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ARTICLE INFO ABSTRACT

Handling Editor: Dr Mohamed Mohamed G Dolomitization is the most significant diagenetic process to affect Jurassic carbonate reservoirs along the Central

Abdelsalam Atlantic Margin (CAM). Despite several studies on dolomitization from different parts of CAM, the origin of these
dolomites and their influence on the subsequent diagenetic evolution of Jurassic carbonate systems remains

Keywords: enigmatic. In addition, while dolomitization is evident at the surface and in the subsurface of the Moroccan

Early jurassic carbonates

L Atlantic Margin, virtually no detailed studies have been conducted to determine the origin, mechanism, and
Seawater dolomitization

Salt diapirism significance of dolomitization in this basin. Therefore, the principal objective of this study is to assess the origin
Hydrocarbon emplacement and occurrence of dolomite in the of Upper Sinemurian-Lower Pliensbachian carbonates of the Arich Ouzla
Morocco Formation in the Essaouira-Agadir Basin by using petrography and geochemistry.

The shallow marine carbonates of the Arich Ouzla Formation have been partially dolomitized and are exposed
on the salt-cored Amsittene Anticline. The dolomite is stratabound, and predominantly fabric-retentive, although
in some parts it is partially replaced by non-stratabound, fabric-destructive dolomites. From petrographic ob-
servations and geochemical proxies, the fabric-preserving dolomites show dolomitization by reflux of mesohaline
seawater ((‘3180(1010,““e average = —3.5 %o VPDB, and 613Cd010mite average = 2.0 %o VPDB). In contrast, petro-
graphic and geochemical characteristics of the fabric destructive dolomites suggest precipitation from modified
seawater/formational brines convected along faults and fractures evidenced by depleted '0 isotopic values
(average = —4.1 %o VPDB) with high fluid temperatures (average = 78 °C; range = 66-90 °C) where fluids
interacted with the basal Triassic evaporites and siliciclastic sediments.

Fabric preserving dolomite has higher porosity (average = 6.0 %) than the precursor limestones (average =
0.4 %), whereas permeability in both rock types (average = 0.48 mD, and average = 0.02 mD, respectively) is
low. Fabric destructive dolomite has low porosity in proximity to fracture corridors (average = 1.9 %) due to
dolomite recrystallization (overdolomitization), whereas porosity increases to an average of 7.4%, away from
fracture corridors. The dolomites are post-dated by calcite cement which occludes vugs, intercrystalline pores
and fractures. The calcite is interpreted to be meteoric in origin, because of its non-cathodoluminescence and
depleted 5'%0 (average = —4.7 %o VPDB) and 53¢ (average = —9.3 %o VPDB) isotopic values with respect to
Jurassic marine carbonates. The meteoric calcites co-exist with bitumen suggesting that hydrocarbon migration
in the basin likely occurred at the same time, most likely during basin inversion and exposure. This work con-
siders dolomitization to be a localised process due to salt diapirism and demonstrates that the coincidence of
hydrocarbon emplacement with basin inversion results in degradation and probably leakage of hydrocarbons.
This emphasises the importance of local and regional tectonics, including salt diapirism, on patterns of diagenetic
overprint in sedimentary basins.
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1. Introduction

Dolomitization can occur in various settings from near surface to
deep burial. Dolomitizing fluids are usually seawater, often with
increased salinity and/or temperature (Adams and Rhodes, 1960;
Simms, 1984; Whitaker and Xiao, 2010; Al-Helal et al., 2012; Gabellone
et al., 2014; Gabellone and Whitaker, 2016; Breislin et al., 2020), or
formational fluids, released from deep sedimentary successions (War-
ren, 2000; Breislin et al., 2023) or the deep crust (e.g. Koeshidayatullah
et al., 2020). Dolomite strata are associated with major carbonate pe-
troleum reservoirs globally (Drivet and Mountjoy, 1997; Cantrell et al.,
2004; Wierzbicki et al., 2006; Amel et al., 2015) often having a positive
impact on reservoir quality. Dolomites are common in the Jurassic of
Morocco, and are important to subsurface reservoir presence, but exact
mechanisms for formation remain poorly understood. A number of
studies have hypothesized various possible origins and mechanisms of
dolomitization in Jurassic strata in nearby basins: (i) shallow burial from
seawater at low temperatures (<50 °C) (e.g. North Pyrenean Zone &
Basque-Cantabrian Basin: Bahnan et al., 2021 & Motte et al., 2021;
Gibraltar: Qing et al., 2001; Eastern Morocco: Aujjar and Boulegue,
2003; Central High Atlas: Moragas et al., 2019); and (ii) deeper burial
from seawater and/or formational brines at high temperatures (>50 °C),
where the Mg rich brines are derived from Triassic clay minerals and
evaporites (e.g. Aujjar and Boulegue, 2003; Panuke Gas Field: Wierz-
bicki et al., 2006; Moragas et al., 2019; Motte et al., 2021; Cruset et al.,
2023). However, no detailed study on dolomitization has previously
been conducted in the Western High Atlas. Jurassic dolomitized car-
bonates are thought to be important reservoirs along the offshore Cen-
tral Atlantic Margin, but a key challenge to reduce the risk for future
exploration is predicting reservoir quality in the subsurface. This study
provides an analogue for understanding these offshore partially dolo-
mitized carbonate platforms to the west of the Essaouira-Agadir Basin,
particularly those which have underlying salt. The main aims of this
paper are twofold: (i) to understand how basin architecture, including
the role of salt halokinesis, stratal architecture and fracturing controlled
the spatio-temporal distribution of dolomite on the Moroccan Atlantic
Margin, and (ii) to decipher the relationship between diagenesis, facies
architecture and post-rift basin tectonics. Some of the data has previ-
ously been presented in Koeshidayatullah et al. (2022), which described
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the dolomite — limestone reaction fronts and diagenetic boundaries. The
aim of this study is to develop a holistic interpretation for the diagenetic
evolution of the Arich Ouzla Formation to understand the role of basin
evolution on dolomitization in the Lower Jurassic.

2. Geological setting and lithostratigraphic framework
2.1. Structural evolution

The geodynamic development of the Western High Atlas Mountain
range is closely related to the Mesozoic breakup of Pangea and the
opening of the Proto-Atlantic (Beauchamp, 1988). This study was con-
ducted in the Essaouira-Agadir Basin (EAB), situated on the western
coast of Morocco, southwest of the High Atlas Mountain range (Fig. 1).
The EAB is bordered to the north by the Jebilet mountain range, to the
east by the Massif Ancien and to the south by the Souss Basin (Fig. 1).
The outcropping Mesozoic (Triassic, Jurassic and Cretaceous) succession
onshore in the EAB (Fig. 1) is recognized as one of the most complete
and well exposed stratigraphic successions of NW Africa (e.g. Hafid,
2000; Luber, 2017; Duval-Arnould, 2019), which reaches up to c¢. 7 km
in thickness (Ellouz et al., 2003; Ziihlke et al., 2004; Tari and Jabour,
2013). The structural evolution of the EAB can be divided into three key
phases.

1) The Central Atlantic rifting phase (Fig. 2 A) formed a sag basin
(Schettino and Turco, 2011), which became filled by continental
siliciclastic deposits and evaporites which are the oldest sediments of
Triassic age (Olsen et al., 2003; Mader and Redfern, 2011). The
Triassic deposits are capped by tholeiitic basalt of the Central
Atlantic Magmatic Province (Vergés et al., 2017) (Fig. 2 A). Rifting
ended with the emplacement of the first oceanic crust during the
Lower Jurassic (Piqué et al., 1998; Hafid, 2000) (Fig. 2 A).

