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a b s t r a c t

Palynological investigations in the Sumbe region of the Kwanza Basin, Angola, have identified Albian to
Turonian assemblages in four sections of the Quissonde Facies of the Mucanzo, Cabo Ledo, and Itombe
formations. These studies aimed to determine their biostratigraphic ages and infer paleoenvironmental,
paleoclimatic, and paleogeographic models. The presence of Odontochitina costata, Palaeohystrichophora
infusorioides, and Xiphophoridium alatum cysts supports an upper Albian to lower Cenomanian age for
the Mucanzo Formation. Litosphaeridium siphoniphorum cyst and the Elateroplicites africaensis pollen
found In the Cabo Ledo Formation suggest a Cenomanian age, while Conosphaeridium striatoconum,
Heterosphaeridium difficile, and Dinogymnium acuminatum supports a Turonian age for the lower part of
the Itombe Formation. All samples predominantly contain fluorescent amorphous organic matter (AOM)
derived from phytoplankton degradation, with increasing AOM in the uppermost units, indicating inner
neritic marine deposition under dysoxic-anoxic conditions. During the Lower to mid-Cretaceous, the
Gondwana breakup caused significant changes, with the palynological indicating a Tethyan affinity with
some high-latitude taxa, suggesting a cosmopolitan distribution. The subtropical to tropical nature of the
assemblages, along with high-latitude species, indicates a mid-Cretaceous water connection between the
Central Atlantic and the South Atlantic oceans, extending to the Kwanza Basin.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Cretaceous was primarily characterized by a warm climate
attributed to increased volcanic-derived carbon dioxide emissions,
creating greenhouse conditions (e.g Barron et al., 1981; Chumakov
et al., 1995; Clarke and Jenkyns 1999; F€ollmi 2012; Friedrich et al.,
2012; Bodin et al., 2015; O'Brien et al., 2017). Consequently, signif-
icant periods of oceanic anoxic conditions occurred during this time,
leading to the accumulation of organic-rich sediments crucial for the
hydrocarbon industry. Despite limited studies on biostratigraphy in
the Kwanza Basin, some authors have addressed the mid-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cretaceous. The Quissonde Facies of Mucanzo Formation and Cabo
Ledo Formation, characterized by carbonate-siliciclastic facies,
contain pelagic foraminifera indicative of the upper Albian and
Cenomanian, respectively (Meijer, 1989; Morais et al., 1990). Simi-
larly, the Itombe Formation, based on echinoderm taxa, is assigned
to the Upper Cretaceous (Haughton, 1924; Kier and Lawson, 1978;
N�eraudeau and Mathey, 2000). Furthermore, biostratigraphic
studies conducted on foraminifers and nannoplankton in the Angola
Continental Margin by Bruno et al. (2020) and Magniez-Jannin and
Muller (1987) suggest an AlbianeCenomanian age for the studied
section, although lithostratigraphic correlation remains unclear.

Thus, this study aims to palynologically analyze the Quissonde
Facies of Mucanzo, Cabo Ledo, and Itombe formations in the Sumbe
region of the Kwanza Basin (Fig. 1) to (1) confirm palynological ages
and correlate themwith previously established ages based on other
fossils and (2) characterize the depositional paleoenvironments.

2. Geological setting

The Kwanza Basin is one of the classic passive margin basins on
the West African margin that developed due to the Gondwanaland
Fig. 1. Geological map of the studied

2

rifting. This rift-to-drift margin evolved as a product of the separa-
tion of South America and Africa, leading to the opening of the South
Atlantic Ocean (Brognon and Verrier, 1966; Guiraud et al., 2010;
Moulin et al., 2010; Seri�e et al., 2017)The study area (Sumbe) (Fig. 2)
lies near the coast in the southern portion of the Kwanza Basin
(Buta-Neto et al., 2006; Quesne et al., 2009; Guiraud et al., 2010).

The general stratigraphic column of the Kwanza Basin (as per
Brognon and Verrier, 1966; Total-Sonangol, 1987; Brownfield and
Charpentier, 2006; Guiraud et al., 2010; Fig. 2) begins with a pre-
rift megasequence (Jurassic-Lower Cretaceous?) represented by
terrigenous detrital deposits, indicative of continental-alluvial,
fluvial, and lacustrine environments. Following this, a syn-rift
megasequence (Lower Cretaceous, Barremian to lower Aptian?)
unfolds, featuring fluvial deposits consisting of conglomerates and
coarse-grained sandstones (Red Cuvo Formation), alongside lacus-
trine deposits like shales, organic-rich shales, fine-grained sand-
stones, and siltstones (Grey Cuvo Formation). This phase culminates
with conglomerates, red sandstone, claystone, and dolomite from
transitional environments (Cuvo and Chela formations), which
represent the end of rifting. Subsequently, the post-rift mega-
sequence (upper Aptian to present-day) was initially (during the
area (Lap~ao and Sim~ao, 1973).



Fig. 2. The chronostratigraphic sequence of Kwanza Basin (Lap~ao and Sim~ao, 1973).
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Albian to Eocene age) defined by a regional transgressive setting,
transitioning into a regional regressive regime from the Oligocene
to the present. The Binga Formation (upper Aptian to Albian) rep-
resents the first marine transgressive deposits, and accommodating
a carbonate sequence within a marine-lagoonal environment. This
formation is succeeded by carbonate-evaporite cycles from the
Albian (Mucanzo Formation). From the Cenomanian to Maas-
trichtian (Late Cretaceous), widespread organic-rich marine shales,
siltstones, and marls (Cabo Ledo, Itombe, N'Golombe, and Teba for-
mations) developed laterally and above the carbonate units.

