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Abstract :

Coral carpets are biostromes that form laterally continuous but low-relief (typically less than 1-metre-high)
coral communities with a lack of clear internal zonation. There are few locations that allow analysis of
such systems on a regional (tens of kilometre) scale in the rock record. This study describes extensive,
well-exposed, coral-rich bodies (coral carpets), deposited on the Moroccan northwest Atlantic shallow-
marine margin during the Cretaceous (early Hauterivian). The coral-rich sequence reaches 50 m in
thickness, with individual carpets between 10 and 100 cm thick, extending over an area of more than 150
km2. Logging and regional correlation, integrated with thin-section analysis, has allowed the evaluation
of facies distribution, geometries and temporal evolution. The results provide information on allogenic
and/or autogenic driving processes for coral development, and allows the generation of conceptual
models for their growth. The Tamanar Fm. corals reflects a shallowing up sequence and the recovery of
carbonate productivity following stressed environmental conditions in the late Valanginian. Temporally,
coral morphological response relates to high-frequency relative sea level changes that affected water
energy and turbidity; thick-branching and massive forms grew in shallow high energy environments whilst
platy/flat forms grew in poorly lit and turbid environments. However, local-scale (over hundreds of metres)
lateral changes in morphology and facies can be explained by autogenic factors independent of sea level
change; varying sedimentation, hydrodynamism and turbidity across the extensive open marine platform.

The termination of coral deposition is marked by a hardground surface, indicating slow rates of
sedimentation and a transgression, which is followed by an influx of clastic sediments onto the platform,
resulting in the deterioration of carbonate platform health, as conditions became intolerable for coral
growth. These coral-rich outcrops contribute to the relatively sparse documentation of Hauterivian corals
globally and suggest niche palaeoecological and palaeoclimatic relationships that allowed corals to
develop despite stressed platform conditions. The low diversity, low-relief coral carpets may provide a
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proxy for the recovery and demise of corals in response to environmental stress on modern carbonate
platforms and future climate change projections.

Highlights

» Kilometre-scale coral-rich outcrops onshore the Moroccan Atlantic Margin. » Non-framework coral
carpets show no internal zonation. » Coral morphology and abundance controlled chiefly by water energy
and turbidity. » Establishment and demise of corals linked to sea level and climatic change. » Low
diversity corals possible proxy for recovery/loss in response to environmental stress.
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1. Introduction

The Essaouira-Agadir Basin (EAB) or the western coast of Morocco hosts a well-exposed and
highly continuous Lower Cretaceous (low.r Hauterivian) carbonate interval. It formed part of an epi-
continental carbonate platform that exce nced around the Central Atlantic during Mesozoic times
(Davison, 2005, Fig. 1). Outcrop r.ata (Fig. 1) indicates that the coral-rich beds can be mapped over
an area of more than 150 km’ and =-xtend laterally for over 50 km, and are best described as ‘coral
carpets’. Coral carpets . -e . in<_romes that form laterally continuous but low-relief (typically less
than 1-metre-high) coral cummunities with a clear lack of internal zonation (Tucker and Wright.,
1980; Reiss and Hottinger, 1984) and can be either matrix- (non-framework) or skeleton-
(framework) supported. They are less studied than reefal build-ups or bioherms and are often
overlooked in ancient systems, despite forming a significant contribution to carbonate production
and covering greater areas of the seafloor (Riegl and Piller, 2000). Previous work on modern and
Mesozoic coral carpets has suggested they grow in warm (typically over 20°C; Fricke and
Schuhmacher, 1982) and shallow waters (1-50 m water depths in the photic zone; Riegl and Piller

1997, 2000; Benzoni et al., 2003) and are dominated by scleractinian corals. These corals favour a



hard seafloor substrate and tend to form a veneer on relatively flat seafloor topography (Riegl and

Piller 2000; Masse et al., 2009).

During the mid-Valanginian to early Hauterivian, global environmental changes are
recorded. A significant perturbation in the global carbon cycle characterised by a positive carbon
(6%3C) isotope shift, the Weissert Event, was recorded in the Tethyan (Erba et al., 2004; Mattioli et al,
2014) and Boreal realms (Price and Mutterlose., 2004); and in the Central and South Atlantic
(Cotillon and Rio., 1984; Kessels et al., 2006) and Pacific (Aguirre-Urreta et al., 2007). This event has
been associated with fluctuations in climate and ocean fertility tha’. . “ec.ed both shallow and deep
marine biota and has been linked with possible ice sheet grow’n av high latitudes (Greselle et al.,
2010; Rogov et al., 2017). The Weissert Event is coeval wit- the Parana-Etendenka volcanics in South
America / Africa (Machado et al., 2018) but it is unclear v he.>ar the two events are causally related

(Charbonnier et al., 2017; Price et al., 2018;).

Corals exhibit a widespread palaeoge - 2raphic distribution during the Hauterivian, which has
been ascribed to an increase in global re'-tiv. sea level (Hag, 2014; Simmons et al., 2020), leading to
flooding of continental shorelines. Tne, are documented as isolated biostromes and bioherms in the
Lusitanian Basin, Portugal (Rey, 204), the Provencal platform, SE France (Tomas and Loser, 2008;
Masse et al., 2009), northe”.. “"enico (Wells., 1946), the Neuquen Basin, Argentina (Garberoglio et
al., 2013), Cerros Perico, k. u (Scott and Aleman., 1984), Benbow Inlier, Jamaica (Loser et al., 2009)
and as framework reefs in the Maestrat Basin, Spain (G6tz et al., 2005), Paris Basin, Turkmenistan
(Bugrova., 1990) and the eastern Black Sea, Georgia (Sikharulidze, 1979). However, these examples
do not record aerial distribution and abundance, and the Tamanar Formation of Morocco offers an
important contribution to the few comparably scaled modern or ancient examples of laterally
extensive coral carpets. This study focuses on the sedimentological context to understand coral
distribution and evolution, augmenting most previous studies that often have a more taxonomical

approach.



The presence of corals in the Tamanar Formation has been documented in many previous
works (Ambroggi., 1963; Duffaud., 1966; Butt., 1982; Rey et al., 1986a and 1986b; Ferry et al., 2007).
The aim of this paper is to evaluate the architecture, depositional evolution and extent of early
Hauterivian corals, with the aim of providing insights into the evolution and process influencing coral
carpet growth, on a multi-kilometre scale. The presence of widespread scleractinian coral carpet
communities can offer important information on the palaeogeography and palaeoclimate of a
region, and provide broader implications on global climate change and shallow platform conditions.
As such, the morphologies and species diversity of these corals can coi.*ribute to our understanding
of coral evolution during the Early Cretaceous and how it comp~-~s .z analogous systems in modern
and ancient times. Additionally, these coral-rich outcrops arc valuable because of their regional

scale; giving special insight into how communities change ..~ <yace.

2. Geological Setting

The Essaouira-Agadir Basin (EAB) is situ«“2d on the western coast of Morocco, on the SW
flank of the High Atlas mountain range I*." zonstrained to the north by the Meseta domain, the
Massif Ancien to the east and the S uss vasin to the south, which borders the Anti-Atlas Mountains
(Fig. 2). The EAB formed as a resu'* of continental rifting during the Permo-Triassic, associated with
the opening of the Central Atla.tic Margin (Duffaud et al., 1966). Post-rift thermal subsidence from
the Early Jurassic until the | ite Cretaceous was followed by basin inversion associated with the
Atlasic Orogeny (Le Roy and Pique, 2001; Hafid et al., 2006). This reactivated pre-existing syn-rift
Triassic and Jurassic extensional structures in a roughly ENE-WSW trend (Hafid et al., 2006).
Compression combined with local salt tectonics (Tari and Jabour., 2013; Pichel et al., 2019) resulted
in a series of generally E-W trending anticlines and synclines (Fig. 1) which controlled deposition on a
regional-scale (Ferry et al., 2007; Luber et al., 2018; Blanco et al., 2020; Charton et al., 2021)
andoffer extensive exposure of Cretaceous sediments. The Lower Cretaceous succession is up to

1400 m thick onshore in the EAB, generally forming planar to gently folded outcrops. The succession



tends to thicken to the west (basinward) and units onlap/pinch-out landward in the proximal setting,

more than 50 km from the present-day coastline (Rey et al., 1988).
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Figure 1 - Onshore Digital Elevation Model (DEM) of the study area showing key structural features (red), presence of salt
diapirism (yellow) onshore and location of outcrops (numbered) of the Tamanar Formation across the SW Moroccan
margin. Structural data from Hafid et al., (2006) and presence of salt inferred from Tari et al. (2012) and Charton et al.,
(2021). Subsurface occurrences of corals based on legacy subsurface data (confidential). Minimap (top right) showing
palaeogeographic setting during the early Hauterivian (modified from Scotese, 2014) and the positions of major carbonate
platforms/shelves (blue shapes) of the Mesozoic that circumvent the Central Atlantic (Jansa, 1981; Davison., 2005: Casson
et al., 2020).

Sedimentation during the earliest Cretaceous was carbonate-dominated, with pulses of

terrigenous sandstone deposition becoming increasingly prevalent from the Valanginian to the



Hauterivian (Vincent et al., 1978, Fig. 2). Mixed carbonate-clastic successions have been recognised
in time-equivalent basins along the Atlantic margin, for example in the Lusitanian Basin in Portugal
(Rey, 2004), the Neuquén Basin in Argentina (Zeller et al., 2016) and on the Scotian conjugate
(Moscardelli et al., 2019). Although the post-rift setting in Morocco was a passive margin, there is
growing evidence of tectonic activity, with significant exhumation and erosion of hinterland
Palaeozoic basement structures (Meseta, High-Atlas and possibly Anti-Atlas) throughout the Early
Cretaceous, which provided a siliciclastic sediment supply into the EAB with a broadly E-W

palaeoflow (Ghorbal et al., 2008; Sehrt, 2014; Gouiza et al., 2017; Luve. et al., 2018, Charton, 2020).

This study focuses on relatively undeformed Hauterivic n 1< manar Formation outcrops
exposed between the Jbel Amsittene and Cap Rhir anticlin=~ (r.7. 1). A generalised stratigraphy is
shown in Fig. 2. The formations were originally described by >ffaud et al. (1966); however, their
ages were contentious (Rey et al., 1986, 1988; Wi‘at, 1,88; Taj-Eddine et al., 1990, 1992;
Ettachfini., 1991) until integrated ammonitc and microfossil biostratigraphical analysis (Wippich,
2001; Ettachfini, 2004; Company et al., 2LJR; Luber et al., 2017) confirmed an early Hauterivian age.
The Tamanar Formation is made up of m as.ive coral-rich limestones, sandy bioclastic limestones and

laminated calcareous sandstones
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Figure 2 - Stratigraphy of the onshore EAB accon.,”anied by a global sea level curve (Haq, 2014 and Simmons et al., 2020).
General lithology was produced using field obs~-at:.. ©s and previous North Africa Research Group (NARG) studies (Luber
et al., 2018; Charton, 2021). Map (right) shc vi'.g .".e main physiogeographic provinces of Morocco the main cover of
se ' 1ents and major faults.

