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ABSTRACT

Revising the deep water stratigraphy exposed on Maio offers a key section recording the sedimentary
evolution in the distal domain of the Central Atlantic and the related North West African Atlantic margin
(NWAAM). The oceanic volcanic island is one of nine islands in the Cape Verde archipelago, and is
unique to the Central Atlantic due to the exposures of ophiolites and the overlying Mesozoic deep water
sediments uplifted during the Cenozoic. This provides the opportunity to assess at outcrop, the
exhumed sediments, stratigraphy and paleo-environments of the early Central Atlantic and contribute
towards the knowledge of passive margin evolution along the NWAAM, part of the largest continental

remnant of Gondwana.

Combined with the previous recording of calpionellids, the first collection of lower Valanginian
ammonites from the lowest sedimentary succession provides conclusive evidence that Jurassic
sediments are not present on Maio. Bed-by-bed sampling and ensuing micro-palaeontological analysis
of these 71 samples, together with a re-interpretation of Stahlecker’s remaining historical
palaeontological collection providing a comprehensive dataset to build a high-resolution stratigraphic
framework for the Mesozoic sediments. This reveals pelagic deepwater limestones of the Morro Fm.
were deposited until the upper Barremian. A major lithological change from carbonate- to siliciclastic-
dominated facies, corresponding to the Morro-Carquiejo Fm. boundary is recognised as a regional
hiatus spanning part of the Aptian identified across the Central Atlantic. The overlying Albian and
younger Carquiejo Fm. is seen as an equivalent to the Albian-Cenomanian black shales of DSDP Leg 41,
yet organic content is absent due to degradation. Future studies can build on this multi-disciplinary

investigation and rely on the revision of the stratigraphy of Maio.
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Introduction

Exhumed sediments on oceanic volcanic islands offer the opportunity to examine at outcrop deep sea
sediments deposited in passive margin basins that are otherwise only penetrated by the drill bit and/or
imaged using seismic reflection techniques. The fortuitous uplift of these sediments surrounding the
igneous complex allow a comprehensive analysis of deep-water stratigraphy; allowing a stratigraphic
framework to be developed for the distal domain and post-rift sedimentology to be fully examined

using conventional fieldwork and ensuing laboratory analysis.

The study of the island of Maio in the Cape Verde archipelago provides an opportunity to assess the
paleo-environmental evolution of the early Central Atlantic and contribute towards the knowledge of
the evolution of the NWAAM. This margin is part of the largest remnant of early Gondwana, the African
continent. New findings are integrated with results from the Deep Sea Drilling Project (DSDP) and
comparisons made with Mesozoic outcrops of Cuba and more generally with the Maiolica facies across

the Central Atlantic to correlate interpretations regionally.

This  multi-disciplinary analysis refines the stratigraphic scheme developed by geologists,
palaeontologists and stratigraphers since the early 20th century (see Fourcade et al., 1990 with
references). We also document the first collection of ammonites from the lowest part of the
sedimentary succession, with bed-by-bed sampling and high-resolution micro-palaeontological
analysis, combined with a re-interpretation of the remainder of the palaeontological collection of
Stahlecker (1935). This provides a comprehensive dataset that allows definition of a high-resolution
stratigraphic framework to address uncertainties surrounding the dating of the Mesozoic stratigraphy

of Maio.



Regional Setting and Stratigraphy
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Fig. 1 (A) — Location map of the Cape Verde archipelago with magnetic anomalies (MO ~125 Ma,
Barremian-Aptian boundary; M10 ~130 Ma; M16 ~145 Ma; M21 ~148 Ma; M25 ~154 Ma; Seton et al.,
2014), DSDP boreholes and location of Fig. 2 displayed. Bathymetric contours every 1000 m. (B)
Geological map of Maio after Stillman et al. (1982), with the locations of four studied sections presented
in this paper.

The Cape Verde archipelago is located in the Atlantic Ocean, ca. 500 km west of Dakar, Senegal and ca.
2000 km east of the present-day Mid-Atlantic Ridge (Fig. 1A). It encompasses 9 major active and inactive
volcanic islands. The island of Maio is part of the eastern N-S orientated chain, interpreted to be older

(10-20 Ma) than the western chain (<8 Ma; Holm et al., 2008). The islands rise 2-4 km above the

surrounding seafloor (Hayes & Rabinowitz, 1975), where magnetic anomalies have been identified



suggesting mid-plate emplacement on oceanic lithosphere between M11 (~136 Ma) and M16 (~145
Ma; Fig. 1A; Gradstein et al., 2012). The archipelago formed in the southwestern corner of the Cape
Verde Rise, one of the largest bathymetric swells in the world, elevated ca. 2.2 km above the expected
depth of the seafloor (Pim et al., 2008). It is generally accepted that the islands and swell formed above
a deep mantle plume with associated hot spot activity (Crough, 1978) and postulated dynamic uplift
(Pim et al., 2008). Flexure of the surrounding plate by Early Miocene volcanic loading created a

concentric flexural moat with 2 km of stratigraphic infill (Ali et al., 2003).

Maio DSDP 367 NE W
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Fig. 2— Schematic cross-section through the NW African Atlantic passive margin highlighting the main
stratigraphic packages and architecture of the basin. Approximate locations of DSDP 367 and magnetic
anomalies (Seton et al., 2014) shown. Location of section detailed in Fig. 1A.