The stratigraphic sequence and ages of the Cretaceous marine
formations of the Kwanza Basin, especially its southern portion
(Carvalho, 1961; Cooper, 2003a, 2003b), remain controversial and
poorly defined, largely due to the absence of distinct lithostrati-
graphic markers.

Progradational marine conditions dominated the Cenozoic
units. The Paleocene (Rio Dande Formation) and Eocene to Oligo-
cene (Cunga and Gratid~ao formations) consist of sandstones and
siltstones, turbidites, and deep-marine deposits. During the
Miocene (Quifangondo Formation), the marine conditions per-
sisted, with deposits mainly comprising poorly sorted materials
and locally channel-filled sandstones and turbidites. The Pliocene
and Pleistocene are represented by a detrital sequence (Luanda
Formation).

3. Studied sections

The Sumbe region of the Kwanza Basin is renowned for its
well-exposed Upper Cretaceous units, with a 40 km long section
along the southern Kwanza Basin coast (Fig. 1). According to the
Geological Map of “Novo Redondo” (Lap~ao and Sim~ao, 1973), the
Sumbe section encompasses the Binga Formation, Quissonde
Facies of the Mucanzo Formation (following Total-Sonangol,
1987), Cabo Ledo and Itombe formations. Fig. 3 and Table S1
outline the lithologies and positions of the palynological sam-
ples analyzed.

Section VOE-17, identified in accordance with the Geological
Map of “Novo Redondo” (Lap~ao and Sim~ao, 1973) and Total-
Sonangol (1987), represents the Quissonde Facies of the Mucanzo
Formation, dated to the upper Albian in age. The lower segment
(samples VOE-17A and VOE-17B, Fig. 3) comprises an interval of
approximately 5 m thick, represented by grey and yellowish
marlstone interbedded by limestone. Some of the limestone beds
are dolomitic limestones. The upper portion (samples VOE-17C and
VOE-17D, Fig. 3) is approximately 40 m thick, characterized by
marlstones, conglomerates, and medium- to coarse-grained sand-
stones. This sequence has several characteristics that confirm the
existence of a channel. The conglomerate package is cutting the
underlying marlstones, creating an erosional surface. Conglomer-
ates at the bottom rise to medium-grained sandstones at the top,
producing the graded bedding representing the channel filling. A
15 cm thick claystone layer separates the two packages.

Section VOE-9, located approximately 12 km north of section
VOE-17 (Fig. 1), also corresponds to the Quissonde Facies of the
Mucanzo Formation (following Lap~ao and Sim~ao, 1973; Total-
Sonangol, 1987)) of the upper Albian. It features a 6 m thick inter-
val containing conglomeratic coarse-grained sandstone, medium-
grained sandstone, and claystone (samples VOE-9A, VOE-9B,
VOE-C, and VOE-9D, Fig. 3). The conglomeratic coarse-grained
sandstone package cuts into the claystone through an erosional
surface, forming a filling channel. Additionally, conglomeratic
coarse-grained sandstones are onlapping the channel sides, and the



Fig. 3. Sumbe region selected sections, presenting lithologies and position of the
productive palynological samples analyzed.

C. Rodrigues, M. Mendes, Z. Pereira et al. Cretaceous Research 164 (2024) 105953
sequence exhibits changes in grain size toward the top, indicating
shallowing up to the surface.

Section VOE-19, located approximately 32 km north of VOE-9
(Fig. 1), is about 30 m thick and is characterized by black and
grey marlstones (samples VOE-19A, VOE-19B, VOE-19C, VOE-19D,
VOE-19E, VOE-19F, VOE-19G, VOE-19H, VOE-19I, VOE-19J, and
VOE-19L, Fig. 3) interbedded by limestones from the Cabo Ledo
Formation (following Total and Sonangol, 1987), assigned to the
Cenomanian and Turonian, according to the Geological Map of
“Novo Redondo” (Lap~ao and Sim~ao, 1973). Carbonate deposits in-
crease towards the top of the section.

Section VOE-13, located near Sumbe city and about 17 km south
of VOE-19 (Fig. 1), correlates with the Itombe Formation (Lap~ao and
Sim~ao, 1973), tentatively dated to the Coniacian (Total-Sonangol,
1987). This section, approximately 50 m thick, comprises black and
grey marlstone (samples VOE-13A, VOE-13B, VOE-13C, VOE-13D,
VOE-13E, VOE-13F, VOE-13G, VOE-13H, VOE-13I, VOE-13J, and VOE-
13L, Fig. 2), limestone and sandstone (Fig. 2), with an increase in silty
4

sediments towards the top and laminated black marlstone beds.
Planolites and ammonites are common in these pelagic limestones,
suggesting open sea conditions, meaning distal shelf deposition.

4. Methods

Palynostratigraphic and palynofacies (organic facies) studies
were conducted at the National Laboratory of Energy and Geology
(Portugal), following standard procedures to extract and concen-
trate the organic matter (Wood et al., 1996; Riding and Warny,
2008). Initially, all samples (ca. 50 g of rock) underwent treat-
ment with HCl (37%) and HF (48%) to remove carbonate and silicate
minerals. The resulting residues were sieved using a 20 mmopening
sieve, and the organic residues were stained with safranin-O to
enhance morphological features visibility. Subsequently, the
organic residues were mounted on microscope slides using a resin-
based mounting medium (e.g., Entelan®) and examined under
transmitted light using a Nikon eclipse Ci microscope. All samples,
residues, and slides are archived in the Palynological Collection of
the Geological Survey of Portugal, LNEG, S. Mamede de Infesta
(Portugal).