3. Methods

The primary methr,d ¢ data collection was through sedimentary logging along a well
exposed and laterally exten ive outcrop approximately 6 km in length, stretching towards the
present-day western Moroccan coastline. Changes in coral growth fabric (sensu Insalaco, 1998) and
lithology using Dunham’s modified classification (Dunham, 1962; Embry and Klovan, 1971), bed
patterns, macro-fossils species and diversity, sedimentary structures, and key surfaces were studied.
Each logged section was sampled in the lithologies that contained corals or other notable bioclastic
components to allow for thin-section petrographical analysis (fully detailed in Table S1 in
Supplementary Data). Photogrammetry was also implemented where possible to illustrate the

changes in beds and the geometry of the outcrop laterally over several kilometres. In total, 11



sections (Table 1) were logged through the Tamanar Formation that range in thickness from 8 to 50
m. Of these 11 sections, 10 were spaced within a 15 km? area and one was logged farther from the
main study area to allow key surfaces for regional correlation to be walked out; one 3 km to the SE
and another 40 km to the NW (Fig. 3). Fifty blue-stained thin-sections were described and
approximate skeletal remains, micrite and quartz content, and diagenetic overprint were semi-
guantitatively analysed using a microscope. Photogrammetry was used to show the changes in beds
and their geometries laterally over several kilometres by stitching photos together to make
panoramic images. Extensive sampling was also carried out from the u, ner part of the Sidi
L’Housseine to the lower part of the Talmest formations for bio<*+a..3. aphic analysis (ammonoids,
calcareous nannofossils). Sections were logged from bottom "o top and samples of the corals and
the rock matrix were taken periodically to allow for microi. ~izs analysis of the individual corals and
the matrix sediments. A total of 123 samples were (ol'ec:ed. Ammonoid collections made by

Ettachfini (2004) were also re-evaluated.

SectionID Lauude(°) Longitude Elevation (m)
TAM1 7L 742878 -9.713569 143
TAM?2 2.740083 -9.718569 150
TAM3 _—[ 30.735633 -9.726003 190
TAM4 30.72505 -9.723519 193
TAMS5 30.741653 -9.738289 201
T/ 6 30.743508 -9.736031 180
1."M7 30.744631 -9.7331 176
- V8 30.742078 -9.72705 175
"AM9 30.714539 -9.684558 220
TAM10 30.744806 -9.701525 138
AMS-1 31.0977 -9.816494 95

Table 1 — Location and elevation (metres above present day sea level) data for the logged sections.
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Figure 3 - Google Earth Imager, 2020) showing the locations of the logged sections at Igourar (A) and additionally in the
northern EAB (B). Tamanar F~ mation outcrops are highlighted in a purple shade. Outcrop access and time-constrains
permitted one log to be carried out in the section south of Amsittene anticline to allow for regional log correlation.

4. Results

4.1. Facies Associations
Nine lithofacies were observed, defined by texture, fauna, non-skeletal component (silt to
fine sand-sized quartz fraction), sedimentary structures and micro-facies (based on thin-section
petrography), which can be assigned to five facies associations (FA) based on depositional

environments. The inner platform facies association consists of coral domestones (D.1), sandy



packstone to grainstones (B.1), silty wackestone to grainstone (B.2) and oyster floatstones (C).
Bioclastic wackestones to packstones (E) are assigned to the inner to middle platform. The coral
platestones (D.2) are assigned to the middle platform and calcareous mudstone (F) are assigned to
the middle to outer platform. The shoreface facies association consists of bioclastic sandstones (A.1)
and laminated sandstones (A.2). Summary lithofacies description for A to F are shown in Table 2.
The coral-rich lithofacies (coral domestone, D.1 and coral platestone, D.2), the focus of this paper,

are described in detail in the following section.



Lithofacies Textures Skeletal Abundance Sedimentary Bed Cementation/ Non-skeletal Facies Process § %’
structures thickness (cm) Mineralisation component Association Interpretation Find

Bioclastic Grain-supported ~ Oysters (usually at base), serpulids, ~ Planar to wavy laminations, moderately 10-120 Blocky calcite cement, Fairly rapid deposition, unidirectional flow,

siltstone to bivalves, brachiop bry toi y bioturbated top surface (and up small patches of micrite Abundant poorly-moderately mixing of siliciclastics with wave-reworked

sandstone echinoids and small elongated shell  to 20 cm below (Thalassinoides, common, framboidal sorted sub-angular silt to fine Shoreface bioclasts N

fragments Trypanites, Skolithos). Thin fragments pyrite rare sand-sized quartz .
orientated NNW-SSE. Sharp and irregular
basal surfaces
. . . . _— y . . Fairly rapid deposition, bi-directional flow

Laminated Grain-supported Occasional small shell Horizontal, wavy and cross-laminations 2-40 Fibrous cement in shell Abundant well sorted silt to fine with periodic changes in energy leading

siltstone to fragments common with moderately bioturbated remains, iron oxide crusts well-sorted sand-sized to ripple migration A2

sandstone (thalass’, trypanites) top surfaces. on bed tops quartz Shoreface ¥
Usually sharp based

Sandy packstone PST-RST Oysters, echinoids, gastropods, Moderate bioturbation (thalass', trypanites 20 to 100 Fibrous to blocky calcite Common sub-angular, Relatively high energy, bioclast reworking

to grainstone serpulids, bivalves, brachiopods, , skolithos) undulating to sharp bases which cement and micrite in poorly sorted silt to very and mixing with quartz, intervals of low
bryozoans, coral frags, rare ammonoids may have shell lag (usually oysters) matrix common, iron oxide  fine sand-sized quartz i energy allowing moderate bioturbation

minerals in skeletal
fragments and crusts pritiorm

Silty wackestone 'WST-GST Opysters, echinoids, gastropods, Uncommon horizontal lamination 10 to 120 Fibrous (can be syntaxial) Commor <ub-a ‘ulara J Moderate energy, bioclast reworking and

to grainstone pulids, bivalves, brachiop in silt-rich intervals, undulating to , blocky calcite and poori sor  d silt-s. mixing with silt-sized quartz, intervals of low
bryozoans, coral frags and rare sharp bases and occassional shell fragment microspar cement common, @ artz iRGas energy allowing moderate bioturbation "
ammonoids and rare stromatoporoids  clusters ori d NNW-SSE. Mod iron oxide mineralisations platform B2

to intense bioturbation (thalass’, trypanites, and surface crusts abundant
skolithos)

Oyster floatstone  MST-WST Oysters (up to 10cm diameter and Poorly consolidated and nodular beds 10 to 100 Common ' ~ro 72" ement, Commun sub-angular and Reworked from nearby oyster-banks and
thick-shelled)usually fragmentary, common. Moderately to intensely iron axid. «<nrich 1skelr al poorly sorted silt-very fine Inner deposited in muddy environments during
serpulids, brachiopods and bi bioturbated (th inoides common) .agn nts 1d crus. sized sand platform episodic storm events

abunc nt

Coral domestone WST-RST Densely-pa_cked—branming Do_rals up to Beds can be continuous gr nodular with 10 500 L cky (can_ be Iwinnged). Uncommon to common sub- Shallow (5-10m WD), moderate-high
100cm in diameter, dome-lenticular bases commonly undulating. Can be fib. us calcite and microspar angular, poorly sorted Inner energy. Corals forming on hard substrates
shape). Subordi undiff’ i m y to intensely bioturbated (thalass cements as patches in matrix silt to very fine sand-sized platform Changi'ng oo 0 elrartaicH e .
shaped corals. Oysters, red algae trypanites, skolithos) and encrusting or in remains, calcite vuggy, quartz (well lit allowing varied morphology and varying
bryozoans, echinoids, brachiopods, organisms common. Non-planar base iron oxide minerals common, i ' . " f : .

; i : - chishea high energy) bioturbation, mixed inter-coral sediment of
bivalves, serpulids gnd thhlcagod/um to individual corals. mud, quartz and reworked bioclasts
aggreg , benthic a

Coral platestone  WST-RST Similar assemblage to D.1 with platy/  Beds can be semi-continc” < and )\ ticula) 1to 50 Blocky (can be twinned), Uncommon sub-angular, y Relatively shallow (10-30m WD) and low to
flat corals being the dominant coral with moderate to inter” = biv irbatio fibrous calcite and microspar poorly sorted silt to very fine Middle moderate energy, corals forming on hard
and subordinate thin and small and bio-encrustations a. cor. mon. cements as patches in matrix sand-sized quartz platform substrates between muddy sediment.
ramose branching corals Non-planar base  indivi. 'alc. -als or in remains, calcite vuggy, (poorly lit Changing energy allowing varying

iron oxide minerals common, and turbid) bioturbation rates
Bioclastic MST-WST Oysters, brachiopods, bivalves, Bed. ~an =nod .arand have 510 120 Blocky-fibrous calcite (can be Uncommon to rare sub-angular Low to moderate energy, bioclast reworking,
wackestone to serpulids, echinoids, bryozoans, undule gt . atively sharp bases, twinned), microspar cement  poorly sorted silt to very fine = intervals of low energy allowing bioturbation
packstone gastropods, rare belemnites, rare slight tc ntense bioturbation (thalass’, (both in remains and in sand-sized quartz Innertomiddie and larger reworked bioclasts deposited
small tabular corals and coral sk = ;) especially on bed tops matrix), vuggy calcite, iron platform during increased energy (e.g. storm events)
fragments oxide enriched skeletal remains
abundant, framboidal pyrite

Calcareous Small oysters, other bivalves, No bedding structures and abrupt 5 to over 500 Microsparite cement, iron Uncommon to rare silt-sized Outer Suspension fall-out, pelagic sedimentation

mudstone MST brachiopods, rare ammonoids changes in lateral continuity. Can enriched skeletal quartz platform and minor disturbances with reworked

and undiff’ shell fragments and rare
nannfossils and forams

be nodular in appearance

fragments and nodules
common (typically pyrite)

bioclasts

Table 2 — Proposed Lithofacies, key features and interpreted depositional environments. The colour key can be used in conjunction with the logs in Figs. 7- 10.



4.1.1. Coral Domestone (Inner Platform) and Platestone (Middle Platform) Facies
Associations

Observations: Facies association comprises two lithofacies; Coral domestone (sensu Insalaco.,
1998), D.1 (thick-branched coral wackestone to floatstone) and Coral platestone (sensu Insalaco.,
1998), D.2 (platy-rich coral wackestone to rudstone). Beds of lithofacies D.1 have wavy to non-planar
basal contacts and are of variable thickness (10 to 400 cm). This lith-,facies comprises densely
packed phaceloid branching corals (10 to 80 cm thick) that are wic'ely .naced from each other (at
least 1 m apart) and are most common in thicker beds (over 5( cm) Massive domal to lenticular
corals (up to 100 cm thick) are also found in D.1 without ¢ ny ‘ternal structure preserved (typically
filled completely with calcite). Encrusting corals are also .ounau on the top surfaces of beds in
lithofacies D.1, these are typically less than 1 cm *1ick wut can extend for several metres laterally.
They are dominated by ceroid- corallites (Sty.'»'dae family shown in Fig. 6A) with astreoid corallites
also commonly found (Fig. 5G). The domal-."aped corals consisting of densely-packed branches
(D.1) are widely spaced, with usuallv .*e: 200 cm lateral spacing between the individual corals. The

corals are found upright with con.~rted bases.

Lithofacies D.2 compri .es \ 'aty to lenticular (1 to 20 cm thick, commonly Microsolena) corals
that have a grey to very dar : grey colour and are typically more closely spaced (tens of centimetres)
than in the coral domestones of D.1. D.2 is limited to thinner beds, 5 to 50 centimetres thick, which
can be nodular-bedded with poor lateral continuity. Small (5 cm high and up to 15 cm wide) and
delicate ramose corals are also observed as a subordinate morphology and are limited to one locality
(TAM9) in a wackestone matrix. Delicate corals (between 8 to 15 cm wide) are also quite widely
spaced (more than 50 cm apart). Individual flat to platy corals are found in upright to semi-upright

positions with highly contorted basal surfaces, as shown in Fig. 4.