2) The post-rift Pre-Atlasic phase (Fig. 2 A) led to development of a
passive margin characterised by deposition of Jurassic shallow ma-
rine carbonates interbedded with marine and fluvial siliciclastic
strata (Adams, 1979; Frizon de Lamotte et al., 2008; Duval-Arnould
et al., 2021). This was followed by deposition of Cretaceous-aged
mixed carbonate-clastic inner to outer shelf-open marine deposits
composed of limestones, shales and sandstones (Frizon de Lamotte
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Fig. 1. Structural map (left) of northwestern Africa illustrating the main physiogeographic provinces of Morocco, the main cover of sediments and the location of the
Essaouira-Agadir Basin (EAB) (modified after Hafid et al., 2006; Michard et al., 2008; Ellero et al., 2012). Geological map (right) of the EAB comprising salt-rich basin
offshore and highlighting the studied outcrops in the Amsittene Anticline and Tikki as well as the outcropping structures, Central Atlantic Magmatic Province (CAMP)
basalts and the location of cross-section lines (modified after Ager, 1974; Mustaphi et al., 1997; Hafid, 2000; Ziihlke et al., 2004; Frizon de Lamotte et al., 2008; Tari
and Jabour, 2013). The cross-section lines indicated on Fig. 1 are shown on Fig. 2 (B-C).
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et al., 2008; Tari and Jabour, 2013; Vergés et al., 2017; Duval-Arnould, 2019). (B) Cross-section A to B showing the overall basin structure offshore and salt diapirs
(modified after Tari and Jabour, 2013). (C) Cross-section C to D depicting the southern segment of the basin, affected by inverted flower structure fault system

(modified after Frizon de Lamotte et al., 2008).

etal., 2008; Luber, 2017). Offshore from the Essaouira-Agadir Basin,
the Triassic series are capped by 6-7.5 km thick (5-6 s TWT)
Mesozoic to Cenozoic deposits that were affected by diapirism
(Pichel et al., 2019; Tari and Jabour, 2013) (Fig. 2 B). Salt diapirism
was coeval with Jurassic to Cretaceous sedimentation, resulting in
local deformation of the strata, formation of 4-5 km thick diapirs and
development of mini-basins-(Hafid et al., 2006; Tari and Jabour,
2013; Pichel et al., 2019).

3) The Alpine (Atlasic) Orogeny/Inversion phase (Fig. 2 A), due to
collision of the African and European plates, from the Upper Creta-
ceous (Cenomanian) to the Neogene (Miocene to Pliocene) (Frizon
de Lamotte et al., 2008; Vergés et al., 2017). The Atlasic Orogeny,
combined with local reactivation of previous salt-related structures,
led to reactivation (inversion) of the former (Triassic) rift-related
(strike-slip and normal) faults in a east-northeast to west-southwest
trend (Fig. 1); buckling of the Mesozoic sedimentary cover
(Fig. 2B-C); development of generally east-west trending anticlines
that crop out in the Essaouira-Agadir Basin and formation of thrust
faults, typically with positive flower structures (Fig. 1) (e.g. Morabet
et al.,, 1998; Hafid, 2000; Le Roy and Piqué, 2001; Ziihlke et al.,
2004; Hafid et al., 2006; Frizon de Lamotte et al., 2008; Ouajhain
et al., 2011; Ellero et al., 2012; Tari and Jabour, 2013).

2.2. Lithostratigraphy

In the Essaouira-Agadir Basin, Triassic conglomerates, sandstones
and evaporites are up to 3650 m in thickness (Frizon de Lamotte et al.,
2008). These sediments filled the sag basin that was created during
Triassic Central Atlantic rifting (Fig. 2 A) (Brown, 1980; Du Dresnay,
1988; Hofmann et al., 2000; Tourani et al., 2000; Piqué et al., 2002;
Olsen et al., 2003; Frizon de Lamotte et al., 2008; Tourani et al., 2010;
Mader and Redfern, 2011; Ellero et al., 2012). The Central Atlantic
Magmatic Province (CAMP) basalt unconformably overlies, or is inter-
bedded with, Upper Triassic to Lower Jurassic sediments (Ager, 1974;
Ziihlke et al., 2004; Vergés et al., 2017) (Fig. 2 A). The CAMP basalt

ranges in thickness from 60 to 140 m and crops out in the Argana Valley,
Tikki and the Anklout Anticline (Fig. 1). The post-rift lithostratigraphy
of the Lower Jurassic in the Essaouira-Agadir Basin has been extensively
described (Roch, 1930; Ambroggi, 1963; Duffaud, 1960; Adams, 1979;
Adams et al., 1980; Peybernes et al., 1987; Du Dresnay, 1988; Bouaouda,
2007; Ouajhain et al., 2011; Duval-Arnould, 2019). The Arich Ouzla
Formation (Upper Sinemurian to Lower Pliensbachian; Fig. 2 A), un-
conformably overlies Triassic siliciclastic sediments and records the
onset of the earliest post-rift phase in the Essaouira-Agadir Basin
(Ouajhain et al., 2011; Duval-Arnould et al., 2021). The Arich Ouzla
Formation was deposited in an open marine setting on a carbonate ramp
(Duffaud, 1960; Duffaud et al., 1966; Ouajhain et al., 2011; Duva-
I-Arnould et al., 2021). The top of the Arich Ouzla Formation was eroded
prior to deposition of siliciclastic sediments of the Amsittene Formation
(Duval-Arnould et al., 2021) (Fig. 2 A). This formation is locally pre-
served onshore, to the NW of the Essaouira-Agadir Basin, in the Amsit-
tene Anticline (Fig. 1) with a thickness of up to 84 m (Duval-Arnould
et al., 2021) in outcrop. It is composed of bedded, partially dolomitized
carbonates dominated by ooidal-peloidal grainstones, oncoidal float-
stone and skeletal grainstones (Ouajhain et al., 2011; Duval-Arnould
et al., 2021). The upper part of the formation is highly dolomitized
(Duval-Arnould et al., 2021).

3. Methodology and dataset

This study was conducted during a single field season, in December
2017, during which the sedimentary section was logged and georefer-
enced samples were taken from the studied location (Fig. 1). Samples are
representative of all depositional facies and all paragenetic phases
observed in the field, including replacive dolomite and calcite as well as
cements of dolomite and calcite A total of 40 standard thin sections were
first stained with alizarin red S and potassium ferricyanide (Dickson,
1966) in order to qualitatively discriminate between calcite and dolo-
mite and qualitatively assess iron content of these minerals. Glass cover
slips were then applied and the sections were studied using transmitted,
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polarizedlight microscopy using a Nikon Eclipse LV100NPOL micro-
scope. All thin sections were impregnated with blue-epoxy resin to
identify porosity. Cathodoluminescence (CL) examination of 6 polished,
non-stained, uncovered thin sections was carried out using a Cambridge
Image Technology Limited (CITL) MK5 cold cathode stage to determine
calcite and dolomite phases and origins. The CL microscope operating
settings were set from 10 to 17 kV for the acceleration voltage of the
electron beam and 500-600 pA for the beam current.

Mineralogy of 41 powder samples of bulk limestones, fabric preser-
ving dolomites, fabric destructive dolomites and specifically selected
phases of calcite cements collected from the logged outcrop were
determined using a Bruker D8 Advance X-ray Diffractometer (XRD) at
the University of Manchester. The powder samples were prepared using
agate pestle and mortar (for bulk rock samples) or micro-drilled using
0.05 mm drill bit (for cement phases). Operating conditions for the XRD
were: 40 kV accelerating voltage, 40 mA electron beam current, 0.02°
step size with 0.2 seconds/step. The equipment tube has 0.6 exit slit and
a Gobles mirror and the detector is a Lynxeye with a 0.4 mm Soller slit.
The detection limit of the equipment is ~0.5% by mass. We quote the
calculated percentages and errors to one decimal place. Raw XRD data
were interpreted using EVA standard peak-fitting software, where raw
data were normalized after background extraction to remove negative
counts and peak displacement. Corrections were made using a quartz
internal standard. Each peak/phase in the XRD pattern represents a
mineral which was matched with the available directory. For quantita-
tive mineralogy, Topas 4.2 software was used, which uses full pattern
fitting Rietveld refinements for quantification, where the errors were
calculated to be 0.01-0.1%. The stoichiometry of the dolomite (MgCO3)
and the degree of ordering were calculated from the XRD pattern
following the equation proposed by Lumsden (1979):

NMgCO3 = 333.33 xd - 911.00 (where d = dolomite peak reflection
intensity value) and ratio between 015/0110 peaks, respectively.

Carbonate-powdered bulk rock and cement samples (each sample =
0.30 mg + 0.04 mg) from the Arich Ouzla Formation (n = 20) were
analysed for their 5'80 and §'3C isotopic ratios at Liverpool Isotope
Facility for Environmental Research at the University of Liverpool, UK.
Calcite powder samples were reacted with phosphoric acid under vac-
uum to release CO at 25 °C for 30 min (sensu McCrea, 1950). Dolomite
powder samples that were intermixed with <5% calcite were treated
with ethylene diamine tetraacetic acid (EDTA) at 60 °C for 16 h under
vacuum to dissolve the calcitic phase and liberate CO5 from dolomite
(Videtich, 1981). The COy was then analysed for carbon and
oxygen-isotopes composition on a VG SIRA 12 gas-source mass spec-
trometer. The precision measurement was +0.2 %o for 520 and 53C. All
stable isotopes of carbon and oxygen values are reported in %o relative to
the Vienna Pee Dee Belemnite (VPDB) standard.