Out of 34 samples investigated, 19 samples were considered
palynologically productive (Table S1) and suitable for quantitative
and qualitative palynological analysis, based on the key-
palynomorph distribution (Table S2, Fig. 4) focusing on the lowest
and the highest occurrences. A quantitative assessment was per-
formed by counting a minimum of 150 palynomorphs per sample
and grouped into the major classes: i) spores, ii) pollen, iii) fungal
remains, iv) dinoflagellate cysts (dinocysts; gonyaulacales and
peridiniales), v) microforaminiferal linings, scolecodonts and, vi)
other aquatic palynomorphs (Table S2). However, a few samples,
such as VOE-13C and VOE-13H did not meet this count due to the
low diversity and poor preservation of the palynomorphs. The
nomenclature of dinocysts cyst species and suprageneric classifi-
cation follows (Fensome et al., 2008, 1993), and descriptive
morphological terminology is based on (Williams et al., 2017a;
2017b).

For assessing the depositional environment, 29 samples were
considered productive (Table S2). During this analysis, the identi-
fication and general description of the organic components of
phytoclasts, palynomorphs, and amorphous organic matter (AOM)
(see Table S2, Fig. 5) were conducted, considering size, shape, and
preservation state. A quantitative palynofacies approach was
employed, counting 250 organic particles per slide following a
scheme adapted from Tyson (1995, 1993). The slide would be
thoroughly screened to check for anything unexpected that
might not have been counted after the 250th particle.
Relative counts for all the samples are presented in Table S2. The
distribution of palynomorphs and palynofacies counts are sum-
marized in Tables S2 and S3, available in the supplementary
material.

Important stratigraphic taxa are illustrated in Figs. 7e10, and
selected palynofacies organic particles are shown in Fig. 11 (addi-
tional image data, such as samples, files, and coordinates, can be
found in Table S4 of the supplementary materials).

5. Results

This study involved the collection of samples from four distinct
sections, namely (according to Total-Sonangol, 1987): Quissonde
Facies (Mucanzo Formation) - Section VOE-17 and Section VOE-9,
Cabo Ledo Formation - Section VOE19, Itombe Formation - Sec-
tion VOE-13.

In the palynology analysis (Table S2), three main palynology
assemblages were identified, with the examined samples



Fig. 4. The palynological summary diagram is subdivided into three assemblages from
the late Albian to Turonian age, following biostratigraphic criteria. The boxes shaded in
red result from the non-continuity of the sections and the absence of biostratigraphic
data in these transitions.
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yielding moderately to well-preserved palynomorphs ranging from
common to frequent. A total of 7 spore genera and 8 pollen genera
(7 pollen species) were identified within the sporomorph sub-
group. Additionally, 38 dinoflagellate cysts genera (dinocysts;
including 22 species), alongside rare prasinophytes, and acritarchs
were identified as part of the marine plankton. Furthermore, very
rare occurrences of freshwater plankton and some algae incertae
sedis (Table S2) were noted. Common to frequent foraminiferal test
linings and very rare scolecodonts (Table S2) were also
documented.

Regarding the palynofacies (organic facies) analysis (Table S3),
the productive samples yielded abundant AOM (ca. 66%). This AOM
was mainly composed by abundant irregular-edged, yellow to
brown particles in transmitted white light (TWL) and moderate to
intense yellow fluorescence in UV-fluorescence light (UVFL; ca.
54%). Additionally, frequent occurrences of sharped subangular
particles ranging from dark brown to black color particles (TWL; ca.
11%) were observed, with either absent or weak fluorescence
(UVFL). The phytoclast group was also abundant across all samples,
5

mainly due to the frequent presence of the opaque phytoclast
subgroup (ca. 16 %), while the other phytoclast subgroups rarely
occurred (ca. 2%). Within the palynomorph group (ca. 11%), notable
fluctuations in the relative frequencies were observed, largely
attributed to the abundance of marine plankton, such as dinofla-
gellate cysts (ca. 6%, ranging from 0 to 20%).

Below is a description of the main features of the
palynological and palynofacies assemblages organized according to
the stratigraphic sequence delineated by (according to Total-
Sonangol, 1987).
6. Quissonde Facies of Mucanzo Formation e sections VOE-17
and VOE-9

The Quissonde Facies of the Mucanzo Formation yield four
productive palynological and palynofacies samples (VOE-17A, VOE-
17B, VOE-17C, and VOE-17D; Tables S2 and S3). Spore occurrences
were rare (ca. 2%) including Cicatricosisporites spp., Deltoidospora
sp., Leptolepidites sp., Striatella seebergensis, Tuberostriletes sp., and
incertae sedis. Common pollen occurrences (ca. 10%) included
Araucariacites sp., Callialasporites dampieri, Callialasporites triloba-
tus, Classopollis spp., Elaterocolpites castelainii, Elaterocolpites sp.,
Ephedripites spp., Gnetaceaepollenites clathratus, Gnetaceaepollen-
ites jansonii, Gnetaceaepollenites spp., Schizaea certa, and Incertae
sedis (Fig. 7).