The sediment matrix of the coral domestones (D.1) and coral platestones (D.2) is made up of
poorly sorted bioclastic wackestones to packstones (similar to that of lithofacies E)., (50 — 70 %)
bioclasts) with abundant echinoids, oysters, other bivalves, brachiopods, serpulids and subordinate
bryozoans and gastropods. Benthic foraminifera (mainly texturaliids; Praedorothia sp.,
Pseudocyclammina sp., Protomarssonella sp. and rare miliolidae (Meandrospira bancilai Neagu,
1970) are also observed as subordinate. Although no thorough quantitative measurements were
carried out, the field observations suggest that individual corals of both D.1 and D.2 make up
approximately 5 to 15 % of the total rock (see Fig. 4 for typical distribu.'on). The matrix of both D.1
and D.2 has a significant portion of micrite (up to 50 % of thin-ss-tic.> uptical view), the majority of
which has recrystallized within skeletal remains. Rounded t¢ “ub-rounded peloids with no internal
structure are also common within skeletal remains and sn.>!! yark-coloured specks with various
shapes are also abundant in the matrix and within r :r.ais and are most likely iron mineralisations
and/or organic matter remains. Both lithofar.es 1lso have a highly variable quartz content (0 — 25 %
of thin section optical view) made up of ~ub-angular to angular, poorly sorted silt to very fine sand
sized particles. Beds of D.1 have more ‘0’ a. Uranch debris and skeletal remains (including coral
fragments) and are more commonriy =nriched with iron-oxide, iron hydroxide or iron-sulfide (pyrite)
mineralisations (showing an orang ~-coloured crust in outcrop, in Fig. 5F and a dark orange-reddish

colour in thin-section in Fiy* 6F) than lithofacies D.2 and is most abundant on bed tops.

Both lithofacies D.1 and D.2 are commonly bioturbated, with abundant Trypanites
ichnofacies (bivalve borings) shown by circular, sub-circular and elongated pits penetrating the
surface of the corals. The borings are commonly filled with fine bioclastic material and/or an iron-
oxide/iron-hydroxide or iron-sulfide (pyritic) mineralisation. In D.1, the borings commonly form
elongate depressions incising up to 8 cm into the corals (Fig. 5E). The flat/platy corals of D.2 exhibit
more bioturbation from their lower and side surfaces than the larger thick-branching and massive
corals of D.1 (Fig. 5C) The coral skeletons have been replaced by blocky calcite cements as have

some of the skeletal remains in the matrix sediments (in Fig. 6G). In beds that are dominated by



large and thick-branching corals (D.1) coarser skeletal components can be seen (typically a
packstone). The intervals with platy corals (D.2) are more commonly associated with a wackestone
matrix but can also range into a packstone texture. Corals (both thick-branching and flat/platy
morphologies) are encrusted by abundant coralline red algae (in Fig. 6C, Sporolithon rude),
microproblematic Lithocodium aggregatum (in Fig. 6E) and serpulids. Within the coral septa, there is
a predominantly micrite or microspar infill. Silt to very fine sized sub-angular to angular quartz grains
are observed within skeletal remains, including coral, oyster and microproblematic Lithocodium
aggregatum fragments surrounded by micrite. Encrustations are preac minantly made by
Lithocodium aggregatum on the upper surfaces of the corals an~ a1 Ziso found on the sides of

corals (See Fig. 4).

The beds above and below the coral domestones anc nlatestones are most commonly made
up of lithofacies E (bioclastic wackestone to packe stu ~e?, lithofacies F (calcareous mudstone) and
occasionally lithofacies C (oyster floatstone! wk.ch are described in Table 2. The thinner and more-
nodular-bedded muddier intervals host pi. *v/flat corals (platestones; lithofacies D.2) whilst the
thicker beds with coarser skeletal compc ne nts contain the thickly branching and undifferentiated
domal corals (domestones; lithof~cies D.1). The dominant macrofaunal assemblage (for example
oysters, echinoids and serpuliu-) o the other lithofacies interbedded (within lithofacies E and F with
occasional C) with the c.+a1. ~un be variable in a vertical and lateral extent. The beds of limestones
of lithofacies D.1 and D.2 1ack internal bedding structures but do show a thickening-up followed by a
thinning-up trend at several of the sections, where the beds increase from 0.2 metres up to a
maximum of 4 metres and then decrease down to 0.1 metres (this, however is not consistent
between all the studied localities). The thick-branching and undifferentiated domal corals are spaced
widely laterally (greater than 1 metre) and there is no regularity in this spacing (Fig. 4). The platy/flat
corals are more typically found as closer spaced communities (10 to 50 cm apart roughly, as shown
in Fig. 4) along the same stratigraphic level but can also be found widely spaced like the thick-

branching and dome-shapes corals of D.2. Vertically, the individual corals in both the domestones



(D.1) and platestones (D.2) show no clear pattern in their spacing, and they are not observed to

come into contact with one another (Fig. 4).
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Figure 4 - Typical elementary sequence of the coral-bearing Unit 3 at Igourar showing the approximate distribution and
abundance of corals, other notable fauna and sedimentary features. The darker grey colour indicates muddier matrix

sediment.



Figure 5 - Key coral morphologies found at logged sections.A - Branching corals (black arrows) held in a predominantly
muddy soft sediment full of bioclasts, e.g. oysters, gastropods, brachiopods, serpulids. Small circular pits likely to be
bioturbation. Also present is soft-sediment deformation where mud wass compressed by heavier sediment above (Unit 1,
TAMS). B — Well preserved large platy/flat-shaped coral found in a micritic interval, facies D.2 (Unit 3, TAM10). C - Platy
coral encrusted by an oyster (black arrow) in the nodular-bedded and muddy facies D.2. Bioturbation is also seen at the
base of the coral where the surface is more contorted. (Unit 3, TAMS8). D — large thick-branching coral (Monastrea?)
showing phaceloid structure of corallite, encased in a bioclastic matrix, commonly enriched in iron-oxide, iron-hydroxide or
iron sulfide (pyritic) mineralisations (TAM1, Unit 3). E —A large robust coral showing thick and densely packed branches,
many of which are bored by bivalves and have been filled with fine bioclast and muds, commonly subject to iron
mineralisation (unit 3, TAMS8. F — Hardground surface found on the top surface of Unit 3 at TAM7 that is shows borings and



is encrusted by oysters and serpulids which are commonly filled with an iron mineralisation. A branching coral debris is also
shown (black arrow).. G — Example of a thin encrusting coral with ceroid (black arrows) and astreoid (purple arrows)
corallites at AMS-1. H — Plan view of extensive coral encrustment on a top surface with thick branches of corals visible due
to the ferruginous encrustment and corallite infill (Unit 3, TAMS).

Figure 6 — Thin-section photographs, key biota and early diagenetic features. A — Stylinidae transverse section, internally
crystallised by microspar and the coral skeleton has been recrystallised by and blocky calcite (facies D, TAM1 52S). B —
Corallites (potentially Stylosmilia?) in transverse section with slightly different morphology, micrite to microspar is prevalent
in the internal coral structure and in the matrix (facies D, TAM7 44C). C —coralline red algae (likely Sporolithon rude
Lemoine). The matrix is rich in micrite, common bioclastic fragments in which aragonite was replaced with calcite spar and



sub-angular to angular quartz grains (facies D, TAM6 41C). D — Bryozoan showing zooecia which are recrystallised at the
periphery with micrite and calcite towards the centre, the matrix is composed of a mix of micrite, scattered quartz and
irregular spots of iron mineralisation(facies D, TAM®6 41C). E — Microproblematic Lithocodium aggregatum. Several of its
sub-spherical cavities are filled with an iron mineralisation, most likely pyrite (facies D, TAM4 44S). F — Echinoderm spine in
cross-sectional view, the skeleton has been transformed into calcite and the pores are filled with micrite. The matrix is
dominated by microspar with areas of iron sulfide (pyrite) mineralisation (facies D, TAMA4 42C). G — Example of the common
blocky calcite cementation. The matrix is dominated by micrite to microspar (facies D, TAM7 43S). H — Alternations of
bioclastic and quartz-rich intervals (facies A.1, TAM2 61S). White scale bar = Imm.

Interpretation: the planar geometries, lateral continuity of beds and lack of internal
organisation and zonation indicates that Facies Association D formed low-relief non-frame-building
communities/coral carpets. on a shallow platform with little topographic relief. Water depth is
interpreted as less than approximately 30 metres; e.g. Ricci et al., 2L 13) for both lithofacies however
the domestones (D.1) reflect very shallow inner platform conditio.'s (5 :0 10 metres water depth)
whilst the platestones (D.2) reflect a slightly deeper (10 to 3C n.~trr. water depth) middle platform
environment. The thick and tightly packed phaceloid corais in 0.1 point to adaptations to a
moderate to high energy regime in well-lit condition~ {~.g. Leinfelder., 1992; Reolid et al., 2009). The
Stylinidae coral family commonly observed on heu top surfaces (Fig. 6) has also been interpreted to
reflect growth in relatively high-energy enviro. ments (Dupraz and Strasser, 2002). Very similar-
shaped and -sized domal corals have be~~ dc sumented in the middle Miocene of southern Turkey
and were interpreted as growing in sha''ow (less than 15 m) moderate to high-energy environments
(Vescogni et al., 2014). Platy/flz* si.~ned corals are also often interpreted as an indicator of lower
light/higher turbidity envir.i. ~enics where the thin yet aerially extensive geometries indicate lateral
growth to maximise surfac. area for incoming light (Rosen et al., 2000; G6tz and Léser, 2005;
Zawada et al., 2019; Kolodziej and Bucur., 2020). Where abundant in the logged sections, the platy
coral morphologies of facies D.2 are predominantly associated with a mudstone-wackestone matrix
(lithofacies E), and the high micrite content observed in thin-section and the smaller fraction of fine
skeletal debris could indicate a lower energy and/or poorly lit water column. The random orientation
of the shelly fossil assemblages in the matrix that are commonly disarticulated and the regularity of
coral debris in beds that lack stratification suggests a relatively high-energy environment resulting

from wave-action (Kreisa., 1981; Tucker et al., 2003). This is more prevalent in the domestones (D.1)



where the matrix comprises coarser-grained skeletal remains than the wackestone-dominated
matrix of D.2. The high lime mud content (represented by micrite infilling skeletal remains and the
space between coral branches) could be explained by periodic infilling of porosity as a result of mud
settling out of suspension following changes in hydrodynamic energy. Peloids observed within
bioclasts appear to be well-rounded and are likely a result of the reworking of carbonate mud

(Fligel, 2004).

The abundant microproblematic Lithocodium aggregatum points to the presence of
microbial crusts associated with the corals. Although its taxonomy 5> . "nplicated; interpreted as an
ulotrichalean green algae (Schlagintweit et al., 2010) or most r :cer"ly a calcimicrobial crust subject
to boring sponges (Cherchi and Schroeder, 2013); it is assc=*ate | with moderate environmental
stress (Fligel , 2004), and has been shown to bind and st’ eng *hen coral structures (Weiss and
Martindale., 2017). The petrography shows that s ;n. * o/ the Lithocodium is fragmentary which
suggests it was reworked in the matrix sedi: *en’ prior to deposition. Lithocodium has also been
strongly associated with warm and shallov. water conditions (Schmid and Leinfelder, 1996; Bover-
Arnal et al., 2011). These encrusting nrg: niyms may have helped stabilise the corals in a moderate to
high-energy water column (Leinf~'der ct al., 1992). Moreover, the benthic foraminifera observed, for
example Praedorothia sp. ana 2ser'docyclammina sp., are known to be a common feature of shallow

inner to outer carbonz « nla>*zrm environments (Koutsoukos et al., 1990).