One powdered sample each of bulk host limestone and fabric pre-
serving dolomite were analysed for 8Sr/%Sr ratios by dissolving each
50 mg sample with 1.5 ml HNO3 for 24 h at 50 °C to remove common
carbonate minerals. For strontium separation, the methodology of Pin
et al. (1994) was followed. Strontium isotope analyses were performed
on a Thermo Neptune multi-collector- Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) at the Geochronology and Isotope Geochemistry
General Research Services Centre, Faculty of Science and Technology at
the University of Basque Country in Spain. For analytical correction, the
procedure after Balcaen et al. (2005) was followed. The 87gr/86gr
measured values were reported to an NBS-987 standard: 0.710220 +
0.000001 (n = 3, 2 SD).

Three powdered samples, one of bulk host limestone & two of fabric
destructive dolomite were selected for clumped isotopes analysis.
Samples consisted of 8-10 mg of powder and were digested following
the routine established in Murray et al. (2016) and Swart et al. (2016) to
identify their A4 ratios. The samples were analysed in dual-inlet
Thermo Scientific 253 and 253+ ultra-high-resolution isotope ratio
mass spectrometers. Temperature data were obtained after conversion
of the A4y ratios using the equation proposed by Staudigel et al. (2018),
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adjusted for reaction at a temperature of 90 °C, without application of
acid fractionation factor. For the measured §!%0 isotope values of
clumped isotope samples, a fractionation correction of 1.0008 was
applied (after Sharma and Clayton, 1965; Land, 1980; Swart et al.,
2016). The composition of the parent fluid (SISOW) for calcite samples
was calculated from the calibration of Kim and O’Neil (1997). The slSOW
for higher temperature dolomite was calculated using the fractionation
equation of Horita (2014) and for low-temperature dolomite samples the
calibration of Matthews and Katz (1977) was used. Clumped isotope
analysis was carried out at the Stable Isotope Laboratory, University of
Miami.

A total of 5 powder samples, comprising bulk host limestone (1),
fabric preserving dolomite (2) & calcite cement (2) were used for major
ion (Ca, Mg, Na, Fe, Mn, S, Al, Sr and Si) and rare earth elements (REE)
analyses. Trace elemental (major ion) analyses were conducted using a
PerkinElmer Optima 5300 dual view Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES), whereas REE were analysed
using Agilent 7700x ICP-MS. Each sample (50-100 mg) was reacted with
2 ml of 20% hydrochloric acid (HC]) overnight and 10 ml de-ionized
water to ensure total dissolution of solids. The solutions were then
acidified by 2% nitric acid (HNOg3) and filtered to remove particles
>0.45 pm in size. The ICP-AES/MS analyses detection limits are 0.01
ppb in solution under normal operating settings. The REE concentrations
of the samples were normalized to Post-Archean Australian Shales
(PAAS) (Nance and Taylor, 1976) and their anomalies (Eu, Ce, Pr and
Gd) were calculated following the formulas suggested by Bau and Dulski
(1996).

Porosity and permeability analyses were performed on 1 inch
diameter, cleaned and dried core plug samples from the Arich Ouzla
Formation (n = 5) using a Digital Helium Porosimeter (DHP)-100
ResLab and Digital Gas Permeameter (DGP)-200 ResLab, respectively at
University of Manchester. Details of sample preparation for porosity and
permeability analyses can be found in Al-Sinawi (2022). The DHP
operating conditions used a supply of 10 bars of helium gas and 6 bars of
compressed air, and porosity was calculated according to Boyle’s Law
for total porosity values. The DGP operating settings used a supply of 6
bars of nitrogen gas and applied 10-18 bars of confining pressure.
Darcy’s Law was used to calculate permeability and a Klinkenberg
correction was applied on all samples.

Quantitative Evaluation of Minerals by Scanning Electron micro-
scopy (QEMSCAN) analysis of a CAMP basalt collected from an outcrop
in Tikki (Fig. 1) were made using a Bruker XFlash energy dispersive X-
ray spectrometer (EDS) combined with backscattered electron (BSE)
intensity from a scanning electron microscope to create a mineralogy
phase map. The operating settings for developing the mineralogy phase
map were: 20 pm step size and 1000 counter per pixel for EDS spectra.
The BSE brightness was adjusted using quartz standards and the
mineralogy map was produced using QEMSCAN IExplore software,
where the minerals measured spectrums were matched with an existing
mineral archive known as the Species Identifican Protocol.

4. Results
4.1. Outcrop observations

The Arich Ouzla Formation (Fig. 2 A) was studied in the Amsittene
Anticline (Fig. 1), which is the only outcrop of these strata in the
Essaouira-Agadir Basin. The unit occurs as laterally continuous car-
bonate beds with a total thickness of 32.5 m (Fig. 3 A to D). The logged
section is in the middle part of the formation and comprises two main
lithological units (Fig. 3 C). Unit 1 (13.5 m thick) forms the lowermost to
middle interval of the logged section (Fig. 3 C). It comprises well-bedded
to massively bedded, grey, partially dolomitized limestone with oncoids,
ooids, bivalve and gastropod shell fragments and poorly preserved un-
differentiated skeletal debris (oncoidal-ooidal packstones-grainstones)
which have been fractured and exhibit bed parallel stylolites (Fig. 3
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the Arich Ouzla Formation (modified after Duval-Arnould et al., 2021).

C). Unit 2 (19 m thick) forms the middle to uppermost part of the logged
section (Fig. 3 C) and consists of well-bedded grey limestone. It contains
micritised and coated grains, crinoids, coral fragments, gastropod frag-
ments, and rare belemnite forming skeletal packstone/floatstones (Fig. 3
Q).

In Unit 1, two fine-grained, fabric preserving (FP) dolomite bodies
occur, which become thicker and wider up-section (Fig. 3A-C). The
transition between the FP dolomite and the host limestones in Unit 1 is
diffuse, with no distinct colour contrast (Fig. 3 B). The lowermost in-
terval consists of FP dolomite which is 6.4 m thick and up to 120 m wide
replacing well-bedded oncoidal-ooidal grainstones-packstones (Fig. 3
C). The lower to middle interval comprises FP dolomite that is 7.1 m
thick and up to 150 m wide within a massive bed of oncoidal-ooidal
grainstones (Fig. 3 C) (Fig. 4 A). The FP dolomites in Unit 1 are cross-
cut by bed parallel stylolites (Fig. 3 C) which are themselves crosscut by
bed-inclined and bed-perpendicular calcite veins (Fig. 3 C).

In Unit 2, three medium-to coarse-crystalline, fabric destructive (FD)
dolomite bodies were identified within thinly bedded, coated-grain and
skeletal packstone/floatstones. The dolomite body becomes thicker and
extends laterally towards the top of the unit (middle: 5.2 m thick and
152 m wide; middle to upper: 6.6 m thick and 178 m wide; uppermost:
7.2 m thick and 214 m wide) (Figs. 3 and 4 B). Although this unit has
been replaced by FD dolomite, some of the large (2-4 cm in diameter)
undifferentiated skeletal grains could still be seen in outcrop (Fig. 3).
The contact between the FD dolomite bodies is diffuse vertically (Figs. 3
and 4C), whereas, the contact between the FD dolomite (light grey) and
the host limestone (dark grey) is marked by a distinct colour contrast,
with bed-perpendicular terminations bounded by three spatially distinct
fracture corridors (Figs. 3 and 4D).

4.2. Fracture characteristics

The dolomitized part of the Arich Ouzla Formation is stratabound
and relatively more fractured (8-14 fractures per meter) compared to
the limestones (5-9 fractures per meter) (Fig. 3 A-C, 4 A-D). In outcrop,
two main sets of fractures were identified: perpendicular (335° to 355°,
n = 44) and sub-parallel (90° to 105°, n = 7) to the axis of the anticline
(ENE-WSW) which are also bed-perpendicular and oblique to the
bedding regardless of bedding orientation (Fig. 3 A-C and Fig. 4). Three

separate fracture corridors (NNW-SSE) that range from 2 to 10 m in
width and approximately 25 m in length were recorded (Fig. 3 A-B, 4 C-
D). The fracture corridors consist of brecciated areas with poorly sorted,
angular to sub-rounded dolomite and limestone clasts (<1 cm up to 30
cm in diameter). Calcite cements occur as white calcite pockets (<1 cm
to few cm in diameter) and veins (<1 cm to few cm in diameter) that are
perpendicular and oblique to the bedding (Fig. 3 C) (Fig. 4 D) and oc-
casionally co-exist with bitumen filled vugs (<1 cm to few cm in
diameter) and veins (<1 cm to few cm in diameter) (Fig. 4E-F).
Downward tapering fissures from the uppermost layer, pass into irreg-
ularly shaped vertical pipes (<1 m in width) within the fracture corri-
dors and extend to 5 m in depth and up to 10 m in width. They host
poorly sorted, angular to sub-rounded limestone and dolomite clasts
(<1 ¢cm-30 cm in diameter) supported by red, very fine grained occa-
sionally laminated sandy-silty carbonate mudstone (Fig. 4 F).