Palynomorph recovery from section VOE-17 samples was
mainly composed of dinocysts (ca. 76%), with notable species
including Apteodinium sp., Canningia sp., Cribroperidinium spp.,
Coronifera oceanica, Coronifera sp., Cyclonephelium sp., Circulodi-
nium distinctum, Circulodinium sp., Dinopterygium cladoides, Exo-
chosphaeridium spp., Florentinia laciniata, Florentinia spp.,
Hystrichodinium sp., Hystrichosphaeridium sp., Nummus mono-
culatus, Nummus sp., Odontochitina costata, Odontochitina spp.,
Oligosphaeridium complex, Palaeohystrichophora infusorioides, Par-
eodinia sp., Subtilisphaera sp., Spiniferites spp., Tanyosphaeridium sp.,
Xiphophoridium alatum, Xenascus ceratioides, and incertae sedis
(Figs. 8e10). Other marine plankton were rare (ca. 3%), except for
the sample VOE-17D, which presented an exceptional occurrence of
acritarchs (Micrhystridium sp., ca. 11%). Freshwater plankton was
very rare (<1%), alongside other algae incertae sedis (2.5%; Fig. 11).
Foraminiferal test linings (Fig. 11) were common throughout the
interval (ca. 7%), reaching 10% in sample VOE-17D.

The amorphs organic matter group (AOM) dominated the
palynofacies assemblage (Fig. 5, Table S3) across all samples (ca.
60%). This group was characterized by irregular-edged, yellow to
brown particles under WTL and light-yellow fluorescence (ca. 52%)
under UVFL, contrasting with sharped subangular contour particles
that ranged from dark brown to black color under WTL and no
fluorescence under UVFL; ca. 8%. Opaque phytoclasts accounted for
about 10% of the relative abundance, while non-opaque (ca. 5%),
membranes (ca. 3%), and fungal remains (ca. 1%) phytoclasts sub-
groups remained rare. The palynomorph group exhibited frequent
relative abundances of marine plankton (dinocysts ca. 13% and
acritarchs ca. 1%) and the zoomorph subgroup (foraminiferal test
linings ca. 5%).

In contrast, the Quissonde Facies of the Mucanzo Formation
sampled in section VOE-9 yielded one poor and poorly preserved
palynology sample (VOE-9C, Fig. 4). However, for palynofacies
purposes, three samples were considered productive (VOE-9A,
VOE-9C, VOE-9D, Fig. 5). Palynomorph recovery from the sample
VOE-9C was mainly composed of dinocysts (ca. 65%) including
Exochosphaeridium spp., Odontochitina costata, Odontochitina oper-
culata, Odontochitina spp., Oligosphaeridium complex, and Subtili-
sphaera sp. Foraminiferal test linings were frequent in this sample



Fig. 5. Palynofacies summary diagram. The boxes shaded in red result from the non-continuity of the sections and the absence of biostratigraphic and paleoenvironment data in
these transitions.

Fig. 6. The dinoflagellate cyst and pollen bioevents scheme established for the Sumbe studied section (Kwanza Basin), based on the combined using pollen and dinoflagellate cyst
key taxa and following their first and last occurrences. (1) Pollen zonation following Regali et al. (1974); (2) Dinoflagellate cyst bioevents according to Williams et al. (2004).
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(ca. 19%), with no spore recovery, and very rare pollen taxa were
documented (8%).

Regarding the palynofacies (Fig. 5, Table S3), the AOM group
dominated in all samples (ca. 73%), with a greater abundance of
irregular-edged, yellow to brown particles in WTL (ca. 60%) and
moderate to intense fluorescence under UVFL, contrasting with
sharp-edged subangular particles ranging from dark brown to
black color under WTL (ca. 13%) and no fluorescence under UVFL.
The relative abundance of opaque phytoclasts was about 14%,
while non-opaque (ca. 2%), membranes (ca. 1%), and fungal
6

remains (ca. 2%) phytoclasts subgroups remained rare in this in-
terval. Marine plankton (dinocysts; ca. 2%) and zoomorph sub-
groups (Foraminiferal test linings; ca. 3%) rarely occurred in the
palynomorph group.

7. Cabo Ledo Formation e section VOE19

The Cabo Ledo Formation yielded eleven productive palyno-
logical and palynofacies samples (VOE19A, 19B, 19C, 19D, 19E, 19F,
19G, 19H, 19I, 19J, and 19L, Figs. 4 and 5, Tables S2 and S3).



Fig. 7. Selected spore and pollen taxa recovered in the Quissonde and Cabo Ledo formations. See the supplementary materials for additional image data (samples, files, and co-
ordinates). 1e2. Deltoidoispora sp.; 3e5. Cicatricosisporites sp.; 6e7. Striatella seebergensis Madler, 1964; 8e9. Gnetaceaepollenites jansonii Write (Pocock, 1964) Lima, 1980; 10.
Gnetaceaepollenites sp.; 11e13. Elateroplicites africaensis Hergreen, 1973; 14e16. Elaterocolpites castelainii Jardin�e and Magloire (1965).
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Palynomorph recovery from the marlstones of the VOE19 section
wasmainly composedof dinocysts (ca. 63%), featuring species such as
Apteodinium sp., Canningia sp., Cribroperidinium spp., Coronifera sp.,
Circulodinium sp., Dapsilidinium sp., Dinopterygium cladoides, Exo-
chosphaeridium spp., Florentinia spp., Hystrichodinium sp., Hys-
trichosphaeridium sp., Heterosphaeridium sp., Hystrichodinium
pulchrum, Hystrichodinium voigtii, Hystrichodinium sp., Klei-
thriasphaeridium sp., Litosphaeridium siphoniphorum, Litosphaeridium
7

sp., cf. Muderongia sp., Odontochitina costata, Odontochitina spp., Oli-
gosphaeridium poculum, Oligosphaeridium complex, Palae-
ohystrichophora infusorioides, Pareodinia sp., Pseudoceratium sp.,
Subtilisphaera sp., Spiniferites spp., Tanyosphaeridium sp., Tenua sp.,
Xiphophoridium alatum,Walvisia woodii, and incertae sedis (Table S3).
Other rare marine plankton (ca. 3%) included prasinophytes algae
(Pterospermella spp.) and acritarchs (Micrhystridium sp.). Freshwater
planktonwas very rare (<1%), alongside other algae incertae sedis (ca.