Echinoderms, predominantly found as debris, are very common in the matrix of D.1 and D.2
and are known to be important grazing and eroding organisms (Mokady et al., 1996; Fllgel., 2004).
The dominance of filter-feeding heterozoans (oysters, other bivalves, serpulids,brachiopods and
bryozoans) in the matrix indicate that the nutrient levels were moderate to high (Hallock and
Schlager, 1986; Reymond et al., 2016). The common silt to fine sand-sized sub-angular to angular
quartz in the matrix similarly suggests a degree of tolerance to clastics and indicates that the corals

had some ability to remove inorganic particles from their surfaces (Lokier et al., 2009). Clastics could



also have been a potential source of nutrients brought along by rivers as suspended matter during

periods of increased continental runoff (Sanders et al., 2005).

The non-planar, oyster and serpulid-encrusted, bioturbated and high content of iron
mineralisations on top surfaces in beds of lithofacies D.1 and D.2 point to periods of very low
sedimentation. The abundant Trypanites ichnofacies borings (examples can be seen in Fig. 5D to 5H)
point to low sedimentation rates and are associated with sediment-starved hard-grounds in shallow-
marine environments (Minter et al., 2016). Platy to flat corals show more bioturbation at their basal
and side surfaces and are encased in a muddy matrix which sugges’.> “hey were adapted to softer

substrate conditions than the larger branching and massive cor als \ “olodziej and Bucur, 2020).

The high abundance of iron mineralisation and caicite cements show that beds of D.1 and
D.2 have clearly undergone considerable early marin~ diagenesis. The abundance of iron-oxide to
iron-hydroxides that have filled the cavities of bic "lasts and cover bed surfaces suggests oxic
diagenetic conditions which have fluctuated . sub-oxic as evidenced by the common iron sulfides
(pyrite) that broke down organic matter ~ur..~g early diagenesis (Carson and Crowley, 1992; Taylor
and Macquaker, 2000). The sub-circuia” scours and pits observed may also have formed from the
erosion of soft sediment by increa. ~d wave-action (e.g. Bromley., 1992; Pandey et al., 2018). These
surfaces show no evidence .. suw-aerial exposure in thin section for example vadose zone diagenetic

features or pedogenetic te. tures like root traces at the outcrops.

4.2. Biostratigraphy

Even though there is a general agreement about the early Hauterivian age of the Tamanar
Fm., its precise extension within that time interval remains poorly constrained. No significant
biostratigraphic markers were collected from the Tamanar Fm. itself and its age has to be bracketed
by dating of the underlying Sidi L’'Housseine and overlying Talmest formations. Unless otherwise
mentioned, the biostratigraphic scale retained here is the Standard Mediterranean Ammonite Scale

(Reboulet et al., 2018). The upper part of the Sidi L'Housseine Fm. (Fig. 2) is characterised by an



interval of greenish calcareous mudstones that lack macro- or microfossils of biostratigraphic
significance. The calcareous nannofossil assemblage is also poor with no clear biomarkers found. The
last beds with ammonites occur 50 meters below the base of the Tamanar Fm. and contain an
association of Neocomitidae that includes representatives of the genus Acanthodiscus. In the
Mediterranean Tethys, this genus is restricted to the lowermost part of the Hauterivian, e.g. the
Acanthodiscus radiatus Zone (Mutterlose et al., 2020). It should also be noted that occurrence of
Acanthodiscus in the overlying Crioceratites loryi auct. Zone cannot be excluded (Busnardo and

Thieuloy, 1989).

Rare ammonoids occur throughout the lower part of tt e 1.'mest Fm. The oldest specimen
(A'in Fig. S2) was collected from the very base of the form-*inr, ~lose to TAM7 (equivalent to several
metres above KS3 in Fig. 10) and belongs to the newly es’abi_hed genus Haroella (Bulot and Pictet,
submitted). These taxa are closely allied to Lyticoczr. < ~istinguished by its quadratic section and
sub-adult tuberculated stage. At its type loc ‘lity (La Charce GSSP, France), it indicates the upper part
of the C. loryi auct. Zone (Olcostephanus (. ~annoticeras) jeannoti Subzone). This is consistent with
the report of ammonites from the C. lory i a uct. Zone at the top of the Tamanar Fm. by Ferry et al.
(2007, Ain Hammouch section, Fi~. 12,. Unfortunately, the ammonite(s) reported by those authors
were never named or illustrai. 4 and our investigations at the same section failed to collect new
material at this level. Sn hti, “igher in the Talmest Fm., an association of Lyticoceras gr. cryptoceras
(including L. nodosoplicatum, B in Fig S2), Olcostephanus (0O.) variegatus and Plesiospitidiscus
fasciger was collected from section TAM 4 and TAM 8 (several metres above KS4 in Fig 11). This
assemblage unequivocally characterises the lower part of the Lyticoceras nodosoplicatum Zone
(Olcostephanus (0.) variegatus biohorizon sensu Bulot et al., 1992). An identical assemblage was
collected from the lower part of the Talmest Fm. at the coastal section of Imsouane (Ettachfini,
2004). Above, the ammonite fauna is dominated by coarsely ornamented Lyticoceras of the claveli
group that indicates the upper part of the L. nodosoplicatum Zone (Lyticoceras claveli horizon sensu

Ettachfini, 2004).



4.3. Stratal Architecture

The Tamanar Formation was studied in detail at the Igourar outcrop (Fig. 7a and 7b) and at
one location south of Amsittene (location shown in Fig. 3b). A detailed log is provided for the Igourar
outcrop (log TAMY9, the most continuous section in the area, Fig. 8) and for the Amsittene area (log

AMS-1, Fig. 9). The Tamanar Formation is constructed of six units, described from base to top:

Unit 1 (coral level 1) is 4 metres thick and marked at the base by a moderately sharp and
non-planar basal contact. It is made up of coral-rich limestones witk planar to sub-planar bed
geometries containing marine fossils: most commonly oysters, brz chic hods, echinoids, serpulids,
bryozoans and bivalves. At the bottom of this unit, the coral cc'onie 5 are in-place and quite small
(less than 20 cm diameter) and at the base are mainly pla’y « ~a small branching forms. The
following bed contains larger poorly preserved massive ¢.ome-shaped corals (D.1) and the top of
Unit 1 has a non-planar and burrowed surface wk.ch 1> unly observed at the TAM9 section (location
in Fig. 3a). Unit 2 is 11 to 12 metres thick anu b.gins with a sharp and highly bioturbated basal
contact. It is made up of oyster-bearing limc-tone beds 20 to 120 cm thick (lithofacies C) with dense
shell concentrations at their non-ple..or L.sal surfaces that are interbedded with bioclastic
limestones of lithofacies E (10 to <2 cm thick) rich in serpulids, bivalves and brachiopods and
weathered calcareous muds*nn. - (lithofacies F). At TAM9 these limestones are commonly
represented by silt-ricn ln.>astones (lithofacies B.2). These are followed by thin (10 to 50 cm)
bioclastic limestones (lithofacies E) and silty to sandy limestones (B.1/B.2). The unit then becomes
muddier with increasing calcareous mudstones (lithofacies F) with poorly-bedded thin limestones of
lithofacies E bearing brachiopods and bivalves. In an approximately east-west orientation (Fig. 7b),
roughly in the direction of the modern coastline, Unit 2 is not observed beyond log TAM2. At AMS-1
in the northern part of the basin, Unit 2 is also not observed. Unit 3 (coral level 2) is bound at the
base by a non-planar surface and ranges in thickness between 5 to 18 metres. It is made up of a
series of massive coral-rich domestones (thickly-branching and undifferentiated massive-shaped

corals of lithofacies D.1) and platestones (platy/flat coral dominated beds, D.2) that range from 40 to



400 cm thick. Bed tops of both lithofacies are typically non-planar and bored and/or burrowed with
iron mineralisation also very common. In particular, the top surface of Unit 3 is distinctly marked by
oyster, coral and serpulid encrustations, abundant borings and burrows and orange to reddish-
coloured iron mineralisations that infill borings and cover skeletal remains (usually coral fragments).
The surface is easily recognisable in all logged sections and shows sub-circular scours that cut several
centimetres into the underlying sediment. This regionally-correlatable bed shows the highest

abundance of coral debris and rarely has whole corals in-place within it.

In an east to west orientation (Fig. 7b), the series of massive< . 2aued limestones (dominated
by the domestones, D.1) and their distinguishable basal and to » su. faces are laterally continuous for
several thousands of metres; however, they become thinrz- a,. 4 sparser between TAM8 and TAM6
and are interspersed with increasingly thick calcareous nruds.~nes (lithofacies F) and thin beds of
wackestone to packstone-textured bioclastic lime .tc. e (lithofacies E). From TAM2 to TAM7, in a
basinward direction, there is an overall incr -ase .n flat/platy corals (D.2) and overall decrease in the
large branching and massive corals (D.2). . * TAM5 (far left in Fig. 7b) the formation becomes
dominated by calcareous mudstones anc o 1ly thin limestones and sparse coral fragments are
observed in beds of lithofacies E. - Jnit . varies from 1.5 to 6 m in thickness and is made up of
calcareous mudstones interbe.'der] with poorly bedded limestones (lithofacies E) and rare silt to
sand-rich limestones (.2 -B.2}. The limestones commonly contains serpulids, bryozoan fragments
and oysters. Unit 5 ranges tfrom 3 to 13 m thick and starts with a series of bioclastic wackestones to
grainstones that show moderate to intense bioturbation (lithofacies E) and are 10 to 40 cm thick,
interbedded with poorly exposed silt-rich calcareous mudstones (lithofacies F). Occasional coral
fragments are found in the first bed. These are followed vertically by planar to sub-planar, thinly
bedded horizontal to wavy laminated calcareous sandstones (lithofacies A.1 and A.2) interbedded
with silt- to sand-rich limestones (lithofacies B.1 or B.2) that show a subtle thickening-up pattern,
have sharp non-planar basal surfaces with shell concentrations just above the lower contacts and

moderately to intensely bioturbated (mainly Thalassinoides) top surfaces. In-place corals are not



observed in this unit at any logged section. Unit 5 is capped with a burrowed and bored non-planar
surface encrusted with serpulids, brachiopods and oyster fragments that can be followed between
sections. The siliciclastic-dominated interval is laterally continuous; however, decimetre-scale
thinning over hundreds of metres can be observed towards the west: the sands (lithofacies A.1/A.2)
are thickest in the east (TAM9 to TAM10) where individual beds exceed 1 m but between TAM2 to
TAMS and at AMS-1 they are typically less than 40 cm thick. The elongated bodies of Unit 5 continue
past TAMS5 to the west, where the coral beds have disappeared, for several hundreds of metres
across an inaccessible hillside (shown in yellow in Fig. 7b). Unit 6 starts "~ith a non-planar
bioturbated, bored and oyster and serpulid encrusted top surfa~~ w..:_h is overlain by oyster-rich
floatstones (lithofacies C) interbedded with greyish-green ca. -areous mudstones (lithofacies F)
bearing small (less than 1 cm diameter) bivalves and bracr..~rods. Vertically, the beds transition into
silt- to sand-rich limestones (B.1 to B.2) and the calcarzo 1s mudstones become progressively thicker.
The bioclastic beds contain ammonites (Lyticuce as g2n. sp. nov.), which represent the upper part of
the C. loryi auct. Zone of early Hauterivicn age (sve Biostratigraphy section). The unit shows a
consistent thickness up to the promine at ¢ 7, comprising the Bouzergoun Formation (Luber et al.,
2018) across the studied sections i “oth north-south and approximately east-west (basinward)

directions.
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4.4. Sequence Stratigraphic Framework

Sequence stratigraphy is utilised to correlate genetically linked units or “depositional
sequences” - in this case sedimentary surfaces, beds and sets of beds (parasequences) - between the
studied outcrops on a local (hundreds of metres to several kilometres) to regional (several tens of

kilometres) scale.