4.3. Arich Ougla Formation limestone geochemistry

The Arich Ouzla Formation Unit 1 limestones were not analysed
geochemically as no host limestone physical rock samples were collected
from this unit. Unit 2 limestones comprise minor quartz (4.7%), dolo-
mite (3.0%) and albite (0.6%) (Table 1). Unit 2 limestones have an
average 580 = —3.8 %o VPDB (—4.1 to —3.5 %o VPDB) and § 13C = 1.2
%o VPDB (0.5-1.8 %o VPDB) (Fig. 5A, Table 2). The 8Sr/%sr ratio
measured on a limestone sample in Unit 2 was 0.7083 (Fig. 5B). The
clumped isotope temperature, calculated from A47 = 0.49 of Arich Ouzla
Formation Unit 2 limestone was 69 °C (Table 2). Unit 2 limestone has
high concentrations of Mg (6190 ppm), Fe (2450 ppm), S (6100 ppm), Si
(13920 ppm), Na (1150 ppm) and Al (1260 ppm), and relatively low
concentrations of Mn (152 ppm) and Sr (196 ppm) (Table 1). The sum of
REE and REE + Y concentrations for a limestone sample from Unit 2 is
25.2 ppm and 30.3 ppm, respectively (Table Supplementary Material).
Its PAAS-normalized (REE + Y) is fairly flat (Fig. 6A) and plots within
the ‘no Ce anomaly’ quartile using the linear method (Fig. 6B) and has
PAAS normalized ratios of Eu = 1.22, Ce = 0.99, Pr = 1.00 and Gd =
1.08. Unit 2 limestone has ratios of Y/Ho = 32.6, La/Yb = 13.3 and La/
Sm = 4.49 (Table Supplementary Material).
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Fig. 4. Photographs of the Arich Ouzla Formation outcropping in the Amsittene Anticline, NW Essaouira-Agadir Basin. (A) NNW-SSE fractures (red arrows) observed
in the fabric preserving (FP) dolomite of Unit 1 (pink arrow). (B) Thinly bedded fabric desctructive (FD) dolomite of Unit 2 (pink arrows). (C) A fracture corridor
(yellow dashed line) within Unit 2, thinly bedded FD dolomite (pink arrows). (D) Unit 2 moderately fractured limestone (blue arrow) and highly fractured FD
dolomite (pink arrow) bounded by a fracture corridor (yellow dashed line) where clasts of limestones (blue arrow) and dolomite (pink arrow) as well as calcite
cement (white arrows) were noted. (E) Deformed FD dolomite clasts (pink arrows) from Unit 2, crosscut by a network of black cemented fractures (white arrows) and
pockets filled by red sandy carbonate mudstones (red arrows). (F) A fracture corridor showing dolomite (pink arrows) brecciated by white calcite cement (white
arrow) and fissures (fractures and pockets) filled by red sandy mudstone (red arrows). Locations of Fig. 4 A to F are indicated in Fig. 3.

4.4. Fabric preserving dolomite

Petrographically, 45% visual determinationof the Arich Ouzla For-
mation dolomite is FP dolomite. It is characterised by very fine to me-
dium planar-e to planar-s (sensu Sibley and Gregg, 1987) (Fig. 7A-B).
Dolomite partially nucleates on, or completely replaces, ooids and
oncoids at the base of Unit 1 (Fig. 7A), with pervasive dolomitization
toward the top of this unit (Fig. 7B). FP dolomite also partially replaces
the micrite matrix of the coated grains and skeletal packstone/floatstone
in Unit 2 (Fig. 7E). FP dolomite shows unit to undulose extinction under
crossed polarized light with inclusion density (locally showing cloudy
cored dolomite crystals) (Fig. 7 C). Under CL, it is characterised by dull
to very dark red CL response (Fig. 7C-D).

The average stoichiometry of the FP dolomite is 41 mol % (range =
33-48 mol %) MgCOs3 (Table 2) and well-ordered based on the strength
of the 015 peak relative to the 110 peak. It has an average 6180d010mite =
—3.5 %o VPDB (range = —4.1 to —2.8 %o VPDB) and 5'Cgo1omite = 2.0 %o
VPDB (range = 1.9-2.1 %o VPDB) (Fig. 5A; Table 2) with a 8Sr/%6sr
ratio of 0.7089 (Fig. 5B). Concentrations of Mn average 682 ppm (range
= 548-815 ppm), Na concentrations average 249 ppm (range =
219-279 ppm), Fe concentrations average 2490 ppm (range =
2080-2910 ppm) and S concentrations average 3040 ppm (range =

2770-3300 ppm) (Table 1). Concentrations of Al, Sr and Si are relatively
low (Table 1). The average sum of REE concentrations for FP dolomite is
7.14 ppm (range = 6.42 ppm-7.86 ppm; Table Supplementary Mate-
rial). The total REE + Y concentrations for FP dolomite has an average of
9.91 ppm (range = 9.15-10.7 ppm; Table Supplementary Material). The
PAAS-normalized (REE + Y) profile shows negative Ce and positive Y
anomalies (Fig. 6 A), with the corrected data (after Bau and Dulski,
1996) showing a positive La and no Ce anomaly (Fig. 6 B). The
PAAS-normalized Y/Ho ratios average 34.4 (range = 33.9 to 35.0;
Table Supplementary Material).

4.5. Fabric destructive dolomite

Microscopically, the FD dolomite is recognized by planar-s and
nonplanar anhedral (Sibley and Gregg, 1987) dolomite crystals (Fig. 7F)
that range from 60 to 400 pm in diameter and show undulose to
sweeping extinction under crossed polarized light. Visual petrographic
estimation indicates that fabric-destructive dolomite makes up approx-
imately 50% of the Arich Ouzla Formation dolomite volume. It can occur
as clear crystals or with cloudy cores and clear rims under plain polar-
ized light (Fig. 7F-G). Fabric destructive dolomite is characterised by
very dark red CL (Fig. 7H). Although FD dolomite destroyed the host
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Table 1

Mineralogical composition (%) based on XRD analysis performed on six samples (bulk limestone sample from Unit 2, n = 1; bulk FP dolomite samples from Unit 1, n = 2; specifically selected and microdrilled calcite

cement samples, n = 2; bulk FD dolomite sample from Unit 2, n = 1) from the Arich Ouzla Formation in the Amsittene Anticline, and major trace elemental composition (ppm) of the Arich Ouzla Formation performed on

five samples (bulk limestone sample from Unit 2, n = 1; bulk FP dolomite samples from Unit 1, n = 2; specifically selected and microdrilled calcite cement samples, n = 2 (analysed by ICP-AES).

Fe (ppm) Mn (ppm) S (ppm) Al (ppm) Sr (ppm) Si (ppm)
1260

Ca (ppm) Mg (ppm) Na (ppm)

Albite (%)

Dolomite (%)

Calcite (%)

Quartz (%)

Phase/Composition

Limestone; n

13920

196

6100

2450 152

1150

6190

91.8 3.0 0.6 305600

4.7

1

69-142

25.7-29.9
22.5-40.4

283-321

2770-3300
4190-4730

548-815

2080-2910
238-349

219-279
40.4-93.7

64240-70600
5170-7980

140900-162500

0.1-0.3

0.0-0.1
0.06

97.4-99.1
1.8-2.1

0.4-1.7
97.1

0.4-0.8
0.5-1.0
2.2

=2

FP dolomite; n

97.9-161

482-907

39.4-19550

218900-246400

97.0-97.5
0.6

=2

Calcite Cement; n
FD dolomite; n:

1
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limestone texture in Unit 2 (Fig. 7E-H), ghosts of the original texture can
still be observed microscopically. The average stoichiometry of FD
dolomite is 50 mol % (range = 47-52 mol %) MgCOs (Table 2) and well
ordered based on the strength of the 015 peak relative to the 110 peak. It
has an average value of 5'%04olomite = —4.1 %o VPDB (range = —4.9 to
—3.5 %o VPDB) and 8 *3Cyolomite = 0.9 %o VPDB (range = —0.8 to 1.8 %o
VPDB) (Fig. 5A, Table 2). The fluid temperature was calculated from its
A47 = 0.50 to 0.46 as 66-90 °C (Table 2). No samples of this dolomite
phase underwent trace elements analysis.