Fig. 8. Selected dinocyst taxa recovered in the Quissonde and Cabo Ledo formations. See the supplementary materials for additional image data (samples, files, and coordinates). 1.
Conosphaeridium striatoconum (Deflandre and Cookson, 1955) Cookson and Eisenack, 1969; 2e3. Dinogymnium sp.; 4. Florentinia laciniata Davey and Verdier, 1973; 5. Coronifera
oceanica Cookson and Eisenack, 1958; 6e7. Litosphaeridium siphoniphorum (Cookson and Eisenack, 1958) Davey and Williams, 1966b; 8e9. Oligosphaeridium complex (White, 1842)
Davey and Williams, 1966b.
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5%). Foraminiferal test linings were common to frequent throughout
the interval (ca. 11%).

Spore occurrences were rare (ca. 2%), encompassing Cicatri-
cosisporites spp., Deltoidospora sp., Striatella seebergensis, Tuber-
ostriletes sp., and incertae sedis. Common pollen occurrences (ca.
16%) included Araucariacites sp., Callialasporites dampieri, rare to
abundant Classopollis spp., Elateroplicites africaensis, Ephedripites
spp., Gnetaceaepollenites jansonii, Gnetaceaepollenites spp., Schizaea
certa, and incertae sedis (Table S3). Scarce fungal remains were also
documented (1%).

Regarding the palynofacies (Fig. 5, Table S3), the AOM group
dominated in all samples (ca. 56%), with a greater abundance of
irregular-edged, yellow to brown particles under TWL (ca. 42%)
with high fluorescence under UVFL, contrasting with sharp-edged
subangular particles ranging from dark brown to black color under
TWL (ca. 14%) with no fluorescence under UVFL. The relative
abundance of opaque phytoclasts was about 14%, while non-
8

opaque (ca. 3%), membranes (ca. 4%), and fungal remains (ca. 2%)
phytoclasts subgroups remained rare in this interval. In the paly-
nomorph group, frequent relative abundances of marine plankton
(dinocysts, ca. 10%), pollen (ca. 3%), and the zoomorph subgroups
(including foraminiferal test linings, ca. 4%) were notable.

8. Itombe Formation e section VOE-13

Palynomorph recovery from the samples of section VOE-13
was mainly composed of dinocysts (ca. 77%), particularly with
Alisogymnium deflandrei, Alisogymnium sp., Canningia sp., Cerbia
sp., Cribroperidinium spp., Conosphaeridium striatoconum, Coroni-
fera sp., Cyclonephelium sp., Circulodinium sp., Dinogymnium
acuminatum, Dinogymnium sp., Exochosphaeridium spp., Flor-
entinia cf. clavigera, Florentinia mantellii, Florentinia spp., Hys-
trichodinium sp., Hystrichosphaeridium sp., Heterosphaeridium
difficile, Heterosphaeridium sp., Hystrichodinium pulchrum,



Fig. 9. Selected dinocyst taxa recovered in the Quissonde and Cabo Ledo formations. See the supplementary materials for additional image data (samples, files, and coordinates).
1e3. Odontochitina costata (Alberti, 1961) Clarke and Verdier, 1967. 4. Palaeohystrichophora infusorioides Deflandre, 1935; 5e6. Xiphophoridium alatum (Cookson and Eisenack, 1962b)
Sarjeant, 1966b; 7e8. Xenascus ceratioides (Deflandre, 1937b) Lentin and Williams, 1973.
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Hystrichodinium voigtii, Hystrichodinium sp., Impagidinium sp.,
Kallosphaeridium sp., Systematophora sp., Odontochitina costata,
Odontochitina spp., Oligosphaeridium complex, Palae-
ohystrichophora infusorioides, Phelodinium sp., Senoniasphaera sp.,
Subtilisphaera sp., Spiniferites spp., Tenua sp., Walvisia woodii, and
incertae sedis (Table S2).

There was no record of freshwater plankton, while other marine
plankton (ca. 1%) including very rare prasinophytes algae (Pter-
ospermella spp.), was documented. Foraminiferal test linings were
common to frequent throughout the interval (ca. 8%).

Spore occurrences were rare (<1%), including Cicatricosisporites
spp., and Deltoidospora sp. The rare pollen occurrences (ca. 5%)
were assigned to Ephedripites spp., Gnetaceaepollenites spp., Schi-
zaea certa, and incertae sedis. Scarce fungal remains were also
documented (<1%).