Maio is unique among the Cape Verde archipelago as it hosts a complete sedimentary sequence resting
on ocean floor extending to the volcaniclastic sediments that record emergence of the oceanic island
(Fig. 1; Fig. 2). These outcrops offer the only opportunity to study exposed deepwater Cretaceous
successions at outcrop in the Mauritania-Senegal-Guinea Bissau-Conarky (MSGBC) Basin. The
stratigraphy was summarised by Fourcade et al. (1990) and the chronostratigraphic events from
previous workers are presented in Fig. 3. Exposed at the core of Maio is the Central Igneous Complex
(CIC), an unroofed alkaline plutonic body intensely intruded by swarms of sills and dikes with mafic to
intermediate composition (Serralheiro, 1968). The Mesozoic stratigraphy is exposed in a ring of
outcrops, radially dipping away from the CIC (Fig. 1B), consisting of 4 formations: the Batalha Formation
— normal-type mid-ocean ridge tholeiitic pillow basalts (de Paepe et al., 1974); the Morro Formation —
homogeneous thick bedded fossiliferous pelagic limestones becoming thin bedded with interbedded
marls upwards (informally termed the ‘upper transitional unit’ by Robertson, 1984), with a basal
ferruginous facies; the Carquiejo Formation — heterogeneous unit of shales, siltstones and limestones;
and the Coruja Formation — tuffs, sandstones and conglomerates (Stillman et al., 1982; Robertson,
1984). The Mesozoic stratigraphy is unconformably overlain by Tertiary and Quaternary formations

associated with Maio’s emergence.
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Fig. 3 — Chronostratigraphic summary chart for the geological evolution of Maio. Inset — references.

Kindly provided by Steve Lawrence (pers. comms. 2018).

Methods

A multi-disciplinary approach has been adopted to the analysis of Maio sediments to build on existing

studies and utilise previously captured data. New ammonoid findings and key calcareous nannofossil

species are fully illustrated for future reference.

Sedimentology

Detailed sedimentary logging was performed during one field season and samples collected for
subsequent petrographical investigation. Five black shale samples were selected for organic
geochemical analysis using a Shimadzu TOC-V CPN and Solid Sample Module (SSM), calibrated to

sodium carbonate and glucose to measure inorganic and total carbon respectively. None of the samples

yielded any organic carbon content.




Biostratigraphy

Calcareous nannofossil biostratigraphy

71 samples from Maio were analysed with standard techniques described by Bown (1998), and the
picking brush method of Jeremiah (1996). Samples were analysed semi-quantitatively, with the first 30
fields of view counted and the remaining slide scanned for rare specimens. Sampling focused on the
upper transitional unit and overlying Carquiejo Fm. where marls were abundant, however recovery was

generally poor. Key specimens from the section are illustrated with the associated log.

Macro-fossil biostratigraphy

Due to intensive quarrying activities, the collection of new macro-fossils was challenging. However, a
new assemblage of limonitic ammonites was made at Monte Esgrovere (Fig. 1B), belemnite specimens
recovered from Monte Carquiejo (Fig. 1B) and Aptychi discovered throughout the sections. To
complement the analysis of new material, the authors accessed the macro-fossil collection of
Stahlecker hosted in the Palaeontological Museum of the University of Tlbingen, where all remaining

specimens were documented and photographed.

Foraminiferal biostratigraphy

10 samples were chosen with relatively abundant calcareous nannofossil content and prepared using
the standard methodology described by Armstrong and Brasier (2005). All samples except one, RC-6,

yielded no visible microfossils, likely due to the altered nature of the lithology.

Calpionellid biostratigraphy

Following the report of calpionellids by Fourcade et al. (1990), four samples from Monte Esgrovere

were cut for thin sections in two planes. Unfortunately, there were no notable calpionellid occurrences.

Results

Five sections were selected for detailed bed-by-bed logging and sampling after thorough
reconnaissance following the geological map of Stillman et al. (1982). Since the earlier work of
Stahlecker (1935) and Serralheiro (1975; see their Fig. 4) the nature of the outcrops have been affected
by local quarrying. Unpublished field photographs in the collection of Stahlecker Tubingen Museum,

and photographs published by Serralheiro (1975) show abundant surface exposure at Ribeira do Morro,



but most of this has now been removed and quarried (see supplementary data Fig. S1). Although more

complex, access to the sections is still possible.

Data was attained from both flanks of the island to provide spatial coverage, with a maximum distance
between sections of ca. 10 km East-West. The definition of the Morro-Carquiejo Fm. boundary by
Stillman et al. (1982) was recognised and followed; this contact is commonly intruded by younger
intrusives exploiting the rheological weakness between the different lithologies. On the eastern flank,

the authors are in agreement with Stillman et al. (1982) that the stratigraphy has been thrusted.



Ribeira do Morro Section (Sample prefix: RDM)
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Fig. 4 — Detailed sedimentary log with the majority of igneous intrusions removed from Ribeira do
Morro, see location in Fig. 1B. Samples taken for the calcareous nannofossil biostratigraphy are
annotated, five specimens are illustrated: (A) A. youngii, (B) N. steinmannii, (C) C. rothii, (D) E.
turriseiffelli, (E) Z. scutula, and the distribution charts are provided in the supplementary data (Table
S1). Inset — a sketch geological map highlighting where the section was logged along in the river bank
exposures and in subsurface quarries, the lack of surface exposure due to quarrying activities (see
supplementary data Fig. S1) and structural data recorded in the field.

The most complete succession, previously documented, is now a more complex exposure of isolated
small quarries and small outcrops along the ephemeral Morro River (Fig. 4). It was possible to log the
exposures in the river bank as shown in Fig. 4 (map inset) and construct a composite log. This can be
correlated with the graphical reconstruction of Stahlecker’s log of the full Ribeira do Morro sequence,
shown in Fig. 5, with the palaeontological horizons annotated. The stratigraphic location of our
composite log (Fig. 4) is displayed on the complete log (Fig. 5). These were well documented and the

specimens in the Tlbingen collection viewed and re-described as part of this study.