4.6. Dolomite cement

Visual petrographic determination estimates that dolomite cement in
the Arich Ouzla Formation makes up an estimated <5 % of the rock
volume. Microscopically, dolomite cement is characterised by very fine
to medium (<10 pm to <200 pm) planar-s dolomite crystals filling
mouldic porosity (Fig. 7A) or as clear dolomite cement rim/overgrowth
crystals, under plain polarized light, that fill intercrystalline porosity in
FP (Fig. 7C) and FD dolomite (Fig. 7F and H). It shows undulose to
sweeping extinction under crossed polarized light. Under CL, the planar-
s dolomite cement has dull red CL response (Fig. 7D) and the cement
overgrowth rim around the FD dolomites has a bright orange CL
response (Fig. 7H).

4.7. Calcite cement

Calcite cement in outcrop was found in fractures that crosscut the
dolomitized Arich Ouzla Formation and in vugs, intercrystalline and
mouldic porosity (Fig. 3 C, 4 D-F). The calcite cement is white (Fig. 4 D),
black (Fig. 4 E) and red (Fig. 4 F) in colour. Petrographically, it com-
prises granular crystals that reach up to 400 pm in diameter (Fig. 7 B and
G) and are pink in colour under plain polarized light (stained with
Alizarin Red S; Dickson, 1966). Where the calcite cement is black in
outcrop (Fig. 4 E), black bitumen secondary inclusions, which are 100’s
pm in size, are observed within calcite crystals which partially fill vugs,
fractures and intercrystalline porosity. No other hydrocarbon fluid
phases were noted. The calcite cemented fractures in outcrop co-exist
with quartz grains. Calcite cement shows unit extinction under crossed
polarized light and is light to dark grey under reflected light,
non-fluorescent under ultra-violet light and non-CL (Fig. 7 H).

The XRD analysis of the cements indicates a composition dominated
by calcite (97.0-97.5 %) with minor dolomite (1.8-2.1 %), quartz
(0.5-1.0 %) and albite (0.0-0.1%) (Table 1). Calcite cement has average
values of §'80 = —4.7 %, VPDB (range = —5.2 to —4.2 %o VPDB) and &
3¢ = —9.3 % VPDB (range = —10.1 to —8.6 % VPDB) (Fig. 5 A,
Table 2). The calcite cement has high concentrations of Mg (average =
6570 ppm, range = 5170-7980 ppm) and S (average = 4460 ppm, range
= 4190-4730 ppm) and variable Mn (average = 9790 ppm, range =
39.4-19550 ppm) (Table 1). Calcite cement has relatively low concen-
trations of Fe, Al, Si and Sr (Table 1). The average sum of REE concen-
trations for Arich Ouzla Formation calcite cement is 4.63 ppm (range =
1.12-8.13 ppm; Table Supplementary Material). The total REE + Y
average is 5.73 ppm (range = 1.46-10.0 ppm; Table Supplementary
Material). The PAAS-normalized (REE + Y) patterns for Unit 2 black
calcite cement show a positive Ce and Y anomalies and the white calcite
cement have a negative Ce and positive Y anomalies (Fig. 6 A). The
PAAS-normalized anomalies of Pr and Ce of the white calcite cement
plots within the positive La anomaly and no Ce anomaly quartile using
the linear method (after Bau and Dulski, 1996) (Fig. 6 B). The
PAAS-normalized REE anomalies are: Eu/Eu* average = 2.28 (range =
1.22 to 3.34), Ce/Ce* average = 3.04 (range = 0.87 to 5.20), Pr/Pr*
average = 0.67 (range = 0.34 to 1.01) and Gd/Gd* average = 1.16
(range = 1.05 to 1.26) (after Bau and Dulski, 1996). The calcite cement
Y/Ho ratio averages as 33.7 (range = 27.5 to 39.9)
(Table Supplementary Material).



N. Al-Sinawi et al.

Journal of African Earth Sciences 211 (2024) 105167

é Jurassic marine calcite\ 5 B 0.7095
4
_Increase in fluid temperature | 1
< o O 0.7090 -
- : |
m 1 ]
18,
5" Oy, veoe) ] o 0.7085
12 11 ‘10 9 -8 -7 -6 5 -@ -3 -2 -1, o i
. 0.7080 -
o 4 0.7075 1§ _
2 &
% 5 Lower Jurassic seawater 1%
e -6 0.7070
[
- - = -7 ]
M Limestone (Unit 2) X2 M Limestone (Unit 2)
' " . " 5 s -8 0.7065
B Fabric preserving dolomite (Unit 1) | g § 8 [T Fabric preserving dolomite (Unit 1) |
M Fabric destructive dolomite (Unit 2) g z i 6‘30 1
- O -10 (% VPOB) 0.7060|
M White calcite cement (Unit 2) e T .
‘ ) \ 4 0 97 -8 -6 <A -2 0
M Black calcite cement (Unit 2)

Fig. 5. Arich Ouzla Formation 8'3C, 5'%0 and ®Sr/®%Sr isotopes data. (A) A cross-plot of 5'3C against 5'%0 of Unit 2 limestones, FP dolomites, FD dolomites and
calcite cements, shown relative to fields plotted from Lower Jurassic marine calcite (Veizer et al., 1999; Veizer and Prokoph, 2015) and Jurassic burial dolomite
(Wierzbicki et al., 2006) plotted in VPDB. Number of samples = 20 (limestone = 6, FP dolomite = 3, FD dolomite = 9, white calcite cement = 1, black calcite cement
=1). (B) A cross-plot of 8Sr/%°r against §'%0 of Unit 2 limestone and FP dolomite, shown relative to the range of 8”Sr/°Sr values for Lower Jurassic seawater (Qing
et al., 2001), with illustration of apparent trend. Number of samples = 2 (limestone = 1 and FD dolomite = 1).

Table 2

Limestone (number of samples = 6), FP dolomite (number of samples = 3), FD dolomite (number of samples = 9) and calcite cement (number of samples = 2)

mineralogical properties and isotopic analysis from the Arich Ouzla Formation.

Phase Dolomite Stoichiometry (mol % 5180 (%o 813C (%o A47-RF (CDES @ TA47 180 ater (%0 SMOW)
MgCO3) VPDB) VPDB) 90 °C) °0)
Arich Ouzla Formation Host Limestone
Maximum -3.5 1.8
Minimum —4.1 0.5
Mean -3.8 1.2 0.49 + 0.016 69+85 65+1.2
Standard 0.3 0.5
Deviation
Arich Ouzla Formation FP Dolomite
Maximum 48.3 —-2.8 2.1
Minimum 33 —4.1 1.9
Mean 40.7 -3.5 2 —1.7 to 0.3 (assumed temperature @
35-45 °C)
Standard 0.6 0.1
Deviation
Arich Ouzla Formation FD Dolomite
Maximum 51.7 -3.5 1.8 0.50 + 0.008 90 + 1.4 7.5 £+ 0.28
Minimum 47.3 -4.9 -0.8 0.46 + 0.002 66 +39 3.1+0.71
Mean 49.5 —4.1 0.9 0.48 + 0.005 78+27 5.3+0.50
Standard 0.6 0.7
Deviation
Arich Ouzla Formation Calcite Cement
Maximum —4.2 —8.6
Minimum -5.2 -10.1
Mean —4.3 to —2.8 (assumed temperature @

35-45°C)

4.8. Porosity and permeability

No porosity and permeability analyses were performed on Unit 1 of
the Arich Ouzla Formation limestones as no host limestones rock sam-
ples were collected from this unit. The limestones in Unit 2 exhibit low
(average = 0.4%; range = 0.2-0.5%, n = 2) porosity (mouldic) and
relatively very low permeability (average = 0.02 mD; range = 0.02-0.02
mD) . The FP dolomites are dominated by vugs, molds of ooids and
intercrystalline porosity (average = 6.0 %; range = 0.9-11.0 %) (Fig. 7
B), and the volume of porosity increases towards the top of Unit 1 (Fig. 3
C). However, the permeability of the FP dolomite in Unit 1 is low
(average = 0.48 mD; range = 0.03 to 0.92 mD). Overall, porosity is
lower in FD dolomite than in the FP dolomite and decreases up-section
(from average = 7.8 % to average = 2.9 %). Fabric-destructive dolomite

is characterised by intercrystalline and mouldic pore-spaces (Fig. 7 F).
The dolomite has lower porosity in proximity to the fracture zone, with
an average of 1.9% near the fracture corridors and average 7.4% at 40 m
distance from the fracture corridor.