Regarding the palynofacies (Fig. 5, Table S2), the AOM group
was dominant in all samples (ca. 85%), with a greater abundance
9

of irregular-edged, yellow to brown particles (TWL, ca. 75%) with
high fluorescence under UVFL, contrasting with sharp-edged
subangular particles ranging from dark brown to black color
under TWL (ca. 10%) with no fluorescence under UVFL. The rela-
tive abundance of opaque phytoclasts was about 7%, while non-
opaque (ca. 2%), membranes (ca. 1%), and fungal remains (<1%)
phytoclasts subgroups remained rare in this interval. All paly-
nomorph subgroups were rare (ca. 4%), with rare marine plankton
occurrences (dinocysts ca. 2%), particularly noted in sample
VOE-13A.

9. Discussion

9.1. Age

The palynomorph assemblages retrieved from the studied sec-
tions, including VOE-17, VOE-9, VOE-19, and VOE-13, provide



Fig. 10. Selected acritarchs, algae, and Foraminiferal test linings taxa recovered in the Cabo Ledo Formation. See the supplementary materials for additional image data (samples,
files, and coordinates). 1e2, 6e7. Foraminiferal test linings; 3. Micrhystridium sp.; 4e5. Pterospermella sp.
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valuable insights into the late AlbianeTuronian interval age (Figs. 4
and 6).

In the Quissonde Facies of Mucanzo Formation samples (VOE-17
and VOE-9), dinocysts such as Odontochitina costata, Palae-
ohystrichophora infusorioides, and Xiphophoridium alatum are
prominent. Additionally, during this interval, an acme of Oligos-
phaeridium complex (ca. 25%) is documented (Figs. 4 and 6). These
species are indicative of a late Albian to lower Cenomanian age,
aligning with previous findings, notably the dating of pelagic
foraminifera by Meijer (1989) and Morais et al. (1990) within the
Quissonde Facies of Mucanzo and Cabo Ledo formations.

Thus, for the Quissonde Facies of Mucanzo Formation samples
studied in this research, an upper Albianelower Cenomanian age is
suggested in light of these occurrences.

In the Cabo Ledo Formation samples (VOE-19), key species such
as Odontochitina costata (NML 99.65 Ma Williams et al., 2004) and
Palaeohystrichophora infusorioides (NML 99.85 Ma Williams et al.,
2004) are frequently observed. These cysts were previously recor-
ded as first occurring during the late Albian in Northern Hemisphere
mid-latitudes (e.g., Williams et al., 2004). In the same way, the first
occurrence of Xiphophoridium alatum suggests a younger age in
Northern Hemisphere high latitudes since it first occurred in the
early Cenomanian (NHL 98.02 Ma). Also, the co-occurrence of
Litosphaeridium siphoniphorum cyst further supports a late Albian to
Turonian age, with the presence of Oligosphaeridium poculum sug-
gesting an age no younger than early Turonian. The Litosphaeridium
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siphoniphorum cyst is commonly used as a key species since it first
occurs during the late Albian (NML 101.6 Ma Williams et al., 2004)
and last occurs during the middle Cenomanian age (SML 95? Ma
Williams et al., 2004). At the same time, in theNorthernHemisphere,
his last occurrence is documented later in the late Cenomanian age
(NML 93.81 Ma Williams et al., 2004). Still, in this assemblage, the
rare occurrence of Oligosphaeridium poculum also established an age
no younger than early Turonian (LO NML 91.88 Ma).

Additionally, the occurrence of key species Elaterocolpites caste-
lainii pollen reinforces an AlbianeCenomanian age considering it
was highly recovered in the middle Albian - Turonian in Brazil
(Herngreen, 1973, 1975; Regali et al., 1974; Arai and Botelho Neto,
1996; Dino et al., 1999), late Albianelower Cenomanian in Don-
gola region in northern Sudan (Schrank, 1990), Gabon and Senegal
(Jardin�e, 1967), Colombia (Herngreen and Duenas Jimenez, 1990),
Egypt (Zobaa et al., 2013), upper Albianeupper Cenomanian in
Senegal (Jardin�e andMagloire, 1965), Albian in Gabon (Boltenhagen,
1965), Albian in Libya (Thusu and Van Der Eem, 1985), upper Albian
- middle Cenomanian in Nigeria (Abubakar et al., 2006, 2011). The
presence of elater-bearing pollen, such as Elaterocolpites castelainii
and Elateroplicites africaensis, in samples VOE-17 and VOE19, cor-
responds to the diversity and frequency climax levels observed
during the late AlbianeCenomanian (e.g., Dino et al., 1999).
Following this climax, there's a decrease in temperature towards the
end of the Cenomanian, leading to the disappearance of elaterate
pollen from the stratigraphic record (Dino et al., 1999). This is also



Fig. 11. Illustration of the palynofacies groups documented in this research. 1. Amorphous organic matter and one pollen grain. 2. Amorphous organic matter from phytoclast origin;
3e4. Opaque phytoclasts; 5. Non-opaque phytoclasts; 6. Dinoflagellate cysts; 7. Membrane.
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observed in other mid-Cretaceous units from West Africa, such as
Côte D'Ivoire-Ghana (Kaska, 1989; Masure et al., 1998; Atta-Peters,
2013). Thus, altogether, the palynomorph assemblages from the
Cabo Ledo Formation indicate a Cenomanian age.