Lithofacies

Batalha Formation

Basaltic Pillow Lava — The base of the section exposes coarse-fine grained, dark green-grey basaltic
pillows with a maximum diameter of 60 cm, surrounded by thermally altered meta-sediments. These
crop out in isolated exposures at the head of the Morro River, 2.2 km ENE of Morro village. Traversing
west (Lat.: 15.18357°, Long: -23.20195°), the Mesozoic sequence can be followed downstream. Faulting
is inferred from deformation of bedding and dips, and intrusions are common. The contact between

the Batalha and Morro Fm. is placed in a heavily deformed zone with fault breccias and dikes.

Morro Formation

Massive to bedded limestone facies — The lowermost Morro Fm., above this ill-defined contact, is
composed of dark grey-black, thickly-bedded (av. 30 cm) to massive cyclical limestone with common
stylolites and calcite veining. The limestones contain vitreous black chert horizons and nodules and
show minor parallel laminations. Partings are undulating and marls absent. Sample RDM-12 is a typical
Morro Fm. limestone, which in thin section records a micritic matrix with a wackestone texture, also
containing recrystallized radiolarian and pyrite (see supplementary data Fig. S2). A stratigraphic gap of
estimated 100 m thickness exists between this exposure in the stream bed and the first subsurface
quarry, this interval is also cut by small faults, which can be observed offsetting the stratigraphy
between exposures, and folded in places (see supplementary data Fig. S3A). Within the first quarry, the

almost vertical Morro limestones revealed common apytchi on certain bedding planes. Chert content



decreases and the limestone is generally a lighter grey colour and up-section the beds become thinner.
Sample RDM-30 contains abundant pyrite within the nodular texture of the micritic limestone. The
limestones have undergone the early stages of the pressure-solution processes, with stylolites

beginning to form (see supplementary data Fig. S2).

Slow accumulation of the massive to bedded limestone facies occurred in a deep-water setting by
pelagic deposition, above the calcite compensation depth (CCD). The repetitive nature of the beds with
consistent lateral continuity indicates steady cyclical sedimentation across the sea floor with minor
current activity producing undulating partings (Stillman et al., 1982). Our analysis of thin sections has
failed to find any quartz within this facies; this is in agreement with Robertson’s (1984) interpretation

that this part of the basin was isolated from terrigenous sediment during deposition of this facies.

Upper Transitional Unit

Flaggy limestone facies — Exposure of flaggy limestone beds are observed in the river bank upstream
and downstream of a small dam (Lat.: 15.18429°, Long: -23.20429°). The flaggy limestone beds are
generally thinner bedded (av. 10 cm), increasingly laminated and less silicified. Interbedded bituminous,
fissile, calcareous mudstones were sampled for nannofossil content (RDM-36 to 67, Fig. 4). An
ichnofacies is recorded in these sediments at the MC section (see Section 4.3.1). Horizons of mm-scale
iron concretions occur in the flaggy limestones. A fairly large number of aptychi, fish remains and
ammonites were collected from this part of the succession, some of which were published by Stahlecker

(1935) and revised below.

The contrasting facies of the upper transitional unit to the main Morro Fm. was deposited by distal
turbidites and the thinner bedded nature of the flaggy limestones indicates less continuous pelagic
sedimentation between events. The increasing clay content suggests terrigenous material reached the
deep basin. These depositional conditions favoured the preservation of calcareous nannofossils, trace

fossils and ammonites.

Carquiejo Formation

Non-calcareous silicified mudstone facies — The change from calcareous to non-calcareous dominated
sedimentation and the absence of competent limestone beds is taken as the Morro-Carquiejo Fm.
boundary. Aregional 70 cm-thick sill is observed at the lithological contact on either flank of Maio that
obstructs direct observation of the sedimentary boundary with the overlying unit of non-calcareous,
green-orange weathered, silicified mudstone of the Carquiejo Fm. This 4-5 m thick mudstone unit is

commonly heavily fractured and has no internal structure, bar a singular 30 cm-thick limestone bed.



RDM-68 records a non-calcareous mudstone of the Carquiejo Fm, with no visible lamination and minor

organic matter (see supplementary data Fig. S2).

Above this unit, the Carquiejo Fm. is typically heterogeneous, composed of thin-bedded shales,
siltstones and laminated limestones. Exposure is absent below a fence crossing the river (Lat.:

15.18430°, Long: -23.20428°), where the stratigraphy is folded and heavily eroded.

The non-calcareous mudstones are interpreted as being deposited below the CCD with a marked
increase in terrigenous input from the NWAAM. Presence of wood material (see Section 4.3.1) in these
deposits supports this interpretation. During diagenesis, reducing conditions prevailed as the facies has
a ferruginous staining. The overlying heterogeneous unit was deposited by turbidity currents relatively

rapidly in comparison to the pelagic Morro Fm.

Ammonite Biostratigraphy

The following biostratigraphic interpretation is based on the re-examination of the material collected
and published by Stahlecker (1935). The ammonite collection made by Stahlecker (1935) originates
from the upper part of the Morro Fm. (levels | to V) and the Upper Transition Unit (levels VIl to XIV) (Fig.

5). The uppermost part of the Morro Fm. is marked by a barren interval.
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Fig. 5 — Reconstructed sedimentary log of the complete Ribeira do Morro section after Stahlecker
(1935) with macrofossil horizons (I — XIV) displayed. The approximate stratigraphic location of Fig. 4 is
shown. A selection of the key ammonites are illustrated: (A) VII — Leptohamulina cf. distans (=
Leptoceras aff. sabaudianum in Stahlecker, 1935); (B) VII — Lytocrioceras sp. (= Ancyloceras sp. in
Stahlecker, 1935); (C) VIl = Mascarellina gr. hamus (= Hamulina cf. hamus in Stahlecker, 1935); (D-E) VI
— Eoheteroceras multicostatum (= Heteroceras giraudi in Stahlecker, 1935); (F) VIl — Eoheteroceras
multicostatum (= Heteroceras aff. heterocostatum in Stahlecker, 1935); (G) VIl — Pulchellia sp. (=
Pulchellia rhombocostata in Stahlecker, 1935); (H, I) X — Toxancyloceras gr. vandenheckii (= Ancyloceras
matheronianum in Stahlecker, 1935); (J) XI — Heinzia sp. (= Douvilleiceras irregulare in Stahlecker, 1935);
(K) XIl = Heinzia sp. (= Pulchellia hoplitiformis in Stahlecker, 1935). Location detailed in Fig. 1B and key
in Fig. 4. Note the change in scale, each bar represents 10m. All ammonites are natural size except Fig.
J.(x2).