Coarsening and fining up trends (textural changes from mudstone — wackestone —
packestone/grainstone up to floatstone) are interpreted to be a res' It of changes in water depth and
represent high frequency (4th to 5™ order, representing tens to hu idre 1s of thousands of years)
cycles of relative sea level fall and rise (regression and transgre ssior ). A parasequence in this study
represents one full cycle of sea level fall and rise (Catunez nu., 2u11). Due to the platform’s gentle
deepening towards the west and lateral facies variations over nundreds of metres, 4™ to 5™ order
relative sea level cycles could not be correlated v«th cunfidence between the logged sections
because of lateral facies variations; likely a rc .t of local-scale environmental factors discussed
later. However, higher order trends (3™ to »™ order relative sea level cycles) were incorporated
through the correlation of key surfar.. - ai.. gross depositional stacking patterns. Surfaces that are
irregular due to boring, burrowing and wave scouring, encrusted by marine organisms and are
typically covered in iron mir~ra, ~.tions are common in the studied sections. These are interpreted
to be hardgrounds that re ~resent periods of very low to zero net sedimentation (Wilson and Palmer
1992). The surfaces show no sign of subaerial exposure and are typically proceeded by fine-grained
(MST-WST textures) calcareous mudstones and limestones. They are interpreted as marking the
onset of an increase in relative sea level and are most comparable to the transgressive surface or
drowning unconformity (Kendall and Schlager., 1981; Christ et al., 2015). In concept, overlying the
hardground/transgressive surface should be a Maximum Flooding Surface (MFS) that represents the
point of maximum transgression/ the highest stand of relative sea level (Catuneanu., 2011) which
may be inferred by deeper water facies proceeding the surface but this is not observed at the

studied outcrops, likely due to the variable outcrop preservation.



Irregular and sharp basal contacts are common in the study area and form as a result of
subaqueous erosion from current winnowing (Catuneanu., 2006). These basal contacts are
interpreted as marking relative sea level fall (regression), with a shift from a deeper to shallower

environment.

Key surface 1: The base of the thick-bedded coral-rich limestones (Unit 3, facies association
D) records a non-planar, sharp surface resting on the underlying calcareous mudstones deposits
(lithofacies F). It can be correlated between all Igourar sections over a distance of 6500 metres and
has also been identified 25 km to the north at the AMS-1 logged se ... ™n. interpretation: This basal
surface likely represents a transgressive surface - it marks a dis.inc. change in facies from the
calcareous mudstones to the thick-bedded fossil-rich lime=~nc -, potentially signifying a change
from a transgressive to regressive system in which relativ 2 se > level decreased (Catununeau et al.,

2011) on a regional-scale across the EAB.

Key Surface 2: An intensely bored anc 'wurrowed, fossil encrusted and ferruginous surface
caps the coral-dominated limestones (Uit 5, Sub-circular and elongate scours are observed to cut
several centimetres into the hard st (T -2 and point to periods of high water energy. The surface is
overlain by a thin series of calcrrec 's mudstones and bioclastic limestones (lithofacies E and F). It
can be correlated between ..! the sections (and also recognised in the AMS-1 log, 25 km to the north
of Igourar). Interpretation. 1 marine hardground surface indicating a period of low to non-

sedimentation marking the onset of a marine transgression (Kendall and Schlager., 1981).

Key Surface 3: A non-planar, sharp surface marking the contact of calcareous mudstones
with sand-rich beds. Interpretation: Similar to KS1, it is interpreted as marking a relative sea level
drop, with a move from a relatively deeper platform (lithofacies F and E) to a shallower shoreface
environment (lithofacies B.1, B.2 and A.1-A.2). It is partially correlatable between the Igourar

sections on a local-scale and tentatively on a regional-scale from TAM9 to Ain Hammouch and AMS-



Key Surface 4: A non-planar, heavily burrowed (Thalassinoides ichnogenus) and bored
(Trypanites) surface that caps the sand-rich Unit 6. Thalassinoides suggest relatively soft and sandy
sediment. Key surface 4 marks termination of the calcareous sandstones (FA-A, shoreface
environment) and change to silty to bioclastic limestones (B.2 and E) to the oyster floatstones (C)
and silt to sand-rich packestone-grainstones (B.1) interbedded with greenish calcareous mudstones
(FA-B, outer platform environment). It can be correlated between the logged sections where the
outcrop is not removed by modern erosion. Interpretation: A marine firmground surface,dissimilar
to the hardground KS2 as it is not extensively encrusted or bored or ce.~ented and therefore not

interpreted to have developed into a fully lithified hardground (Thri_* <t al., 2015).

4.4.1. Local Correlation

The ten measured sections at Igourar <na.. A lateral extent of six kilometres. Correlations
were made based on defining units, their inte:. al facies and, where possible, the bounding surfaces
that separate them. To the west of sect’c ~ T~M9, at TAM10 (right side of Fig. 10), Unit 1 cannot be
correlated as the outcrop seems to e .. tried under the riverbed and it does not outcrop at TAM1 or
any other sections. Unit 2 can k ~ curelated solely between TAM9 and TAM1 and Unit 1 was not
observed elsewhere from TAi 9. Lateral facies variations are clearly observed in Unit 3 from roughly
east to west with, for exam »le, lithofacies D.2 transitioning into lithofacies C between TAM6 and
TAMY7 (left side fig. 10), from coral platestones to oyster floatstones. Another clear example is
observed in a basinward direction between TAM2 and TAMS8 where beds are dominated by thin
platy corals (platestones, D.2) at TAMS rather than larger thick-branching and massive ones
(domestones, D.1) at TAM2. The facies composition also varies in a north-south direction, for
example being more mud-dominated (lithofacies F) at TAM7 compared to TAM4 which is 1000
metres to the south (fig. 11). Changes from D.1 (domestones) to D.2 (platestones) are observed

within Unit 3, evident for example between TAM2 to TAMS (Fig. 10). The lower part of Unit 3



thickens from TAM1 to TAM2 where a further 7 metres of coral-bearing beds (D.1 and D.2) are
observed below the distinguishable thicker-bedded upper part of Unit 3 (See TAM2 on Fig. 10). Unit
4 increases in thickness towards the west (between TAM8 and TAMS5 in Fig. 10) and the calcareous
mudstones (lithofacies F) become thicker and the bioclastic limestones (lithofacies E) become more
nodular-bedded. In a proximal (east-west, from TAMS8 to TAM9 in Fig. 10) direction Unit 4 is very
thin (decreasing from 6 to 1.5 m). Unit 5 also displays lateral shifts in facies over hundreds of metres,
for example between TAM2 to TAM7, the silty to sandy limestones (facies B.1/B.2) shift into
laminated and bioclastic sandstones (A.1/A.2) and then transition bacn *o the silty to sandy
limestones (Fig. 10). Unit 6 is uniform between the logged sectir=<, ., ster-rich beds (lithofacies C)
and ammonites-bearing silty to sandy limestones beds (litho: xcies B.1/B.2) can be clearly followed
between logged sections (top of fig. 10 and top of Fig. 11). \< clear lateral facies variations within

Unit 6 are observed in east-west or north to south cir.ct'ons at the Igourar outcrop.

Changes in thickness, for example t! e lcss of the thicker beds between TAM2 and TAMS8
(Fig. 10) and TAM4 to TAM3 (Fig. 11) couid he related to varying accommodation space as a result of
differential subsidence, as could the abs: nre of Unit 2 beyond TAM1 and the localisation of corals in
Unit 1 to TAMS. Small-scale (ove~ hundreds of metres) changes in accommodation space related to
changes in bathymetry woula . ffer 1t sedimentation rates and coral morphology with changing
turbidity. However, th's ~an..~% explain the changes in coral morphology and lateral facies variations

where no significant thickness variations are observed.
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4.4.2. Regional Correlation
The correlation was extended to the measured section AMS-1, 40 km to the north and an
additional log south of the Cap Rhir anticline (Ain Hammouch section) modified from Bryers et al
(2019) to build a regional framework for the Tamanar Fm. in the EAB. This allowed the construction
of a regional north to south correlation to highlight the spatial and temporal distribution of units

over tens of kilometres (Fig. 12).

Units 1 and 2 are not observed at the studied section south »f the Amsittene anticline (AMS-
1) nor are they seen on the southern side of the Cap Rhir anticline at » ‘'n Hammouch (right side of
fFig. 12). Unit 3 is found at all three logs along this 40 kilometr: -len, th north-south transect, easily
identified by the characteristic ferruginous, bioturbated a’'.« ~he!l-encrusted hardground surface,
KS2. The upward-thickening and then thinning trend of I 2ds « e a diagnostic feature of the unit that
allows correlation between Igourar (TAM9), Ain Ham,>~uch however it is not clear at AMS-1
whether the whole section has been deforn.~d "secause of the late Mesozoic Atlasic Orogeny (Le Roy
and Pique, 2001). Coral morphologies at Ai.- Hammouch are mainly thick-branching and surface-
encrusting with only rare thin flat/pl-*v 1.~ rphologies present, concurrent with similar morphologies
found at TAM9 and at AMS-1. Ur..* 4 can be correlated from Igourar to AMS-1 where it is thickest (6
m) and is made up of calcareow~ mudstones (lithofacies F) interbedded with poorly bedded bioclastic
limestones (lithofacies E,. Thc sand and silt-rich Unit 5 is recognised at AMS-1 but is thinner (from 15
at Igourar down to 3.5 metres at AMS-1). The individual beds are considerably thinner at AMS-1 than
the other sections. In the south, at Ain Hammouch, the unit is slightly thicker (18 metres) and shows
thickly bedded sandstones (50 cm to 2 m thick) with wavy and cross-laminations, rippled basal
surfaces and relatively poor bioclast content. Above these the unit becomes more limestone-
dominated but the beds retain their thickness. Unit 6 is thicker at Ain Hammouch (over 40 metres)
with thicker beds of lithofacies C and E and more extensive calcareous mudstones interspersed

between them. At AMS-1, the oyster-dominated limestones of Unit 6 are observed however the
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aforementioned deformation has made detailed correlation impossible, and the true thickness has

not been preserved.
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Igourar (this study) and AMS-1, south of the Amsittene Anticline (an additional section logged during the field study).



5. Discussion

5.1. Depositional Evolution Model

The depositional evolution of the coral-rich Tamanar Fm. can be subdivided into six events.
The depositional model (Fig. 13) utilises observations from both this study and previous field work
on the margin and allowed identification of other sections that were found to contain corals in the
Tamanar Formation (Ettachfini 2004; Ferry et al., 2007; Duval-Arnor*'d., 2019). The presence of
palaeohighs, illustrated in the accompanied diagrames, first repr.ric in field studies by Luber et al.,
2018 and Blanco et al., 2020, are also observed in this studv. «~d the correlated lower Cretaceous

interval thins and then pinches out against these highs.