In the Itombe Formation samples (VOE-13), the rare occurrence
of the Conosphaeridium striatoconum, as well as rare Hetero-
sphaeridium difficile, Dinogymnium acuminatum, and Dinogymnium
sp. cysts (Figs. 4 and 6) suggests a Turonian age. Dinogymnium spp.
(Schiøler et al., 2012 personal communication; NML 91.69 Ma
Williams et al., 2004) cyst first occurred during the early Turonian,
in the same way as the Heterosphaeridium difficile (NML 92.15 Ma)
cyst. Despite the occurrence of Dinogymnium spp. lasted until the
end of the Cretaceous, the Heterosphaeridium difficile was found
only until the end of the Coniacian (NML 86.78 Ma Williams et al.,
2004). In the sameway, the Conosphaeridium striatoconum dinocyst
has been documented exclusively from the Southern Hemisphere,
particularly in the Coniacian age, with the last occurrence docu-
mented at the top of the Coniacian (e.g., Smith et al., 1994; Williams
et al., 2004; Schiøler et al., 2012).

Furthermore, within the Itombe Formation, Late Cretaceous
echinoderm taxa have been identified (Haughton, 1924; Kier and
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Lawson, 1978; N�eraudeau and Mathey, 2000). In the Angola Con-
tinental Margin, significant biostratigraphic studies of the Creta-
ceous have also been conducted, focusing on foraminifers and
nannoplankton by Bruno et al. (2020) and Magniez-Jannin and
Muller (1987). These studies suggest an AlbianeCenomanian age
for the studied section, although lithostratigraphic correlation re-
mains unclear. Regarding these findings, a Turonian age is sug-
gested for the Itombe Formation samples studied in this research
(Fig. 6).

Overall, the palynomorph data corroborate the ages suggested
by other fossil groups and provide additional evidence for the late
Albian to Turonian interval age in the studied sections.

10. Paleoenvironments, paleoclimates and paleogeography

The palynofacies and paleoenvironment characterization of the
VOE-17, VOE-9, VOE19, and VOE-13 sections provide insights into
the depositional conditions, paleoclimate, and paleogeography
during the late Albian to Turonian interval.

Firstly, all samples from these lithostratigraphic units exhibit
high contents of AOM (Fig. 5, Table S3), suggesting distal
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depositional settings under dysoxic-anoxic conditions (Tyson,
1993, 1995). This indicates reducing conditions favoring the pres-
ervation of AOM, likely due to a lack of terrestrial organic matter
input (Tyson, 1993). Moreover, a significant increase in AOM at the
top of the sequence (Itombe Formation, VOE-13 samples, Fig. 5,
Table S3) suggests variations in the water column, possibly indi-
cating a thicker water column and more distal setting in the
younger sediments (Tyson and Follows, 2000; Zobaa et al., 2011a,
2011b; Mueller et al., 2014). This intense burial of organic matter
could be attributed to heightened primary productivity or
improved preservation scenarios (Schlanger and Jenkyns, 1976a;
Schlanger et al., 1987), particularly evident at the Cenomanian/
Turonian boundary. However, the trigger mechanism remains un-
clear, and more organic geochemical analyses are needed.

Furthermore, the palynomorph group, particularly dinoflagel-
late cysts, provides environmental details. Common to abundant
Subtilisphaera cysts (ranging from 9 to 39%, ca. 15%, Table S2) sug-
gest an inner-neritic environment, known as “Subtilisphaera Eco-
zone” (e.g., Arai et al., 1994, 2000). Additionally, the restricted
occurrence of Xenascus ceratioides in the VOE-17B sample
(Table S2), as well as scarce and sparse occurrences of Xenascus sp.,
are usually associated with restricted shallow marine (Tocher and
Jarvis, 1987; Skupien and Mohamed, 2008)) and low to varying
salinity settings (Lister and Batten, 1988; Wilpshaar and Leereveld,
1994).

Paleoclimate indicators, such as elater-bearing pollen species
(e.g., E. castelainii and E. africanensis) and other Gnetalean pollen
(e.g., G. clathratus, G. jansonii, Gnetaceaepollenites spp., Ephedripites
spp.) suggests a subtropical to tropical climate (e.g., (Herngreen and
Duenas Jimenez, 1990; Herngreen et al., 1996; Schrank, 2001;
Kolonic et al., 2005; Wang et al., 2011; Hu et al., 2012; Strganac
et al., 2014; Bruno et al., 2022), consistent with the Northern
Gondwana Elaterate Province (Brenner, 1976; Srivastava, 1981).
This reflects the rapid diversification of flora (e.g., Dino et al., 1999;
Atta-Peters, 2013) in response to mid-Cretaceous climatic alter-
ations, and probably related to the mid-Cretaceous Oceanic Anoxic
Event (OAE2). This phenomenon is linked to the rapid diversifica-
tion of flora (e.g., Dino et al., 1999; Atta-Peters, 2013) in response to
mid-Cretaceous climatic changes, likely associated with the mid-
Cretaceous Oceanic Anoxic Event (OAE2). Also known as the
Cenomanian-Turonian event, around 93 million years ago
(Schlanger and Jenkyns, 1976b), this event is marked by severe
disruptions in the global carbon cycle, affecting ocean basins
worldwide and significantly influencing both fauna and flora
(Gangl et al., 2019). These impacts are particularly evident in Bra-
zilian sedimentary successions, which correspond to West African
basins such as the Kwanza Basin (Arai, 1988; Mello et al., 1989;
Koutsoukos et al., 1990, 1991; Rodrigues, 2005; Tedeschi et al.,
2017; Valle et al., 2019). Additionally, these authors have high-
lighted the presence of black shales and marls containing marine
organic matter, frequently found interlayered with organic-poor
claystones and bioturbated limestones in the South Atlantic
Ocean. This suggests that during OAE2, anoxic conditions experi-
enced periodic fluctuations, likely due to cyclic changes in the mid-
water oxygen minimum zone depth, influenced by increased rates
of seafloor spreading, elevated sea levels, and reduced water cir-
culation (Jacquin and de Graciansky, 1988; Koutsoukos et al., 1991;
Valle et al., 2019). Consequently, the samples analyzed in the
Sumbe region exhibit palynological indications of OAE2, such as
intervals of oceanic anoxia, reflected in the palynological record by
increased terrestrial pollen and spores, indicating terrestrial
organic matter input into the ocean during periods of marine
plankton reduction.