Stahlecker’s original material is preserved in the Palaeontological collections of the University of
Tubingen (Germany) but most of the specimens that were re-examined in the late 1980’s by the late

Robert Busnardo (Fourcade et al., 1990) from the Morro Fm. are missing.

Based on Busnardo’s interpretation of the fauna, Fourcade et al. (1990) assigned a late Hauterivian age

to this interval. Even so we could not access the material, we support this view since level | to V are



characterized by the occurrence of fairly abundant Didayilamellaptychus of the angulicostatus group,
including the type specimen of Didayilamellaptychus atlanticus (Hennig, 1914). It is clearly established
that these taxa characterise the Upper Hauterivian (Méchova et al., 2010; Vasicek et al., 2016). We also
agree with Fourcade et al. (1990) that the ammonoids from the topmost Morro Fm. (level VI) are not

diagnostic.

The overlying level VIl is marked by a fairly diverse fauna dominated by heteromorphic ammonoids. The
overall preservation as crushed impressions, is fairly poor, but was thought sufficiently distinctive by
Stahecker to allow the introduction of new taxa such as Heteroceras multicostatum, Toxoceras

filicostatum, Ancyloceras maioense and Bochianites hennigi.

According to Busnardo in Fourcade et al. (1990), these forms should be re-interpreted as an assemblage
of Sabaudiella (= Eoleptoceras in Fourcade et al., 1990), Acrioceras and Hamulina of late Hauterivian
age. In our opinion this view is to be reconsidered in the light of the extensive recent literature on the
upper Hauterivian and lower Barremian heteromorphic ammonoids (see references in Klein et al., 2007;
Vermeulen, 2010a; Vermeulen et al., 2014; Leroy et al., 2016). The most significant taxa are illustrated

on Fig. 5A-F.

In our views, the genus Lytocrioceras as interpreted by Delanoy and Poupon (1992) and Ebbo et al.
(1999) is represented by open spires (such as T. filicostatum) and large proversum fragments (Fig. 5B
and A. maioense). Heteroceras multicostatum has been variously interpreted in the literature (see
comments in Vasicek and Wiedmann, 1994; Vasic¢ek & Klajmon, 1998). In our opinion, it should rather

be included in Eoheteroceras and it is closely allied to E. norteyi (Myczyniski and Triff).

The fauna also includes a number of small sized Anahamulinidae that show two distinct morphologies.
The smaller forms (Fig. 5C) are close to Mascarellina hamus (Quendstedt). The highly divergent shaft
and proversum of the larger forms (Fig. 5A & F) recalls Leptohamulina distans (Vasicek), and to a lesser
extent, Vasicekina autinae (Vermeulen). Due to the state of preservation of the Maio specimens, full
identity cannot be established, but the overall morphology is that of Leptohamulina. It should be noted
that a fairly similar specimen was illustrated by Myczyniski and Triff (1986, pl. 3, Fig. 10), and as a whole
the assemblage from level VIl is very similar to the fauna from the Polier Fm. of Cuba. Based on the
known occurrence of Lytocrioceras in France and Eoheteroceras in Cuba, we retain an early Barremian
age for this assemblage. The occurrence of Lytocrioceras strongly suggests that the association cannot

be any older than the K. nicklesi ammonite Zone.

The occurrence of Pulchelliidae from level VIl to level XIV is of major biostratigraphic significance. Three

representative specimens are illustrated herein (Fig. 5G, J and K). Identification at the species level is



handicapped by the preservation of the material but we are confident that the ornamental features are
those of the late early (level VIII) to early late Barremian (level X to XIV) forms of the genera Pulchellia
(Fig. 5G) and Heinzia (Fig. 5J-K) (Vermeulen, 2003; Patarroyo, 2004). The base of the upper Barremian
is placed at level X based on the occurrence of Toxancyloceras of the vandenheckii group (Fig. 5H-I)

(Delanoy, 2003; Bert et al., 2018).

Calcareous Nannofossil Biostratigraphy

The basal intercalated mudstones from the Morro Fm. sampled between RDM-27 and RDM-38 are
extremely poor, no age assigned (Fig. 4 & Table S1). Nannofossil recovery improves from RDM-40
upwards within the upper part of the Morro Fm. A poorly preserved, moderate diversity assemblage
yields Zeugrhabdotus scutula, Assipetra terebrodentarius youngii and Nannoconus steinmannii. This
association is indicative of a latest Barremian through earliest Aptian age. Above sample RDM-51,
nannoconid abundance drops significantly with N. steinmannii only sporadically identified (RDM-63 &
RDM-66). Conusphaera rothii is not recorded from this section, this probably more of a preservational

response than a true stratigraphic event.

The Carquiejo Fm yields a low diversity assemblage characterised by the continued occurrence of A.
terebrodentarius youngii and the appearance at RDM-70 of Eprolithus floralis (Fig. 4 & Table S1). The
presence of these two markers indicate a lower Aptian to earliest Albian age range. Preservational bias

affects the actual top/base of nannofossil events, rather than true FO/LO.



Monte Esgrovere Section (Sample prefix: ESG)
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Fig. 6 — Detailed sedimentary log of the Monte Esgrovere section with photographs of the new
collection of ammonites: (A) Neolissoceras (Vergoligeras) sp. juv. gr. salinarium; (B) Bochianites sp.; (C)
“Busnardoites” sp.; (D) Kilianella sp. All ammonites are natural size except Fig. A and C (x2). Location
detailed in Fig. 1B and key in Fig. 4.