A - first colonisation of scleractinian cora's in i iatively shallow (15 - 30 m) and turbid water,
marked by a sharp, undulating surface at the ©7 se of Unit 1. The corals are small and are made up of
platy and delicate branching morphologies .~ a muddy matrix indicating low light/turbid conditions.
The coral carpet growth is laterally v_ I..7.ited on the platform as the event is only identified at
TAMDY, suggesting fairly low platfc 'm productivity at this point in time. B - initial disappearance of
the localised corals. Depositinn *~s dominated by a series of bioclastic wackestone to packestones,
oyster-rich floatstones a1, ! greenish-grey poorly bedded calcareous mudstones (Unit 2; lithofacies C,
E and F) containing no corals. The facies shift is synonymous with declining water quality that
prevented coral growth because of poor light quality/increased turbidity and relatively deeper water
conditions. C - the bottom of Unit 3 is marked with a sharp base (KS1). This records the re-
emergence of corals in the study area. The coral morphologies range from thick-branching phaceloid
morphologies, undifferentiated domal shapes to thinner flat to platy-shaped morphologies all of
which can vary in size. Their deposition is found across all the studied localities with similar
assemblages and relatively equal thicknesses. An overall shallowing-up trend is observed in Unit 3:

the upper part is dominated by thick-branching and dome-shaped corals indicating a shallower ( 5 to



15 m) inner platform whilst the lower beds typically bear flat/platy morphologies in a poorly lit
slightly deeper middle platform (but no more than approximately 30 metres). The widespread,
regionally recognised, growth of corals on the Morocco Atlantic margin suggests regional-to
potentially global changes in palaeoenvironment and palaeoclimate that can be tied to time-
equivalent coral growth and increased carbonate productivity relative to the underlying late
Valanginian. D - A period of non-deposition occurs where coral growth plateaus, represented by a
regionally correlatable marine hardground surface (KS2) suggesting very slow to zero sedimentation
and increased water energy, at the top of Unit 3. Only surface-encrust.~e corals are seen and they
are bio-eroded and usually heavily enriched in iron minerals. Thi- mi. s a decrease in carbonate
productivity on the platform. A thin interval of calcareous m. dstones and limestones lies above KS2,
representing the transgressive deposits that follow this su, “2ze. E - Anirregular and sharp basal
surface (KS3) marks a distinct increase in sub-anguli r ~.0 \ngular silt to fine sand sized clastic grains
which can be sub-horizontally laminated and na\ e si.arp-based beds with a relatively reduced
bioclastic content. These are interpretec' as a shureface depositional environment and no corals are
observed. This event can be correlated w.ti an increase in humidity that led to greater terrestrial
runoff and associated siliciclastics a, 1 is documented across the Tethys (Arias et al., 1995; Follmi et
al., 2007). F - Marked by KS4, whi '~ proceeds several beds with shell debris concentrations (mainly
oysters) at their bases (tor. of Uit 5) marking the retreat of the shoreface (e.g. section TAM9 at the
top of Unit 5 in Fig. 10). KS2 is proceeded by a series of oyster floatstones with oysters up to 10 cm
diameter) that dominate the faunal assemblage and are followed by upward-thickening calcareous
mudstones and occasional limestones containing ammonites and nautiloids which suggest a

deepening trend and relatively unproductive outer platform conditions.
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Figure 13 - Depositional Models Mosaic (6 models). 3-dimensional concept models for the series of depositional sequences
interpreted. Location 4 (Tinfoul) shows the most easterly occurrence of corals on the margin. True fluvial facies are not
observed onshore the EAB, however red silts of late Hauterivian age are found near the settlement of Imintanoute. The red
arrows in part E show potential sediment input from known continental highs that may have been exhumed during the
earliest Cretaceous. The position of the shelf break is inferred from Tari and Jabour (2013). A —relative sea level fall
following a transgression during the late Valanginian allows limited coral establishment (made up of small platy and thin-
branching morphologies. B —A 3 order sea level rise makes water depth too great for corals (approximately >30 m). C —
Corals are widespread along the margin with a relative sea level fall (water depths approx. 5-15m) and related improving
environmental conditions. Domal and thick-branching morphologies dominate however to the west at Igourar the platy
morphologies become preferred with a gentle deepening of the platform. Corals change preferential shape from larger
domal shapes and thick-branching shapes to flat/platy ones over short distances independent of this basinward deepening,
attributed to local environmental factors affecting turbidity. D — A regionally correlatable break in sedimentation followed
by a short transgression ends coral development in Morocco, only resilient surface encrusters are observed on the
hardground surface (KS2). E — A shoreface environment develops with the progradation of elongate silt to fine sands. F — A
transgression leads to outer platform conditions across the margin and poor productivity is evident by depauperate oyster



communities. These oyster floatstones were deposited during episodic storm events between predominantly calcareous
mudstone deposition.

5.2. Establishment of coral carpets
In the EAB, thin ammonite-bearing limestones and greyish-green calcareous mudstones

underlie the Tamanar Formation, interpreted as recording outer platform conditions. The
macrofossil content decreases whilst the silt content increases upwards, pointing to unfavourable
platform conditions that may be related to cooler ocean waters evidenced in the mid to upper
Valanginian positive §13C isotope excursion Weissert Event (Erba et al., 2004; McArthur et al., 2007).
The emergence of coral-bearing beds lying abruptly on top of thes : si.*-rich and fossil-poor
calcareous mudstones and limestones points to a recovery of t 1e h. alth of the carbonate platform.
The initial establishment of corals in the studied interval i< . si.»all flat/platy and delicate-branching
forms in a muddy matrix (Unit 1). This was the pioneer sr ecie_ that temporally established prior to
the increase in distribution, abundance and relati\ e u..>*“rsification of morphologies identified in Unit
3. Similar ecological succession has been ok_=rvad in the older Oxfordian reefs in SW Morocco

(Olivier et al., 2012; Duval-Arnould, 2019) <~d in the Northern French Jura (Lathuiliére et al., 2005).

The widespread development L€ corals (Unit 3) on the western Moroccan Atlantic margin
and the numerous documentat:~ns ~f the emergence of time-equivalent (Hauterivian-aged) coral
deposits worldwide for exz.ny'e in SE Spain (Arias et al., 1995; Loser., 2008), SE France (Masse et al.,
2009) and the Neuquen ba_‘n in Argentina (Garberoglio et al., 2013) suggest global-scale palaeo-
environmental changes. McArthur et al. (2007) suggest warming Tethyan seas from the late
Valanginian to early Hauterivian in the SE Mediterranean, van de Schootbrugge et al. (2002) indicate
increasing ocean temperatures in the Tethyan and Boreal realms from the Radiatus to C. loryi
ammonite zones. Furthermore, a recent review by Scotese et al. (2021) suggests a global increase in

ocean temperatures between the late Valanginian to early Hauterivian.

On the northern Tethyan margin, faunal evidence points to heterozoan-rich communities

during the lower Hauterivian (Follmi et al., 2007) which is thought to be linked with detrital influxes



from the continent. Corals (of both lithofacies D.1 and D.2) shared habitats with heterozoan-rich
communities in the EAB (e.g. oysters, bryozoans, serpulids, brachiopods and echinoderms) and both
lithofacies show varying quantities of quartz in the matrix and preserved in the individual corallites
post-mortem. This suggests a broad relationship across the Palaeotethys, where nutrient-rich
environments associated with increased terrugenous material shedding from continental areas were
common on shallow marine platforms. The low-diversity and widely spaced corals, independent of
morphology, in Units 1 and 3 (illustrated in Fig. 4) were most likely opportunistic in a mesotrophic
environment. The micro-encruster Lithocodium Aggregatum common, associated with the corals is
not observed in the underlying (Berriasian to Valanginian) depo-i*< ... .ne EAB, which also supports
changing environmental conditions, and perhaps increasing . 'itrient levels. Increasing nutrient levels
associated with higher detrital input was similarly suggestc ¥ =s a factor for Lithocodium-bacinella

blooms during the Aptian in Oman (Rameil et al., 2C1(}.

The early Hauterivian is set in a peri \d c. long-term, global relative sea-level rise, of over
tens of millions of years (Fig. 2; Hag., 2014; Simmons et al., 2020). However, on a shorter time-scale
(several millions of years), a relative <ea- e\ el lowstand is suggested during the late(est) Valanginian
and earliest Hauterivian in south':'este 'n Morocco (Rey et al., 1988) and in the Mediterranean
Tethyan realm (McArthur et a... 20U7). The gross depositional stacking patterns indicate an overall
shallowing up from Ur .. 1 .2 5 that is correlated locally at Igourar (Fig. 10 and Fig. 11) and regionally
over tens of kilometres (Fig. 12) pointing to a regional eustatic control on deposition. This is
illustrated by the change from smaller platy and thin-branching forms in Unit 1 to large thick-
branching and dome-shaped corals within thicker beds in Unit 2 and culminates with the shoreface

silts and sandstones that are observed in Unit 4.

The inherited platform morphology also played an important role in the development of
coral carpets. The underlying series of limestones and calcareous mudstones of Berriasian to late

Valanginian age are generally flat to slightly undulating in nature (Bryers et al., 2019) and show



similar planar geometries to the Tamanar Formation. The flat and relatively uniform platform
promoted laterally extensive but vertically limited coral growth, with no reef frameworks identified
at the studied outcrops. Modern examples of non-framework reefs from the Red Sea (Riegl and
Piller; 1997, 2000) and the Gulf of Aden in Yemen (Benzoni et al., 2003) indicate the initiation of low

relief coral carpet communities is linked to relatively flat seafloor topographies.

Early marine diagenesis is prevalent throughout the studied sections. Shallow, well-agitated
waters in calcite-precipitating seas during the early Cretaceous (Sandberg, 1983) combined with the
wide and gentle platform morphology and low-sedimentation rate-, .. "on.oted early marine
cementation of the seafloor. In the study area, this is evident f om he widespread microspar and
blocky calcite in skeletal fragments, including the coral str:~*u, ~s (Fig. 6). Microbial activity evident
from the abundant Lithocodium Aggregatum and corallir 2 re ! algae Sporalithon Rude could have
further enhanced the strength of individual colon2s -n~ allowed them to survive relatively high
water energy and episodic storms. This was mor.z important for the thick-branching and massive
forms (D.1) than the flat/platy forms (D.2, ~hich relied on a hard-substrate in their higher energy

environment.

Therefore, a combinatinn  f changing palaeo-environmental conditions, relative sea level
fall, and an aerially-extensi: ¢ 'aw -relief platform, facilitated coral carpet development in the early

Hauterivian age in SW Mo, ~cco.

5.3.  Controls on coral morphology, abundance and distribution

The biostratigraphic constraint provided by the ammonoids collected (see Biostratigraphy
section, Fig. S2) suggests the coral-bearing interval of units 1 to 3 were deposited within the
Crioceratites loryi zone of the lower Hauterivian; a period spanning approximately 500 to 600 kyr
(Reboulet et al., 2018; Gale et al., 2020). If the thickness of coral-bearing units 1 to 3 at TAM9 is 25
metres, this would mean each metre of section would amount to approximately 20 to 24 kya. This is

concordant with minor amplitude sea level changes in the Hauterivian (Ray et al., 2019). Fauna (such



as oysters, echinoderms, serpulids) and infaunal benthic foraminifera (dominated by texturaliids
such as Praedorothia sp.) and the common micro-encrusting Lithocodium Aggregatum that is
associated with shallower water (Schmid and Leinfelder., 1996) are observed in both D.1 and D.2,
but they have a greater depth range than the more environmentally-sensitive corals, so high
frequency sea level fluctuations of several tens of metres over tens of thousands of years could be
plausible as a control on temporal variations in coral morphology. However, given that the platform
appears to lack topographic irregularity, and only steepens very gently to the west over several
kilometres (the transition to platy-dominated beyond TAM2 and total .>ss of corals beyond TAMS5),
significant bathymetric changes over hundreds of metres seem ':~l.z'y to account for local-scale

morphological changes or other facies variations identified I -erally.