The continental breakup of the Gondwana brought significant
changes in global paleogeographic configurations, notably forming
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and expanding the South Atlantic Ocean (e.g., Atta-Peters, 2013;
Granot and Dyment, 2015). Paleogeographic evidence gathered
from palynology assemblages recovered in the Quissonde Facies
(Mucanzo Formation) and Cabo Ledo Formation, spanning the late
Albian to Cenomanian age, can corroborate global models,
particularly within the Kwanza Basin. The presence of elater-
bearing pollen during this period holds significant importance to
understand the paleoenvironment, paleoclimatic and paleogeo-
graphic conditions, directly correlating with the Elaterates Prov-
ince (according to Herngreen et al., 1996), recognized in several
paleoequatorial sites across South America (e.g., Brazil, Dino et al.,
1999; Herngreen, 1973, 1975; Colombia, Herngreen and Duenas
Jimenez, 1990) and African countries (e.g., Algeria, Angola,
Congo, Egypt, Zobaa et al., 2013; Gabon and Senegal, Boltenhagen,
1965; Jardin�e, 1967; Jardin�e and Magloire, 1965; Sudan, Schrank,
1990; Nigeria, Abubakar et al., 2006, 2011; Libya, Thusu and Van
Der Eem, 1985). The diversification and abundance of elater-
bearing plants, typical found in arid regions under warm cli-
mates, may be linked to climatic changes associated with the
breakup and widening of the northern parts of the South Atlantic
Ocean (during the latest Aptian to early Albian and ending during
the late AlbianeCenomanian; Dino et al., 1999; Abubakar et al.,
2006).

Dinocyst assemblages recorded in this study, indicating a pre-
dominant Tethyan influence marked by the occurrence of a
recognized Tethyan affinity species, such as Subtilisphaera spp.
(Arai, 2014; Arai et al., 2000), Spiniferites sp. (Carvalho et al., 2016),
Florentinia sp. (Skupien and Vasicek, 2002), and Xenascus cera-
tioides (Masure et al., 2013), further support the breakup. Addi-
tionally, the presence of cosmopolitan taxa like Xiphophoridium
alatum, with high latitude affinities (Williams et al., 2004; Masure
et al., 2013), becomes more pronounced and consistent from the
Cenomanian age (Cabo Ledo Formation), likely related to Atlantic
Ocean water flows from north to south following the onset of
continental breakup.

Thus, the subtropical to the tropical affinity of pollen assem-
blages, coupled with dinoflagellates showing Tethyan affinity,
suggests an open connection between the Central Atlantic and
South Atlantic oceans since the mid-Cretaceous, extending at least
to the Kwanza Basin.

11. Conclusions

The palynological study of the Quissonde Facies of the Mucanzo
Formation and Cabo Ledo and Itombe formations yields the
following conclusions.

- The Quissonde Facies (Mucanzo Formation) spans from the
upper Albian to lower Cenomanian, based on the co-occurrence
of Odontochitina costata, Palaeohystrichophora infusorioides, and
Xiphophoridium alatum dinocysts. The Cabo Ledo Formation age
is dated from the Cenomanian, based on the occurrence of
Litosphaeridium siphoniphorum cyst and the Elateroplicites afri-
caensis pollen, together with Odontochitina costata, Palae-
ohystrichophora infusorioides, and Xiphophoridium alatum. The
Itombe Formation age is dated from the Turonian based on the
co-occurrence of Conosphaeridium striatoconum, Hetero-
sphaeridium difficile, Dinogymnium acuminatum, and Dinogym-
nium sp. cysts. These palynostratigraphy ages aligns with earlier
biostratigraphic studies conducted on different fossil groups.

- Samples fromQuissonde Facies of theMucanzo Formation, Cabo
Ledo, and Itombe formations predominantly exhibit fluorescent
AOM, indicating inner marine deposition mostly under dysoxic-
anoxic depositional conditions. Fluctuations in the water col-
umn are also evident.
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- The subtropical to tropical flora observed in the Quissonde
Facies of the Mucanzo Formation and Cabo Ledo Formation
(upper Albian to Cenomanian) reflects arid to semi-arid palae-
oclimatic conditions, probably linked to climatic changes asso-
ciated with continental breakup and the spreading of the
northern South Atlantic Ocean.

- Palynology and palynofacies assemblages of the Mucanzo For-
mation and Cabo Ledo Formation (upper Albian to Cenomanian)
potentially reflect a mid-Cretaceous Oceanic Anoxic Event. This
is indicated by an increase in terrestrial pollen and spores,
suggesting a rise in terrestrial organic matter input into the
ocean during periods of reduced marine plankton.

- Lastly, the presence of cosmopolitan taxa with a higher latitude
affinity suggests a predominant Tethyan influence, likely
responding to mid-Cretaceous paleogeographic changes. This
implies an open connection between the Central Atlantic and
South Atlantic oceans, extending at least to the Kwanza Basin.
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