-temperature ther-
mochronology between the Albian and Maastrichtian; this
uplift exacerbated orogenic denudation whilst maintaining a
geographical barrier for most of the Cretaceous between the
Senegal Basin and the surrounding hinterland.

During the very Early Cretaceous (Berriasian-Barremian) NW
Africa was principally arid with limited geostrophic precipita-
tion, any fluvial systems existing during this period would have
been minor, seasonal and restricted to the basin interior.

Continued fragmentation of Gondwana during the Early
Cretaceous caused the disruption of the large low-pressure cell
which existed during the summer in the southern hemisphere, re-
sulting in the expansion of the equatorial tropics. Expansion of the
equatorial tropic zone increased precipitation in highland regions
of southern NW Africa including the FDP and Leo-Man Shield.
This increased precipitation expanded the paleo-river catchments;
the Senegal expanded eastwards, continuing to erode the northern
Mauritanides and the paleo-Saloum expanded within the basin,
continuing to recycle pre-Cretaceous basinal sediments. The
paleo-Gambia system which was previously eroding the south-
ern extent of the Mauritanides during the Aptian, diverted south-
wards sourcing sediment from the FDP highlands, evidenced by
high-grade metamorphic garnets and CAMP detrital zircons.

Climate change accelerated during the Cenomanian and
Turonian, entering into the CTM-hothouse period. Temperature,
humidity and precipitation reached a Cretaceous high during this
period, significantly increasing denudation of the Mauritanides,
delivering large volumes of sediment offshore as extensive sub-
marine fan deposits. During this period, the paleo-Senegal and

paleo-Saloum rivers continued to erode the northern segment
of the Mauritanides through fluvial incision of the orogenic ter-
rane and lateral unroofing of the ‘intensively’ metamorphosed
domain followed by the successive erosion of the ‘moderate’
metamorphic domain on the eastern flank of the Mauritanides.
Cessation of the CTM occurred during the Coniacian returning
global climate to a Cretaceous ‘norm’ of a warm and humid en-
vironment. Paleo-drainage remained unchanged during this in-
terval; however, environmental and ecological conditions began
to evolve throughout the basin gradually transitioning into a
swamp-like environment. By the Maastrichtian aquatic fern-
spores collected from Senegalese sediments verify hot and damp
ecological conditions with extensive vegetation found around
lakes and swamps. This transitional environment restricted
clastic sedimentation to the onshore basin, whilst offshore sedi-
ment deposition was predominantly in the form of fine-grained
MTC's with small-scale siliciclastic deltas prograding from the
continental shelf. Although no Maastrichtian provenance data
exists for the paleo-Senegal river it is assumed to have continued
to erode the northern Mauritanides given the rivers longevity
and the continued humid-climate of the Late Cretaceous. Uplift
of Dome de Guiers in northern Senegal during the Maastrichtian
may have begun to divert northern paleo-drainage towards the
paleo-Senegal River forming the proto-Ferlo River. Central
paleo-Saloum and paleo-Gambia rivers which has been sourcing
sediment from the southern Mauritanides throughout much of
the Cretaceous began to breach this orogenic belt; allowing the
expansion of these rivers to capture the catchment of the south-
ern Bassarides, as evidenced by the occurrence of Cambrian vol-
canic zircons in Nd-1 and Cap de Naze Maastrichtian sediments.

This research demonstrates the long-established nature of the
Senegalese river systems, which were pivotal in the delivery of
sediment into the MSGBC Basin throughout the Cretaceous.
Paleo-river catchments were restricted to the basin interior ini-
tially recycling pre-Cretaceous basinal sediments until climate
change increased the fluvial incision and lateral W-E exhuma-
tion of the Mauritanides. Cretaceous basinal sediments consist
of recycled pre-Cretaceous sediments, Palaeozoic sandstones
consisting of detritus associated with the erosion of the West
African Pan-African orogenic belts and varying-grade meta-
morphic source rocks linked to the Hercynian Orogenic event.
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