4.9. The Central Atlantic Magmatic Province (CAMP) basalt

A basalt sample was collected from the outcrop at Tikki (Fig. 1), in
the southeast of the Essaouira-Agadir Basin to determine the mineralogy
and confirm the presence of Mg-rich minerals. The basalt is highly
fractured and is crosscut by quartz veins (Fig. 8 A). QEMSCAN analysis
shows that the CAMP basalt is composed mainly of feldspar (38.9 %),
pyroxene (21.0 %), olivine (7.2 %), chlorite (10.6 %) and quartz (7.9 %)
(Fig. 8 B).
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Fig. 6. REE data of the Arich Ouzla Formation limestone, FP dolomite and
calcite cements, normalized to PAAS. (A) REE + Y patterns (number of samples
= 5). (B) Calculated anomalies of Pr and Ce using the linear method (Bau and
Dulski, 1996) (number of samples = 4).

5. Discussion
5.1. Paragenesis

In the Arich Ouzla Formation, the micrite matrix, micrite envelopes,
oncoids, ooids and skeletal allochems (Fig. 7 A) within the limestone
were replaced by very fine to medium crystalline planar-e and planar-s
fabric-preserving (FP) dolomite forming the first phase of dolomitization
(Fig. 7 B-C, 9 B) where all other diagenetic phases cross-cut and postdate
this phase (Figs. 9 and 10). Bed-parallel (horizontal) stylolites crosscut
the FP dolomite (Fig. 3 C 9 B) and indicate that FP dolomite formed
before significant burial (<1 km; Dunnington, 1967; Alsharhan and
Sadd, 2000; Machel, 2004) (Fig. 10). The finely crystalline, FP dolomite
crystals (Fig. 7 B and C) are partially replaced and/or overprinted by
coarser planar-s and nonplanar anhedral FD dolomite crystals (Fig. 7 F,
9 C, 10) suggesting recrystallization of the FP dolomites. Dolomite
cement nucleates on cloudy, FD dolomite crystals (Fig. 7 F, 9 D) and
partially occludes intercrystalline porosity (Fig. 10) and mouldic
porosity and so postdates dolomitization of the limestone (Fig. 7 A, 9 D,
10). White calcite cement partially occludes fractures (Fig. 4 D) that
crosscut all the dolomitized beds and dolomite cement (Fig. 7 A and G)
and partially fills intercrystalline porosity. The calcite cement is locally
associated with black secondary inclusions of bitumen (Fig. 4 E, 9 E);
bitumen was also found between the calcite crystals filling vugs and
fractures, giving it a black pigmentation, which suggests that emplace-
ment of hydrocarbon was coincident or immediately after calcite
cementation. The black calcite cemented fractures are crosscut by
pockets filled by red sandy carbonate mudstones/red calcite cement
(Fig. 4 E), which also fills fractures (Fig. 4 F, 9 F) and occludes remnant
porosity. This is the last diagenetic phase (Fig. 10) in the Arich Ouzla
Formation in the Amsittene Anticline.

5.2. Origin of FP dolomite

The stratabound distribution of dolomite and cross-cutting of dolo-
mitized beds by stylolites indicates that FP dolomite was precipitated in
the earliest stages of burial. The very fine to medium crystallinity, planar
crystal textures (Fig. 4 A, B and C) and poor stoichiometry (Table 2) of
FP dolomites are consistent with a rapid rate of dolomitization and high
reactive surface area of the fine carbonate mud, whereas corals,
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Fig. 7. Photomicrographs of the Arich Ouzla Formation. (A) Partial replace-
ment of oncoids (white arrows) in Unit 1 by Fabric preserving (FP) dolomite
(purple arrows) under plain polarized light. Mouldic porosity is illustrated by
blue arrows and is partially occluded by dolomite cement (green arrow). Quartz
grains are indicated with yellow arrows. (B) Partial replacement of ooids and
oncoids (white arrows) within the grainstones of Unit 1 by FP dolomite (purple
arrows), crosscut by calcite cement (red arrow) filling fracture under plain
polarized light. Vugs, intercrystalline and mouldic porosity are illustrated with
blue arrows. Calcite cement (red arrow) also found filling intercrystalline
porosity. (C) Oncoids (white arrows) in Unit 1 limestones partially replaced by
FP dolomite (purple arrows). Vuggy porosity is illustrated with a blue arrow,
where the porosity is partially occluded by dolomite cement (green arrow). (D)
Same view as (C) showing dull red CL response of the FP dolomite (purple
arrows) and the dolomite cement (green arrow) under CL. (E) Partial replace-
ment of a skeletal floatstone of Unit 2 by FP dolomite (purple arrows) and FD
dolomite (green arrow) replacing a bivalve fragment under plain polarized
light. The bivalve fragment is coated by micrite (orange arrow). Quartz (yellow
arrows), peloids, echinoid fragment and crinoid were also noted. (F) FD dolo-
mite (green arrows) with zoned crystals showing cloudy cores and clear rims of
Unit 2, also showing mouldic and intercrystalline porosity (blue arrows) under
plain polarized light. (G) FD dolomite (green arrow) of Unit 2 crosscut by a
calcite cemented fracture (red arrow) under plain polarized light. (H) Same
view as (G) showing dark red dull CL FD dolomite (green arrow), non-CL calcite
cement (red arrow) and orange bright CL of dolomite cement overgrowth.

gastropods, echinoids and crinoids skeletal allochems were more resis-
tant to dolomitization (Fig. 7 E) (e.g. Braithwaite and Heath, 1996;
Gabellone and Whitaker, 2016). Repeated flux of dolomitizing brine
would eventually lead to dolomitization of low permeability sediment,
particularly since the fine-grained carbonate mud supported facies
would have a high reactive surface area (Gabellone and Whitaker,
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Fig. 8. (A) Field photograph showing the CAMP basalt being crosscut by quartz veins in the locality of Tikki. (B) QEMSCAN performed on the basalt sample collected
from the locality of Tikki. QEMSCAN image scale bar = 1000 pm. The locality of Tikki is shown on Fig. 1.

2016).

The §'3C (average = 2 %o VPDB; range = 1.9-2.1 %0 VPDB) and 51%0
(average = 3.5 %o VPDB; —4.1 to —2.8 %o VPDB) isotopic values for the
FP dolomite (Fig. 5 A) are comparable to other Lower Jurassic marine
carbonates (e.g. Veizer et al., 1999; Qing et al., 2001; Veizer and Pro-
koph, 2015) and to the 8'3C and §'%0 isotopic values obtained from
early formed dolomites encountered in the neighbouring basins, in
Gibraltar (Qing et al., 2001) and in the Central High Atlas (Moragas
etal., 2019). Moragas et al. (2019) noted oxygen isotope depletion of the
early formed dolomites in the Central High Atlas, and proposed they
could be related to elevated heat flow associated with Atlantic rifting
and volcanism. Comparable §'°C isotopic signatures and slightly
depleted 580 isotopic values to that of Lower Jurassic marine carbon-
ates have also been reported by Auajjar and Boulegue (2003) in Lower
Jurassic dolomites of the Tazekka district, Eastern Morocco. Volcanism
had stopped by the Lower Jurassic in the Essaouira-Agadir Basin (Mar-
zoli et al., 2004; Nomade et al., 2007; Whiteside et al., 2007), the
depleted 5'80 isotopic values (Table 2, Fig. 5 A) could be explained by
an elevated seawater temperature and an elevated basal heat flux from
the underlying salt (Koeshidayatullah et al., 2022), rather than diage-
netic alteration during shallow burial by meteoric water circulation or
alteration by dilute, lower temperature fluids (e.g. Cruset et al., 2021).