Patchy exposure across the Monte Esgrovere hillside can be correlated to produce a detailed log (Fig.
6), with the inferred igneous units in Fig. 4. At the location defined by Fourcade et al. (1990) there was
no present-day surface exposure, with evidence of quarrying, hence a section was selected 1 km to the
ESE (Lat.: 15.16296°, Long: -23.18191°). This is the only location on the island preserving a complete
section from Batalha Fm. lavas, through the basal ferruginous facies to the main pelagic limestones of

the Morro Fm.

Lithofacies

Batalha Formation

Silicified limestone facies — The inter-lava sediments within the Batalha Fm. comprise red-purple
silicified limestones and chert previously described by Fourcade et al. (1990). These are observed in
two outcrops separated 5 m apart along strike, have a thickness of ca. 1 m, interbedded with inferred
pillow lavas (ESG-0, see supplementary data Fig. S2). The sediments show undulated bedding. Sample
ESG-0is a red ferruginous mudstone with a banded fabric (see supplementary data Fig. S2). The micritic
matrix contains quartoze silt and calcified radiolarian, with a dark black band of opague hematite.
Above this, isolated exposure of the interlava sediments is ca. 20 m of poorly exposed pillow lavas. The
contact between the Batalha and Morro Fm. is not directly observable, but is inferred as the break in

slope before the more competent Morro Fm. limestone crops out.

Stillman et al. (1982) assumes that the variolitic texture of the pillow lava indicates eruption of the mid-
ocean ridge basalts between 1000-1500 m water-depth. In the latter episodic stages of pillow lava
formation, silicified limestones accumulated above the CCD and were reworked by current activity

during periods of volcanic quiescence.

Morro Formation

Ferruginous limestone facies — At this location, the basal limestone has weathered to a bright orange
colour due to ferruginous enrichment (Stillman et al., 1982), gradually fading to the typical grey of the
Morro Fm. The limestone is thickly bedded, occasionally with finely laminated, mm-scale, horizons of
iron concretions, containing a diverse macro-fossil assemblage. Thin sections of two samples from this
interval show different characteristics. Sample ESG-12 has a mudstone texture containing thin-shelled
bivalve fragments and recrystallised radiolaria (see supplementary data Fig. S2). This microfacies shows
a nodular pseudo-laminated fabric with abundant dark, wavy seams of organic material. Sample ESG-
16 has a similar microfacies (top and base; see supplementary data Fig. S2) punctuated by a normally-

graded bed, where the boundary appears stylolitized. Micro-faulted calcite veins cross-cut the sample.



A thin intraformational conglomerate is present within the basal facies containing rounded clasts of
altered volcanic glass and pellets of chlorite in a ferruginous micritic matrix (Robertson, 1984). The
transition to typical Morro Fm. limestones is gradual observed along the exposure as it continues across

the hill, where surface mining is currently active.

The pelagic limestones formed in a hydrothermal field active during and sometime after the latter
stages of volcanism, causing metalliferous enrichment that gradually waned (Stillman et al. 1982).
Robertson (1984) highlights the geochemical similarities between this Fe-enriched and Al-depleted
facies and oceanic pelagic sequences in the Pacific seamount chains, but suggests deposition occurred

in a topographic low evidenced by laminated sedimentation.

Biostratigraphy

The newly collected material from the base of Morro Fm. is preserved as limonitic internal moulds of
juveniles. It includes Vergoliceras of the salinarium group (Fig. 6A), Bochianites sp. (Fig. 6B), Kilianella
sp. (Fig. 6D), olcostephanids, and a poorly preserved neocomitid that is tentatively assigned to
“Busnardoites” sp. (Fig. 6C). Co-occurrence of Vergoliceras and Kilianella leaves no doubt about the
middle early Valanginian age of the assemblage (Neocomites neocomiensiformis Zone, see Company

and Tavera, 2015 with references).

Re-evaluation of the calpionellid illustrated by Fourcade et al. (1990) by Daniela Rehakova (pers.
comms. 2019) suggests that the Calpionellites species identified by those authors rather marks the
upper part of the Calpionellites Zone, e.g. the Major Subzone. This subzone indicates the middle to late
Lower Valanginian (Petrova et al., 2011), supporting the age assignment from the ammonite

biostratigraphy.



Monte Carquiejo and River Cut Sections (Sample prefix: MC & RC)
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Fig. 7 — Detailed sedimentary log of the Monte Carquiejo and River Cut section, separated by
approximately 120 m. Samples taken for the calcareous nannofossil biostratigraphy are annotated and
the distribution charts are provided in the supplementary data (Table S1). One belemnite was identified
and studied; the location in the stratigraphy is shown supporting the age interpretation from the
calcareous nannofossils. Location detailed in Fig. 1B and key in Fig. 4.

Lithofacies

Located northwest of Monte Carquiejo (Lat.: 15.20829°, Long: -23.12218°), the Morro and Carquiejo
Fm. boundary is well exposed for ca. 10 m in a small stream valley (MC; Fig. 7). The upper transitional

unit and Carquiejo Fm. has many similarities to the Ribeira do Morro section (RDM).



The upper transitional unit is composed of cyclic bedded small packages (av. 20 cm thick total) of
bituminous dark grey calcareous mudstones, interbedded with very thin (<5 mm) beds of limestone.
Limestone content increases upward, cumulating in a massive flaggy limestone (av. 10 cm thick). These
thin-bedded limestones contain numerous horizons of mm-scale iron concretions, some of which are
lenticular in shape. A belemnite-rich horizon is recorded within this unit that can be correlated around
the flank of Monte Carquiejo. At this location a sill is also intruded at the contact between the
formations. The stratigraphy appears conformable, with no apparent change in the dip of the bedding
(see supplementary data Fig. S3B). The overlying Carquiejo Fm. is again heterogeneous; comprising
lowermost beds of non-calcareous weathered-orange blocky mudstone up to 1.5 min thickness. A small
package of thin-bedded limestone sits above this, where a 20 cm long piece of wood debris was

observed (see supplementary data Fig. S3C).