Light levels, hydrodynamic energy, sedimentatio’. an.' turbidity are key drivers in shaping
coral communities (Hallock and Schlager, 1986; Rc se.* e al., 2000; Dupraz and Strasser, 2002;
Sanders et al., 2005) and their interplay is si_nifi _ant in coral morphology, abundance and
distribution in time and space in the EAB. Maty corals (Microsolenid subgenus) in the nodular-
bedded typically wackestone matrix indi 'at2 an adaptation to poorer light conditions (Insalaco et al.,
1996; Kolodziej et al., 2020) whe-2as i.rger densely packed thick-branched and massive dome-
shaped corals in a typically pa."“stc ne matrix record a morphological response to increased light/
higher energy environ nonts “liustrated in Fig. 14). Similar responses to changes in light levels have
been documented in Aptian-aged scleractinian corals from the Maestrat basin (Tomas and Loser.,
2008; Arnal et al., 2012); platy corals were interpreted as an adaptation to poorly lit outer shelf
settings and domal-shaped corals were attributed to shallower and higher energy inner ramp
settings (depths up to 30 metres in both cases). In both lithofacies in Morocco, mud (usually
micritised) quantities are high in both the matrix and within coral remains and other bioclasts

suggesting turbidity was relatively high (although greater in platy coral-rich D.2) and factored into

the development of widely-spaced, low-diversity and isolated coral communities.



Lateral shifts between coral morphologies and shifts from non-coral to coral-bearing
deposits, could occur without clear bathymetric shifts as many fauna and flora are found in different
lithofacies. This suggests that these spatial changes are related to differing environmental conditions
affecting sediment input. Autogenic controls (independent of processes such as tectonics, climate
and relative sea level) that affect sedimentation and erosion are key drivers for local (tens to
hundreds of metres) lateral facies variability in modern and ancient shallow marine systems
(Schlager, 2003; Wright and Burgess., 2005; Purkis and Harris., 2016 and Moscardelli and Wood.,
2019; McNeil et al., 2020). The lateral changes in morphology and pres-nce or absence of corals is
variable between logged sections on a scale of hundreds of met~~s, . liich suggest similar
environmental factors, sedimentation and erosion (i.e. chang s in hydrodynamic regime), had a
direct influence on coral communities. Changing terrestria, .10ff (Hallock and Schlager, 1986),
variable currents, tidal regimes and/or episodic stoi m acion effect the balance of erosion and
sedimentation and therefore turbidity (Sand-.rs . t ai., 2005; Westphal et al., 2010). The platy,
branching and domal corals indicate adz ntations to varying hydrodynamic energy and turbidity (as
illustrated in Fig. 14). For example, dor 13’ s..upes or thickets of large, phaceloid-branching corals
(with individual corallites up to two ~entimetres in diameter) suggest adaptation to increasing water
energy, whereas the smaller and .~inner morphologies may reflect quieter and more turbid

conditions resulting in noc -er |i sht levels (Dupraz and Strasser, 2002; Ricci et al., 2018).

The low relief and relatively uniform geometry of the platform may have allowed swift
migration of sediment bodies and erosive processes to occur with changeable currents and/or
changes in terrugenous input. Similar processes would explain shifts in lithofacies in the non-coral
bearing units for example from A.1 or A.2 to B.1 or B.2 between sections TAM7 AND TAMS8 in Unit 5

(approximately 700 metres).

Substrate availability is influenced by sedimentation type, rate and water energy (Westphal

et al., 2010) which could partly account for the scattered and apparently unsystematic coral



abundance. The position of the flat/platy corals (D.2) in a muddy matrix and the bio-erosion at their
highly irregular basal surfaces suggest they did not rely on a hard substrate like the larger corals (Fig.
14). The thick-branching and undifferentiated massive morphologies (D.1) convey non-planar
cemented surfaces at their bases suggesting a hard substrate was necessary for their colonisation.
Changing substrate from areas of hard seafloor to areas of soft muddy sediment therefore

contributed to the coral morphology.

The high abundance of heterotrophs found in the coral-rich Units 1 and 3 (bio-eroding
echinoderms and various filter feeding such as oysters and bryozo7...} codld also have limited coral
growth and increased spatial heterogeneities through increase 1 pr. dation, grazing and natural
competition for nutrients and substrate space (Schlager, 2773, *Vright and Burgess, 2005; McNeil et
al., 2020). Analogous examples are found in the Middle Mioc ne in Austria (Riegl and Piller, 2000)
where facies vary over tens of metres in short (les; 1. =r one-metre-thick) coral carpet framework
and non-framework communities are obser ‘ed icross a low-relief platform and are interpreted to
be strongly influenced by the hydrodynan.’~ regime and sedimentation. Modern day examples found
in the modern Red Sea (Riegl and Piller, : 9¢7, 2000) also show similar autogenic controls on the
coral morphology and distributic* . Thi.. random component of shallow carbonate sedimentation is
difficult to evidence in the anc.~nt record but it is nevertheless likely that it interfered with the high-

frequency relative sea . ‘@1 _'’Lies and gave rise to facies variations and varying coral morphologies.



WELL-LIT/LESS TURBID - THICK- POORLY-LIT/MORE TURBID -PLATY-
BRANCHING + DOMAL ASSEMBLAGE RICH ASSEMBLAGE

1 -

Figure 14 =Simple conceptual model for changing coral communities witt. che. ~~’.1g environmental conditions (a factor of
light level related to turbidity and hydrodynamism). Water depth is cons. ~nt, varying shades of grey indicate seafloor
sediment (darker grey is muddier). Hard substrate is shown as a harc blac.” line and softer substrate is shown as a dotted
black line. At higher turbidity the light level is reduced and corals grov. nr_ferentially in flatter to platy morphologies. At
higher hydrodynamic levels and lower turbidity (i.e. better lit env’ onme :ts), the corals show a preference for thick-
branching and massive forms. Sedimentation rate is interpr 2te 4 os low overall. For this change to occur, local-scale
environmental conditions shift, for example from a less she'te. - d tr more sheltered environment where finer sediments
(e.g. mud particles and/or silts) accumulate. This model ex. “'des the gradual deepening that is observed at Igourar from
east to west resulting in platy corals replacing thick-t anc 'ing «nd domal forms before completely disappearing and also
the temporal shifts from D.1 to D.2 (innc - tc middle platform) interpreted as deepening events.

5.4 Coral Demise

The ferruginous, irregular ar . sh. "-encrusted surface (KS2) marking the end of coral growth
at the top of Unit 3 is interpretea s a drowning surface, where rapid sea level rise resulted in a
reduction or complete shutdow ~ ~.f carbonate production (Kendall and Schlager, 1981; Godet et al.,
2013). A similar ferrugino. s and non-planar surface has been reported at a similar time interval
capping Lower Hauterivian coral development in SE Spain (Arias et al., 1985). The transgressive
surfaces may be associated with Tethyan-wide palaeoenvironmental change, such as those reported
in the Helvetic platform where drowning unconformities constrained to the C. loryi ammonite zone
of the early Hauterivian (F6llmi et al., 2007) are partly linked with increasing humidity and the
associated detrital influx resulting in a lowering productivity of the carbonate platform. A
longstanding sedimentary hiatus, correlated over tens of kilometres in the EAB, could have
subjected the platform to erosive wave-action, storms and deeper water which would have led to

the end of coral development. The relatively short-lived 3™ to 4™ order deepening (Unit 4) that



proceeded KS2 led to limited substrate availability and unfavourable carbonate productivity that
further deteriorated with the subsequent progradation of shoreface clastics (Unit 5). Corals are not
observed as whole or as debris in Unit 5 at an outcrop or microscopic level suggesting coral growth
had completely ceased prior to the increased and sustained clastic supply. They could not re-
establish after the drowning event with the reduction of hard substrate availability for colonisation
and given the low seafloor relief the efficiency of sediment rejection may have been made more
difficult than on inclined or declined slopes where sediment would be less likely to accumulate
(Dupraz and Strasser, 2002; Sanders et al., 2005). In SE Spain, the lowe " Hauterivian also contains
corals, interpreted as shallow water bioherms, draped by cross--~aJ x4 calcareous sandstones (Arias
et al., 1995) which supports the idea of increasing humidity . “sultant in hinterland erosion and

clastic input on carbonate platforms on a greater scale.

Decreasing carbonate platform health cul ni, ~t~.d with the deepening recorded in Unit 6 and
the deposition of depauperate oyster beds. ‘he oysters are large and make up the majority of the
faunal assemblage, suggesting they were ."le to withstand environmental conditions that other
fauna could not. Platform demise, dated as late early to early late Hauterivian, on the northern
Tethyan margin (Félimi et al., 201 7) re resented by glauconite and phosphate-rich limestones beds
are roughly time-equivalent tu *the oyster-dominated succession documented in the EAB. Given that
the drowning surface 'a. *ki..z che end of coral growth is correlatable over tens of kilometres in SW
Morocco, it would seem likely this was a regional event related to unfavourable

palaeoenvironmental conditions associated with an initial deepening on the platform followed by

the progradation of shoreface clastics.

6. Conclusions

The coral-rich carpets of the Tamanar Formation have been characterised and the controls
examined through integrating sedimentology, mapping and facies analysis, and the following key

points can be deduced:



Two coral-rich units are identified; a lower, isolated horizon, 4 m in thickness and an
upper horizon between 5 to 15 metres thick that extends for several thousands of
metres. They are made up of sparsely distributed scleractinian coral communities that
co-existed with a heterozoan-rich faunal assemblage with variable amounts of
siliciclastics forming planar low-relief carpets with no internal zonation or reefal build-up
geometries.

The Tamanar Formation can be dated to have been deposited within the C. loryi auct.
ammonite zone, suggesting an approximate timespan of 52 to 800 kyr.

Favourable growth conditions for corals arose with ~-a:1.51g palaeoenvironmental
conditions and 3™ order relative sea level fall th." lead to a more productive carbonate
platform than in the preceding Valanginian ag.

The low-relief antecedent seafloor of tt = :ailiest Cretaceous platform influenced coral
development, favouring non-frar.iev ork :arpet geometries rather than framework reef
build-ups and permitted wa ‘e-agitau.on that resulted in widespread early marine
cementation of individual ( o7 ai ..

The two coral lithofacie. — domestones (thick-branching phaceloid and undifferentiated
massive forms in a bic ~lastic matrix) and platestones (thinner flat/platy forms in a
muddier matr. <) te nporally reflect low-amplitude high-frequency relative sea level
fluctuations. Tk 2 platy/lenticular-shaped coral beds indicate lower energy/turbid
settings in slightly deeper platform conditions than the thick-branched and massive-
shaped coral dominated beds that developed in the higher energy, better-lit, shallower
platform environment. However local-scale coral morphology and lateral facies changes
are interpreted to be linked to autogenic factors, independent of bathymetric change
which were most importantly shifts in turbidity and water energy laterally.