Overall, the petrographic and stable isotopic data suggests FP dolo-
mites formed from seawater. The PAAS-normalized REE profile shows
negative Ce and positive Y anomalies (Fig. 6 A) that are typical for
seawater (e.g. Banner et al., 1988; Bau and Dulski, 1996; Tostevin et al.,
2016), although the cross plot of normalized Ce and Pr anomalies (Fig. 6
B) (after Bau and Dulski, 1996) indicates that the FP dolomite has a
positive La anomaly but no Ce anomaly, suggesting precipitation in a
slightly reduced setting (e.g. Al-Aasm et al., 2021; Lécuyer et al., 2004;
Tostevin et al., 2016). The dull red CL response (Fig. 7 D) and high
concentration of Fe (average = 2490 ppm) (Table 1) in FP dolomite also
suggests dolomitization took place in a reduced setting (e.g. Banner and
Hanson, 1990; Machel and Burton, 1991; Machel, 2004; Railsback and
Hood, 2001; Boggs, 2009; Hiatt and Pufahl, 2014).

The 87Sr/%0Sr ratio of the FP dolomite (0.7083) is higher than
Jurassic seawater (Prokoph et al., 2008), but could be explained if fluids
migrated through and reacted with the underlying Triassic sandstones
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(Fig. 5 B, 11). Similar interpretations have been made in other basins
where dolomitized strata are underlain by highly permeable sandstones
(e.g., McLennan et al., 1990; Hollis et al., 2017; Newport et al., 2017;
Ozyurt et al., 2019; Newport et al., 2020). The variable Al (average =
302 ppm) (Table 1) concentrations, low XREE and XREE + Y concen-
trations (averages = 7.14 ppm and 9.91 ppm) (Table supplementary
data) of FP dolomite are also consistent with seawater interaction with
siliciclastic sediments (e.g. Kahle, 1965; Abanda and Hannigan, 2006;
Carmichael et al., 2008), as is the Y/Ho ratio (average = 34.4;
Table supplementary data) (Y/Ho ratio = 33-40, Tostevin et al., 2016).

5.3. Origin of FD dolomite

The FD dolomite replaces FP dolomite and is characterised by planar-
s and nonplanar petrographic textures (Fig. 7 F and G), dull CL response,
a stoichiometric composition (average = 49.5 mol% MgCOs3, range =
47.3-51.7 mol% MgCOs) (Table 2), and relatively high crystallization
temperatures (average = 78 °C; range = 66-90 °C) (Table 2) from
isotopically enriched slsowater (average = 5.3 %0 SMOW; range =
3.1-7.5 %o SMOW) relative to that reported for the FP dolomite
(Table 2). This suggests progressive recrystallization of the early-
formed, FP non-stoichiometric dolomite (e.g. Olanipekun and Azmy,
2017). The variation in crystal size of the FD dolomite (60-400 pm in
diameter) suggests that the substrate was polymodal (e.g., Sibley and
Gregg, 1987; Braithwaite and Heath, 1996), whilst the uniform dull CL
response (Fig. 7 H) implies a single event under burial conditions,
allowing incorporation of Fe?* in the crystal (Hiatt and Pufahl, 2014).
The enriched §'®0yawer value could indicate fluid — rock reaction,
perhaps with the underlying Triassic salts or siliciclastic sediments (e.g.
Cruset et al., 2021; Cathelineau et al., 2021). A possible source of Mg for
dolomitization could be penecontemporaneous or relict seawater, con-
vected through faults and fractures, which may have interacted with
siliciclastic sediments, and/or CAMP Basalts, by leaching Mg from
olivine, or mixing with formational brines with the Triassic clay min-
erals and possibly CAMP basalts (olivine & pyroxene) (Fig. 11).
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Fig. 9. A cartoon showing the paragenesis of the Arich Ouzla Formation in the

locality of the Amsittene Anticline, Essaouira-Agadir Basin. (A) Micrite envelope

around a bivalve shell (white arrow). (B) Replacement of the host limestone by FP dolomite which is crosscut by a stylolite. (C) Replacement by FD dolomite (green)
where the original limestone fabric becomes challenging to distinguish. Reduction of the pore space (blue) relative to (B) becomes noticeable. (D) Dolomite cement
partially fills intercrystalline porosity (yellow arrows) and mouldic porosity (white arrows) in FD dolomite (green). (E) White calcite cement filling intercrystalline
porosity (yellow arrows), mouldic porosity (white arrow) and a fracture crosscutting the dolomites. (F) Red calcite cement crosscuts the white calcite cement.
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Fig. 10. Paragenetic sequence showing the relative timing of the Arich Ouzla Formation diagenetic phases associated to diagenetic realms, related to major tectonic

event and the porosity enhancing (+), porosity destructive (-), porosity enhanc

5.4. Dolomitization model

It has been proposed that the formation of FP dolomite of the Arich
Ouzla Formation took place from seawater based on the stratabound
distribution of dolomite, its paragenetically early timing and geochem-
ical data. Seawater can reflux from meso-or hypersaline brine pools on
the platform top in peritidal settings leading to dolomitization of plat-
form strata (Adams and Rhodes, 1960; Simms, 1984; Qing et al., 2001;
Melim and Scholle, 2002; Jones and Xiao, 2005; Al-Helal et al., 2012;
Gabellone et al., 2014; Gabellone and Whitaker, 2016; Newport et al.,
2017). (Fig. 11). However, the study area was located offshore and

ing/destructive (+) phases.

therefore seawater was likely to be of normal salinity. Nevertheless, it is
possible that the topography provided by the underlying salt dome led to
very shallow water conditions that could have facilitated reflux of
mesohaline brines on the platform top, and possibly geothermal con-
vection on the margins of the diapir and along fractures. It has been
proposed from trace element data that fluids were sub-oxic or reducing
and that there is evidence of fluid-rock interaction with underlying sil-
iciclastic sediments. In this case, seawater that was refluxed and con-
vected on the Amsittene Anticline could have been enriched in Mg, as
well as Fe and Al, as a result of fluid-rock interaction with the underlying
clastic sediments. Triassic evaporites that are interbedded within
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Fig. 11. Conceptual model showing dolomitization of the Arich Ouzla For-
mation by seawater in the Essaouira-Agadir Basin. Under semi-arid conditions
during the Sinemurian, mesohaline seawater seeped through the Arich Ouzla
Formation limestones by density driven flux where the limestones were
replaced by FP dolomites. Due to the brittle nature of the dolomites making
them subtler to fracturing, open fractures were developed as a result of Triassic
salt diapirism. The open fractures were used as migration pathways for
seawater convection passing through the Triassic clastic aquifer, Triassic salt
and migrating up warm fluids, partially recrystallizing the FP dolomite to FD
dolomite. Vertical thickness of the Arich Ouzla Formation is exaggerated in
the sketch.

Triassic sandstones (Fig. 2 A) comprise halite and gypsum. Therefore,
they are not likely to have contributed Mg, but could have provided an
additional source of saline water during halokinesis. The localised for-
mation of the dolomite, along with a decrease in Mg/Ca ratios towards
the dolomite-limestone boundary on the margins of the body (Koe-
shidayatullah et al., 2022) suggests that dolomitization was limited to
the salt diapir, with a marked reduction in dolomitizing potential over a
short distance. The temperature determined from the limestone of the
Arich Ouzla Formation of 69 °C (Table 2, Fig. 10) is in agreement with
the maximum burial depth and temperature for the platform, estimated
by Ziihlke et al. (2004); Rimi (1993). Unlikle the FP dolomite which is
non-stoichiometric, FD dolomite is stoichiometric which suggest sig-
nificant recrystallization and stabilization from hot, evolved fluids that
had a relatively invarient composition through time (e.g. Gregg and
Sibley, 1984; Kaczmarek and Sibley, 2014). Correspondingly, the stoi-
chiometry and clumped isotope data for FD dolomite indicates that it
precipitated at temperatures higher than the FP dolomites (66-90 °C;
Table 2) (Fig. 10), reflecting thinning of the crust. The oxygen and
carbon isotopic values for the FD dolomites (Fig. 5 A) plot within the
same region as Lower Jurassic dolomites elsewhere in the region
(Tazekka District- NE Morocco: Auajjar and Boulegue, 2003; Tazoult salt
wall- Central High Atlas: Moragas et al., 2019), which have been
interpreted to form from hydrothermal formational brines derived from
the Triassic siliciclastic acquifers with fluid expulsion along faults and
fractures into the Lower Jurassic strata. However, dolomitization by this
process is unlikey as brines are often of low volume unless the basin is
overpressured (Frazer et al., 2014; Gomez-Rivas et al., 2015). There is
therefore a mass balance problem in deriving sufficient water and Mg for
dolomitization. It is proposed, based on the spatial distribution of the FD
dolomites in proximity to faults and geochemical proxies, that ongoing
convection of penecontemporaneous or latent seawater, modified by
fluid-rock interaction during convection is the most viable dolomitizing
process (e.g. Gomez-Rivas et al., 2015; Hollis et al., 2017; Cruset et al.,
2021). Seawater is the most likely source of Mg due to its high Mg/Ca
ratio; however, additional sources of Mg could have increased the po-
tency of the dolomitizing fluid. For example, Mg could be released
during seawater convection and interaction with underling Triassic
sandstones (e.g. released during clay diagenesis). Although no evidence