Exposed across the NE slopes of Monte Branco and Monte Carquiejo, along strike from the Monte
Carquiejo section (MC) and down dip within the main Morro Fm., a distinct 30 cm-thick bed of pale
orange to tan limestone has a moderately preserved assemblage of trace fossils on the dolomitized
base of the bed (see supplementary data Fig. S3D-E). Narrow 1-3 mm in diameter, non-branching,
structureless Planolites burrows are relatively abundant. Larger >10 mm in diameter, Y-branched
Thalassinoides burrows are postulated. At the Monte Carquiejo section (MC), in bed MC-7 within the
upper transitional unit, narrow <1 mm in diameter, Y-shaped branching Chrondrites burrows weather
a dark orange colour in comparison to the grey limestone sediment (see supplementary data Fig. S3F).
Collectively, these trace fossils likely represent the Nereites ichnofacies and consequently, is the first
ichnofacies description from Maio providing evidence of a deep offshore marine palaeo-environment

(after Gerard & Bromley, 2008).

Approximately 120 m east (Lat.: 15.18457°, Long: -23.20481°), the Carquiejo Fm. crops out in the
eroded river bank (RC), this is the youngest stratigraphy analysed in the paper (Fig. 7). The section ca.
5 m thick is heterogeneous composed of thin-bedded limestones, non-calcareous and calcareous
mudstones. Above this, a band of white stained debris appears in the river bank, which is thought to

represent heavily eroded bleached black shales.

Biostratigraphy

Sixteen samples from the marls of the upper transitional unit of the Morro Fm. were investigated. All
yielded low diversity assemblages characterised by Assipetra terebrodentarius and A. terebrodentarius
youngii, its presence indicating an age no older than latest Barremian (Fig. 7 & Table S1). Nannoconus

spp. are rare throughout the section and not recorded above MC-12. Nannoconus steinmannii is



restricted to the bottom sample analysed, MC-5. Isolated occurrences of Zeugrhabdotus scutula are
recorded from samples MC-12 and MC-17 and indicate an age no younger than earliest Aptian.
Conusphaera rothii was not recorded from the Monte Carquiejo samples analysed, this considered

more a reflection of poor recovery than absolute stratigraphic ranges.

The belemnites recovered from the upper transitional unit are juvenile forms most probably
Mesohibolites, although not identifiable at the species level (Fig. 7). This genus has an age range from

the late Barremian to earliest Aptian and is supportive of the MC nannofossil datings.

The youngest Cretaceous succession with nannofossil recovery was investigated at the Monte
Carquiejo River Cut (RC). Nine samples were analysed, two samples barren of nannofossils (RC-11 & RC-
14), the remainder yielding a poorly preserved, moderate diversity assemblage (Fig. 7 & Table S1). The
presence of Eiffelithus turriseiffelii in the absence of Gartnerago nanum / G. theta, Acaenolithus
cenomanicus and the Broinsonia signata / B. enormis plexus indicates a stratigraphic level within the
upper part of the late Albian. Additional support for this age assignment is provided by the presence of
Hayesites albiensis in the basal sample RC-5 and occurrence of Watznaueria britannica (samples RC-7

& RC-10), both species having documented LAD’s close the top Albian.

Sample RC-6 produced very abundant planktonic foram chambers observed semi-buried in lithic
fragments. Despite lithic material remaining attached to the specimens, Globigerinelloides and
Hedbergella are identified, although unidentifiable at a species level are consistent with the late Albian
age assigned. There is one specimen resembling G. bentonensis which is not older than mid-late Albian.
The abundance of the planktonics (which is high) suggests strong, open ocean, well oxygenated marine

conditions within the upper water column.
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Stratigraphy

Despite previous efforts the stratigraphy of Maio has remained poorly dated and significant
uncertainties have persisted throughout publications. Our comprehensive analysis of new fieldwork
data complementing an exhaustive re-interpretation of existing data has contributed towards resolving
these issues and improving the stratigraphic resolution (Fig. 8). The unpublished geological report of
Rigassi (1972) underpins the dating of the sedimentary sequence of Maio and was studied as part of
our analysis. The ages assigned to the stratigraphy are not supported by any macro-/micro-fossil plates
or sedimentary logs leaving little scientific value for use in this paper. One of the uncertainties regards
the Tithonian age reported in the literature for the lowermost stratigraphy exposed on the East flank
of Maio. Our study joins Robertson and Bernoulli (1982), Stillman et al. (1982), Robertson (1984) and

Fourcade et al. (1990) in recognising the absence of any Jurassic paleontological evidence to support



this interpretation. The new ammonite assemblage documented at ESG, complementing the
calpionellid dating of Fourcade et al. (1990) validates that the interlava sediments of the Batalha Fm.
and overlying basal facies of the Morro Fm. are Lower Valanginian in age, part of the Neocomites
neocomiensiformis Zone. This is in agreement with the positions of magnetic anomalies M11 and M16

relative to Maio (Fig. 1A).

Age definition for the upper transitional unit of the Morro Fm. is now robust; independent
palaeontological analyses of sections on each flank of the island provide strong evidence of a late
Barremian age, even so an early Aptian age cannot be excluded for the top of formation. Our new dating
of the Carquiejo Fm. supports the Albian age interpretation of Fourcade et al. (1990), and as a
conseqguence, the recognition of a hiatus or discontinuity spanning part of the Aptian and separating
the contrasting lithologies of the Morro and Carquiejo Formations (Stillman et al. 1982). Our youngest
age attributed to the Carquiejo Fm. from the RC section is of Late Albian age. This is not representative
of the true youngest age for the formation as stratigraphy exposed higher up in this formation yielded
no age data, and in addition, the overlying unconformity may have eroded section. Therefore, we are
unable to determine the youngest age for the Carquiejo Fm. and hence, the possible oldest most age

for the volcanism on Maio due to the volcanic origin of the overlying Coruja Fm.