The termination of coral growth is marked by a regionally correlatable hardground

representing a drowning event and deteriorating platform health. This was quickly



followed by an influx of silt to fine sized siliciclastics and then depauperate oyster
communities and silt-rich calcareous mudstones. This represents a temporal
palaeoenvironmental change with increasingly poor platform health and is recognised
across the Tethyan realm and associated with an increasingly humid climate and a
related influx of terrugenous material.

- These outcrops in western Morocco allow a key contribution to the relatively sparse
documentation of Hauterivian corals. Their sparse abundance, preference of lateral
growth and poor diversity is mirrored in time-equivalent cc -al-bearing sections around
the globe, suggesting a that corals where opportuni=*ic .=J grew in recovering and/or
mesotrophic carbonate platforms.

- These low-diversity and sparely distributed co. ~!s from a greenhouse period may
provide a proxy for recovery and demis : ¢ ¢ orals in response to environmental stress to

both modern and future climate chage projections.
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Figure S1 — Ammonites found in the field. A — Newly established ammonite genus Haroella, this paper does not discuss the
new genus. B — Lyticoceras gr. Cryptoceras. Hammer head width 15 cm.

Thin Section Diagenetic Skeletal Skeletal Remains Micritic Content Visible Porosity Quartz Content
ID Overprint Remains (%) (%) (%) (%)
TAMS 47S Blocky calcite and Echinoids (v 60 30 5 5

microsparite v common),

common, rare forams,

fibrous

bryozoan, coral




frag
(scleractinian?),
oyster or other
bivalve frag
(fibrous)
TAM3 51S Blocky and Echinoids v 50 50 0 5
horizontal calcite common,
and fibrous within oysters, large
bivalvia remains branch-like
remains filled
with micrite
could be coral
frag?
TAM7 53S Fibrous and blocky Bryozoan, 30 20 2 50
calcite in remains echinoids,
oyster?
TAMO 41S Rare, sparse Common 20 20 0 60
irregular calcite in elongate shell
remains fragments
(oysters, ‘
bivalves? |
TAMA4 48S Skeletal remains Bryozoans 30 0 _\ ) 20
can have semi- common,
fibrous or blocky elongate shell
calcite frags (oysters),
echinoid frags
TAM1 45C Blocky calcite Unclear due to 80 18 2 0
dominates with cementation
horizontal and
syntaxial (twin
lamallae) also ’
common [
TAM4 47C Blocky common Oysters, 50 _y—40 0 10
within remains, also | echinoids,
some fibrous and forams,
matrix commonly Lithocodium
with microsparite Aggregatum,
coralline red
algae
TAMS 46C (B) Dominated by Mostly 8o 15 0 0
blocky calcite, rare cemented and
microsparite. few clear ‘
skeletal rem. ‘ns
preserver' |
although se. ~r=’
large shell
~ tling-
TAMA4 46S Blocky calcite Large ~oral 45 40 10 5
common and fragme its,
significant bryozoans.
microsparite Echinoids, small
content, rare forams, many
fibrous/bladed in undiff' remains
remains
TAM10 42C Dominated by Unclear due to 80 20 0 0
blocky calcite, rare cementation
microsparite.
Within crystals
horizontal layers in
cements
TAM2 57S Small rhomboidal Oysters, coral 60 30 5 5
(dolomite or pieces and
microsparite?) echinoids,
crystals with more Lithocodium
common blocky Aggregatum
calcite
TAM9 52S Highly crystalline Few crystallised 30 20 0 50
with blocky calcite shell remains
and in places




rhomboidal
(dolomite?)

TAMS 445

Calcite within
skeletal remains

Oysters,
bryozoan,
Lithocodium
Aggregatum

50

43

TAM1 525

Calcite blocky and
fibrous in skeletal
remains

Oysters, coral
fragments,
bryozoan,
echinoids

30

60

TAMS 475

Generally blocky
calcite fills skeletal
remains

Echinoids v
common,
gastropods (or
small foram?)

45

50

TAM2 58C

Dominated by
blocky calcite (80%)

Unidentifiable
due to
recrystallization
of calcite

N/A

10

TAMS 40C

Blocky and some
fibrous cements of
remains

Variable sized,
crinoids(or
serpulids?)
common,
possible oyster
boring filled
with micrite,
outline of larger
coral piece?

30

60

10

TAMS 40C

Blocky and fibrous
calcite common

Oysters,
echinoids,
bivalves(?),
serpulids,
gastropod (or
foram?)

39

50

10

TAM7 44C

Some blocky and
fibrous cement

Echinoids (or
coral?), oysters
and/or brachs,
serpulids and an
encrustation
possibly from an
oyster,
crinoid(?), smal'
gastropod (or
foram?),
Lithocodi''m
Aggreg>tum

48

40

10

TAM4 40C

Blocky calcite
common

Bival' es

' rstey 2\
elong. ‘e
fragme its
crystallised,
echinoids

40

44

15

TAM3 54C

Large to small
blocky calcite, also
fibrous to bladed in
several remains

Bryozoan (v
common),
gastropod,
echinoid, large
elongate shell
fragments,
brachiopod,
bivalve,
serpulid, corals

50

30

20

TAMS 44BC

Almost completely
calcite
recrystallized. Large
blocky to more
fibrous or sinuous

Only coral
branch outlines
visible in macro
view

80

20




TAM9 42S Only sparse calcite Bryozoan, 30 30 40
cementation of bivalve,
small skeletal echinoid,
remains, perhaps serpulids,
microsparite in numerous
them too. Some elongate
fibrous cement in fragments
elongate remains (oysters?)
TAM2 61S Very commonly Oysters, 40 20 40
fibrous in shell brachiopods,
remains and some echinoids,
blocky calcite, variable sized
remains
TAMA4 41C Totally Undeterminable | 90 10 0
recrystallized by but likely
calcite, mainly recrystallized
blocky but some coralites
more fibrous
TAM3 53C Recrystallized by Undeterminable | 90 10 0
blocky calcite of but likely
variable sized recrystallized
crystal coralites
TAMG6 41C Large blocky calcite Bryozoans, one 50 35 15
with lamellae clear encrusting coral
within crystals. Also | fragment, coral
smaller blocky fragments large
calcite common and | and have
microsparite. Rare microbial
fibrous encrustations,
lots of tiny
circular remains,
few fibrous shell
fragments,
coralline red
algae
TAM7 47C Blocky calcite, can Echinoid, large 50 40 10
be twinned. Fibrous | oysters, tiny
common in shell skeletal remains
fragments, rare (peloids,
bladed in remain forams?) M
TAMA4 44S Common blocky Bivalves, 4.0 45 10
calcite, some bryozoan,
twinning lamallae. serpulid,
Some fibrous to echinoid,
bladed cements brachiopnd,
Lithocodiun.
Aggre zatur.
TAM2 53C Largely ' rge . 'sal? 60 34 5
recrystallized by fragi. ~nts,
blocky calcite, many s nall shell
variable sizes. Rare fragments and
bladed to fibrous in some larger
shell remains. elongate
Microsparite (oyster,
common brachiopod?)
TAMS 50C Almost entirely Coral outlines 90 10 0
recrystallized by only visible,
small blocky calcite, likely
some with lamellae, | recrystallized
also common coralites
microsparite
TAM7 49C Some blocky calcite Corals, many 40 50 10

within large coral
fragments, common
v. fine crystals,
microsparite? Some
fibrous calcite
skeletal remains

small and
elongated
remains,
echinoid




TAM10 41S Dominated by Corals 60 30 0 10
variable sized
calcite crystals,
mainly blocky.
Microsparite in
coral fragments.
Some twinning of
calcite
TAM10 40C Recrystallised Corallites 90 10 0 0
calcite of variable recrystallized by
blocky style, some calcite
twinning.
TAMG 43C Variable calcite Large 40 50 0 10
cementation, recrystallized
blocky, some coral pieces,
syntaxial cement, Echinoids (v.
some fibrous to common),
bladed in remains serpulids,
crinoid(?),
bryozoans, ‘
forams _l
TAMA4 42C Blocky calcite Large coral 50 40 | ) 10
common, variable branch pieces,
size, some many bryozoan
horizontal lamellae, fragments,
fibrous calcite echinoids, shell
common in remains | pieces (could be
bivalves, brach
or oysters or
mix),
Lithocodium ’
Aggregatum
TAMS 42S Very fine blocky Stromatoporoid, | 60 _[ 20 2 18
calcite, common bryozoans,
fibrous, and serpulids,
syntaxial cements in | echinoids,
remains, oysters and
microsparite also other elongate
common fibrous-
cemented
fragments,
forams with
agglutinated
quartz
internally cora.
fragment(r,
TAM7 52S Fine blocky calcite Bryoz sans, 55 39 1 5
to micosparite, < ~rpu, s,
fibrous cementation | bele. “nite(?),
of elongate remains | echinor Is,
common elongate shell
fragments very
common
TAM9 50B S Fine blocky calcite, Mainly 40 39 1 20
microsparite bryozoans and
common also echinoids,
between remains possible coral
flower remains
(micrite filled)
AMS1 70S V. common calcite Corals, 50 40 0 10
as blocky both fine echinoids,
and large sizes, also oysters,
commonly twinned bryozoan
and may be fibrous fragment(?) and
when part of shell elongate shell
fragments. fragments
Microsparite
common




TAM7 41C Blocky common, Bryozoan, 40 40 0 20
fibrous also, some elongate shell
twinning lamellae. frag (oyster?),
Very fine calcite small dark dots
crystals to maybe forams
microsparite
common in matrix
TAMG6 47S Fibrous and Echinoids, 25 30 5 40
microspar in serpulids,
skeletal remains oysters, bivalves
TAMS 40S Blocky and fibrous, Large remains of | 29 40 1 30
some twinned in echinoids, shelly
large skeletal fauna,
remains bryozoan,
serpulids
TAM7 43S Very clear blocky, Large 30 40 15 15
fibrous and fragments,
rhomboidal (still serpulids,
calcite?) calcite and bryozoans,
some twinning. One | echinoids, ‘
large fragment with | oysters, |
outer part showing coralline red |
bladed cement algae P
TAM2 54S Common in skeletal Echinoids, 35 35 15 15
remains, serpulids oysters,
have outer fibrous serpulids,
cement in places. bryozoans,
Blocky and fibrous. possible coral
frags ) N
Table S1 - Microfacies sheet produced during thin section anal*'~*< of samples. Percentages are based on estimates from
thin sectio” opu.... view)
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Section ID | Latitude (°) | Longitude (°) | Elevation (m)
TAM1 30.742878 -9.713569 143
TAM2 30.740083 -9.718569 150
TAM3 30.735633 -9.726003 190
TAM4 30.72505 -9.723519 193
TAMS 30.741653 -9.738289 201
TAM6 30.743508 -9.736031 180
TAM7 30.744631 -9.7331 176
TAMS 30.742078 -9.72705 175
TAM9 30.714539 -9.684558 220
TAM10 30.744806 -9.701525 138
AMS-1 31.0977 -9.816494 95

TABLE 1
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Highlights

e Kilometre-scale coral-rich outcrops onshore the Moroccan Atlz atic Margin

o Non-framework coral carpets show no internal zonation

e Coral morphology and abundance controlled chie 'v b, water energy and turbidity
e Establishment and demise of corals linked t ) s :a level and climatic change

e Low diversity corals possible proxy fc. 1. cov ~ry/loss in response to environmental stress
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