12

Journal of African Earth Sciences 211 (2024) 105167

of illitization of clay minerals was identified in the dolomites, the
presence of minor quartz and albite within the dolomites suggests
interaction of brines with siliciclastic sediments. The Central Atlantic
Magmatic Province basalts could also have supplied Mg, if an acidic
fluid was available to leach Mg from olivine and pyroxene (e.g. Breislin
et al., 2020). A single sample from the CAMP basalt was analysed and
the results illustrate the presence of pyroxene, olivine and illite (Fig. 8)
which could be possible sources of Mg responsible for formation of the
FD dolomites. The CAMP basalt was also found to be composed of cli-
nochlore, muscovite and vermiculite (Fig. 8) which suggests hydro-
thermal alteration. Basaltic sediments are often depleted in radiogenic
Sr (e.g. Davis et al., 2003; Krabbenhoft et al., 2010; Pearce et al., 2015;
Voigt et al., 2018), hence, it is unlikely to have contributed to the
enriched 7Sr/%0Sr values that were measured in the dolomite in this
study. Also, a source of acidic fluid that is sufficiently acidic to leach the
basalts is difficult to identify. Therefore, based on the previously pre-
sented data, the most likely source for Mg forming the FD dolomites is
interaction of seawater with the Triassic sandstone.

5.5. Dolomitization fluid flow pathways

The Arich Ouzla Formation was deposited on a carbonate ramp
(Duval-Arnould et al., 2021) where geothermal convection is unlikely to
have occurred because there would be insufficient differentiation in
water depth, compared to a steeply dipping platform margin, to drive
convection (Aharon et al., 1987; Whitaker et al., 2004; Dong et al., 2020;
Breislin et al., 2020). However, topographical variations on the Arich
Ouzla Formation carbonate platform could have been created because of
local salt diapirism (Ziihlke et al., 2004; Hafid et al., 2006) during the
LowerJurassic (Figs. 10 and 11). Convection might also have been
facilitated by a thermal anomaly above the salt, as salt (halite, sylvite &
anhydrite) has a thermal conductivity 2 to 4 times higher than other
sedimentary rocks (Magri et al., 2008; Pauselli et al., 2021), thereby
increasing fluid temperature in the vicinity of diapiric structures (Jen-
sen, 1983; Canérot et al., 2005; Magri et al., 2008; Nader et al., 2012)
(Fig. 11). The magnitude of the thermal anomaly would depend on the
morphology, size and depth of the diapir. Furthermore, fractures may
have formed due to salt diapirism which would have facilitated con-
vection of seawater during the Sinemurian (Fig. 10) on the margin of the
diapir. The presence of clasts of FP dolomite within the fracture corri-
dors (Fig. 4D-F) suggests that dolomitization predated fracturing and
that the position of the fracture corridors was controlled by the me-
chanical contrast between dolomite and limestone (Koeshidayatullah
et al., 2022). The second phase of dolomite (FD dolomite) then formed
by fluid flow along the fracture corridor leading to dolomite recrystal-
lization, evidenced by the presence of dolomite cement and a lower
porosity in the fracture corridor away from it. It is not possible from the
current study to assess with confidence whether salt diapirism or the
Alpine compression controlled the formation of the fracture corridors,
but both would have occurred after formation of the FP dolomite, likely
during the Cenozoic, prior to karstification (Fig. 10) (Fig. 11).

5.6. Calcite cementation and karstification

The white (and locally black pigmented) calcite cement (Fig. 4 D-E,
7 B and G) in pore spaces and fractures crosscutting the dolomite bodies
is the penultimate diagenetic phase in the Arich Ouzla Formation. The
occurrence of calcite in fractures suggests fluid flow during tectonic
activity. The calcite cement shows a non-CL response (Fig. 7 H), which
suggests formation in an oxic setting as it also has low concentrations of
Fe (Table 1) (e.g. Meyers, 1974; Carpenter and Lohmann, 1989; Nader
et al., 2008; Tostevin et al., 2016). The depleted 5'®0caicite (Fig. 5 A,
Table 2) suggests precipitation from an isotopically depleted fluid,
typical of a meteoric water (Lohmann, 1988; Moore, 2001; Moragas
et al., 2019; Cruset et al., 2018, 2021). Very low concentrations of Na
(40.4-93.7 ppm, Table 1) in the calcite cement also supports a meteoric
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origin (e.g. Nader et al., 2008). The minor quartz (0.5-1.0 %) and albite
(0-0.1 %) co-existing with the calcite cements (Table 1) could suggest
interaction of the meteoric water with overlying or basal siliciclastic
sediments (Fig. 2 A). The calcite cement has high concentrations of Mg
(5170-7980 ppm) and relatively lower concentrations of Al (average =
482-907 ppm) and Si (average = 97.9-161 ppm) (Table 1) that could all
be consistent with fluid-rock interaction with siliciclastic deposits below
or above the Arich Ouzla Formation and the precursor dolomite (Fig. 2
A). This suggests that calcite cementation occurred during uplift of the
platform and exposure during the Cenozoic (Fig. 11). Koeshidayatullah
et al. (2022) bracketed the formation of karstic fissures in the upper 5 m
of the Amsitene Anticline to Eocene to Miocene based on their sedi-
mentary fill, and similar, calcite cements with a meteoric signature
occur in the Central High Atlas (Moragas et al., 2019). The presence of
bitumen in the calcite cement indicates that hydrocarbon emplacement
was coincident with calcite cementation (Fig. 4 E, 9, 10). This suggests
that hydrocarbon emplacement occurred during basin inversion, but
faulting led to leakage of the hydrocarbon to the surface. Furthermore,
the low volume of porosity within much of the Arich Ouzla Formation,
particularly in the vicinity of faults, means that there was little residual
pore space for hydrocarbon emplacement by this time.

6. Conclusions

This paper offers the first detailed description and discussion of the
diagenetic overprint of the Upper Sinemurian- Lower Pliensbachian,
Arich Ouzla Formation shallow water carbonate platform that was
established in the Essaouira-Agadir Basin.

(1) The Arich Ouzla Formation is characterised by inner to mid-ramp
carbonate facies, consist of ooidal-oncoidal packstone-grainstone
& peloidal-skeletal rich packstone/floatstone facies.

(2) FP dolomite bodies exhibit stratabound geometries, showing fine
to medium crystalline planar crystal textures. The dolomite is
non-stoichiometric, showing oxygen and carbon stable isotope
values that are comparable to Lower Jurassic seawater, suggest-
ing precipitation at low temperatures (<50 °C).

(3) The brittle nature of the FP dolomite together with salt diaprism/
deformation during burial led to development of open fractures.

(4) Open fractures within the partially dolomitized Arich Ouzla
Formation allowed continued convection of warm dolomitizing
fluids which recrystallized FP dolomite to form FD dolomite.

(5) The FD dolomites are stoichiometric and show medium-coarse

planar-s to nonplanar crystal morphology, dull CL response,

depleted oxygen stable isotope signatures compared to Lower

Jurassic seawater. They are interpreted to have originated from

penecontemporaneous or latent seawater that reacted with the

underlying Triassic sandstones, forming warm (66-90 °C) dolo-
mitizing fluids that convected along fractures.

Further uplift of the basin caused by local salt deformation and/

or the Cenozoic Alpine Orogeny may have led to exposure of the

Arich Ouzla Formation, erosion and karstification, proven by the

presence of fracture corridors filled by clasts of limestones, FP

dolomites and FD dolomites which are brecciated by meteoric
calcites and karst fissures.

(7) Although the FP dolomites have higher porosity than the pre-
cursor limestone, porosity was largely reduced by recrystalliza-
tion and formation of FD dolomite around fracture corridors.

(8) Hydrocarbon emplacement post-dated dolomitization and ap-
pears to be broadly contemporaneous with uplift, fracturing and
the ingress of meteoric fluids. The presence of bitumen implies
hydrocarbon degradation, probably associated with water
washing during platform emergence and karstification.
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