Regional Correlation

By correlating the results from Maio to additional data available in the Central Atlantic (DSDP results,
outcrops in Cuba and more generally to the Maiolica facies of the Western Tethys) allows the Maio
sediments to be considered within a regional context. DSDP Site 367 is the nearest penetration (ca. 450
km SE, Fig. 1B) of the Cretaceous stratigraphy (Lancelot et al. 1976). A comparison of stratigraphic
thickness is not directly proposed due to the imprecision of measurements on Maio. However, Ali et al.
(2003) highlight from seismic reflection data that this package thickens from west to east in response
to sediment loading and flexure at the West African continental margin. As such a thinning from Site
367 (ca. 225 m) to Maio is postulated, but may not be representative as DSDP Site 367 was drilled on a
structural high (Lancelot et al. 1976). As discussed by Robertson (1984), red-brown argillaceous
limestone facies encountered at Site 367 (Unit 6; “Rosso Ammonitico” sensu Farinacci & Elmi, 1981)
below the white nannofossil limestones (Unit 5) were not recognised on Maio (Lancelot et al. 1976). In
light of the biostratigraphic results for the lowermost stratigraphy indicating a Lower Valanginian age

(see Section 4.2.2) we would not expect to encounter these Jurassic sediments on the island.

The pelagic deep water limestones with chert of the Morro Fm. resemble lithologically,

paleontologically and stratigraphically the Maiolica facies of the Western Tethys and Atlantic



(Wieczorek, 1988), and are drilled across the Central Atlantic by the DSDP (Miiller et al. 1983).
Generally, the Maiolica facies is white to grey, compact, well stratified, pelagic limestone with dark
nodular/layered chert, structured in 5-30 cm thick beds with little internal bedding due to intense
bioturbation (Wieczorek, 1988). Lithological variations exist, exemplified by the comparison of
stratigraphically equivalent Maio sediments to Unit 5 of DSDP Site 367 where marl interbeds are more
common, related to the relative proximity to terrigenous supply from the NWAAM. Aptychi dominate
the macro-fossil assemblage of the Maiolica facies and as such are prevalent in Unit 5 (DSDP Site 367;
Renz, 1983) and observed in the Morro Fm. The Polier Fm. exposed on Cuba offers the nearest outcrop
occurrence of a similar sedimentary sequence to the Morro Fm. (Pszczotkowski & Myczynski, 1999),
albeit there is an overprint of clastic turbidite sandstones. There is a strong resemblance between the
facies, ammonite fauna and associated preservation style as once the Central Atlantic is reconstructed
to Lower Cretaceous times, the sediments now exposed on Maio and Cuba would have been deposited

at similar paleo-latitude and water depth (Davison, 2005).

The upper transitional unit records a discernible shift in the sedimentation style from the main Morro
Fm. as more clay is introduced into the Central Atlantic and anoxic conditions commence (Chamley et
al. 1988). This is reflected in the top of Unit 5 (Core 25 to 26, DSDP Site 367; Lancelot et al. 1976) where
light grey limestones interbedded with olive black marl were encountered. Similarly this transitional
facies is cropping out within the upper Polier Fm. (Pszczétkowski, 1978), and more widespread across
both margins of the Tethys, Alps, Central Atlantic and Pacific (de Graciansky et al. 1981). On Maio, the
Morro-Carquiejo sharp transition between calcareous and argillaceous dominated facies is clear. This,
along with the biostratigraphy results, supports the interpretation of a regional hiatus recorded in the
Western Tethys and Central Atlantic between the latest Early Aptian into the Late Aptian to Albian
interval (Event E1 - Miiller et al. 1983). Robertson (1984) generally links the overlying Carquiejo Fm.
stratigraphy to the upper Mid-Cretaceous black shale facies drilled at DSDP Sites 367 and 368, whilst
we agree with this broad interpretation further definition is possible. The non-calcareous claystones
exposed at both the RDM and MC sections are seen as equivalent to the facies encountered in Core 24,
DSDP Site 367 and not penetrated at DSDP Site 368 (Lancelot et al. 1976). The limited exposure of the
upper Carqueijo Fm. prevents complete integration with the DSDP results; however the late Albian RC

section is likely to be a distal equivalent of this upper Mid-Cretaceous black shale facies.

Paleo-Environmental Evolution

Ocean floor formation occurred during the lower Valanginian above the CCD, where interlava sediment
was able to develop in quiescence periods of volcanism. The similarities in age between the interlava

sediments (Fourcade et al. 1990) and basal Morro Fm. suggests that there was no break in



sedimentation. A prolonged period of terrigenous starvation occurred extending from the lower
Valanginian to Hauterivian resulting in the deposition of thick pelagic limestones in a deep water basinal
environment. During this period, aggradational carbonate platforms extending around the
circumference of the Central Atlantic were the focus of sedimentation preventing terrigenous material
reaching the deep basin (Mourlot et al. 2018). The Morro Fm. pelagic limestones and Maiolica facies
were deposited above the aragonite compensation depth (ACD) and above the CCD, due to the
occurrence of calcitic aptychi and ammonites, both having aragonitic shells, in a basin starved of
terrigenous input. Wieczorek (1988) highlights that these observations do not specify paleo-water
depths, as suggested by Robertson (1984). Benthic life in the deep water basinal environment is

indicated by the ichnofacies observed within the Morro Fm.

The presence of black shale facies interbedded in the upper transitional unit is not supported by TOC
measurements, however the presence of fish remains and planktonic ammonites hints to dysoxic
conditions. The co-occurrence of ornamented pulchellids and heteromorphic ammonoids is most
typical of the shaley interlayers within the Maiolica facies (Cecca et al. 1995). The faunal assemblages
are largely dominated by small size heteromorphs, a morphology that is known to indicate dysaerobic
environments (see discussion in Frau et al. 2016). Organic geochemical analysis of the equivalent
section at DSDP Site 367 reveals a high TOC content, 4-25% within the marls (Lancelot et al. 1976); as

such this anoxic environment is postulated in the upper transitional unit during the upper Barremian.

The regional hiatus occurs in a variety of depositional settings from carbonate platforms to pelagic
environments, recording a significant facies contrast that is attributed to the raising of the CCD in
response to a sea level-rise (Hancock, 1975; Vail et al., 1980; de Graciansky et al., 1981), and occurs
coevally with the rifting phase in the North Atlantic and Equatorial Atlantic (Sibuet et al., 1980;
Olyphantetal., 2017). The introduction of terrigenous material in the lower Carquiejo Fm. and identified
in DSDP Site 367 (Core 24) corresponds to the increased delivery of argillaceous sediment by shelf edge
deltas along the NW African Atlantic margin (Luber et al., 2019; Mourlot et al., 2018), introducing
abundant plant debris. Evidence for early volcanism in the Cape Verde archipelago was suggested by
the presence of tuffs within the Carquiejo Fm. (Serralheiro, 1968, 1970); however our field work
supports Robertson’s (1984) lack of identification of volcanic material in the formation. Consequently
we follow previous interpretations that volcanism began in Paleogene to Miocene times. Although, the
possibility is not dismissed as Van de Bogaard (2013) dates 4 seamounts of Lower Cretaceous age (142-
119Ma) using “°Ar/3°Ar ratios within the Canary Island Seamount Province, and volcanic glass is present

in Late Cretaceous to Tertiary succession of DSDP Site 368 (Lancelot et al. 1976).



Conclusions

This multi-disciplinary study has revised the stratigraphy for the Cretaceous sediments exposed on Maio
and provides a key section to define the stratigraphic framework in the distal domain of the Central
Atlantic. Dating of a new collection of ammonites from the basal Morro Fm. definitively indicates a
lower Valanginian age for the oldest sediments on Maio, revising the previous interpretations of a
Jurassic age. The ferruginous limestone facies were deposited by pelagic processes in a metalliferous
hydrothermal field resulting in Fe-enrichment. Re-interpretation of the original collection of macro-
fauna collected by Stahlecker was undertaken, essential to any stratigraphical study of these sediments,
as this collection is likely to be irreplaceable due to intensive quarrying on the island. Combined with
the first substantial nanno-fossil study of 71 samples and integration with new macro-fossils collected
as part of this study, a refined stratigraphy is proposed for the Morro Fm. This suggests the youngest
Morro Fm. is of upper Barremian age. The evolution from the main Morro Fm. massive to bedded
limestone facies to the upper transitional unit flaggy limestone facies is a result of increasing

terrigenous supply.

Our new dating of the Morro-Carquiejo boundary and facies observations support the presence of a
major regional hiatus spanning part of the Aptian. This can be recognised widely across the Central
Atlantic as it is proposed to be related to major geodynamic events in the Atlantic and associated
changes in oceanic conditions. The youngest studied stratigraphy, the Carquiejo Fm., correlates well
with the middle Upper Cretaceous black shale facies drilled during DSDP expeditions across the Central
Atlantic. These record bleached black shale facies indicative of anoxic depositional environment. The
organic content of the mudstones on Maio is absent, most probably significantly degraded due to
thermal alteration associated with the volcanic activity and prolonged exposure at outcrop. Future
biostratigraphical studies should aim to date the uppermost Carquiejo Fm. and overlying Coruja Fm. to
deduce the earliest possible age for the volcanism related to the formation of this unique island and

the remainder of the archipelago.
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Fig. S1 — Photographs of the exposures at Ribiera do Morro showing the intense quarrying activities

over the last century. Photograph from 1929 scanned from the Stahlecker collection.

Fig. S2 — Photomicrographs of thin sections from various localities. Sample numbers can be cross

referenced on logs and discussed in text (Figs. 4 & 6).

Fig. S3 — Compilation of field photographs taken during 2018 field season by authors. (A) Parasitic
folding of Morro Fm. limestones in a subsurface quarry, Ribiera do Morro; (B) The Monte Carquiejo MC
exposure logged in Fig. 7; (C) Wood debris found within the Carquiejo Fm., the white star in Fig. S2B
shows location; (D-E) Ichnofacies on the base of a dolomitized limestone bed of the Morro Fm., Monte
Branco, Pl — Planolites, Th — Thalassinoides; (F) Ch — Chrondrites exposed on the base of a flaggy

limestone of the upper transitional unit, Monte Carquiejo.

Fig. S4 — Calcareous nanno-fossil zonation for the Central Atlantic. NC Zones of Roth (1978, 1983),
Subzones of Bralower (1987) and Bralower et. al. (1993). Hayesites irreqularis and Flabellites oblongus
are not recorded from the Morro Formation due to the poor preservation. In offshore wells (pers. obs)

the FAD of Assipetra terebrodentarius youngii occurs immediately below the FAD of F.oblongus. In the



Central Atlantic, the FAD of Hayesites irregularis overlaps with the LAD of Rucinolithus radiatus, a very
similar form under the light microscope which makes the true FAD of H. irregularis difficult to identify.
The LAD's of Zeugrhabdotus scutula and Conusphaera rothii approximate to the top Barremian in the
current study. Ongoing studies will ascertain whether one or both forms range up into the earliest
Aptian. Research in Morocco (Luber et. al., 2017 & pers. obs) confirms LAD's below the base of the

Deshayesites forbesi ammonite Zone.
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