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ABSTRACT

The Messinian lagoonal carbonate—evaporite sequence of Cyrenaica, north-east Libya, hosts: (i)
opaline nodules in gypsiferous microbial-rich mudstone; (ii) nodules replacing poikilotopic
gypsum cementing bioclastic carbonates; and (iii) bedded porcelanite with large lenticular gypsum

pseudomorphs intercalated with recrystallized microbial mats. Optical microscopy, scanning
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electron microscopy, backscattered electron images — secondary electron images, X-ray
fluorescence, X-ray diffraction and cathodoluminescence techniques were employed to elucidate
on the early stages of chert diagenesis and demonstrate the role of moganite in the formation of
varieties of chalcedony during silicification. The opaline nodules composed of opal-A, exhibit
shrinkage cracks lined by isopachous fibrous quartzine underlain by a thin birefringent zone. This
suggests that quartzine may develop by crystallization and conversion of opal-A through a
transitional moganite. The quartzine is followed by amorphous silica gel that converts into length-
fast chalcedony. By contrast, lutecite evolved by silica replacement of gypsum through a
transitional moganite phase, which forms an amorphous zone in apparent optical continuity with
the fibrous lutecite; as moganite advances by pseudo-crystalline terminations controlled by the
gypsum cleavage. In gypsified oyster shells, intercrystalline organic matter enveloping
pseudomorphed shell microstructures enabled moganite nucleation that merges syntaxially around
the gypsum crystal rim. The associated lutecite occurs as radial-fibrous beekite aggregates that are
consistent with early shell silicification. The bedded porcelanite consists of opal-CT groundmass
undergoing recrystallization and enclosing micro-cavities lined by quartzine. The associated
pseudomorphs display phases of gypsum replacement by moganite and lutecite at the outer
margin, followed by dissolution and cavity filling by quartz varieties in response to fluid flushing.

In all cases, organic matter and microbes played a vital role in the silicification process.

Keywords: Chert, Cyrenaica, Libya, lutecite—quartzine, Messinian, moganite, opal, poikilotopic

gypsum, pseudomorphs.
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INTRODUCTION

The origin, diagenesis and mineralogy of chert are reviewed extensively by several researchers
including Laschet (1984), Hasse (1989) and in Warren (2006). The relationship between length-
slow chalcedony (quartzine and lutecite) and evaporites was studied and debated and given
prominence by many authors (West, 1964, 1973; Folk & Pitman,1971; Chown & Elkins, 1974;
Siedlicka, 1972, 1976; Tucker, 1976a, b; Milliken,1979; Geeslin & Chafetz,1982; Ulmer-Scholle,
et al., 1993; Chafetz & Zhong, 1998; Alonso-Zarza et al., 2002; Khoriby, 2006). These studies
enforced the notion that the occurrence of these minerals could be taken as evidence of an
evaporite precursor. Evaporites and length-slow chalcedonic minerals are also found in deep
marine pelagic sediments, and the latter in high Mg-calcite shells found in turbidites (Jacka, 1974;
Keene, 1983, Scheffler et al., 2014), indicating that length-slow silica minerals may also develop

under non-evaporitic conditions.

Such debates initiated petrographic and mineralogical investigations of the length-slow silica
minerals utilising modern optical microscopy, powder X-ray diffraction (XRD) analysis,
transmission electron microscopy (TEM), scanning electron microscopy (SEM), infrared
spectroscopy, and analytical chemical techniques by various authors. Heaney (1995), concluded
that quartzine is not as reliable an indicator of vanished evaporites such as lutecite, because the
crystallization of the former is influenced by the geochemical non-evaporitic diagenetic
conditions, whereas the latter is always associated with evaporites unless it is in a volcanic
environment. Significantly, this author (ibid) demonstrated that the diagenetic replacement of
evaporites by lutecite takes place through moganite, a metastable silica polymorph phase.
Moganite is structurally related to quartz, with a microstructure consisting of irregularly arranged
length-slow fibres and bundles composed of platy aggregates (Miehe & Graetsch, 1992).
Similarly, lutecite also consists of microcrystalline fibrous quartz aggregates, where fibres attain
irregular shapes, V-shaped twinning and form bundles that may host some moganite in the
structure (Nagasi et al., 2013). In rocks, Bustillo (2001) reported the presence of moganite in chert
nodules from Mg-rich continental clays. Nevertheless, Bustillo (2002) outlined the difficulty in
recognizing moganite by optical means and emphasized the use of X-ray diffraction and
refinement techniques as the best method for identification. In later research, it was concluded that
moganite has a constant existence in all chalcedonic silica minerals regardless of their origin,

depositional association or diagenetic environment (Bustillo et al., 2012).
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The Cyrenaican chert being of a relatively young age, closely associated with crystalline gypsum
and microbial deposits, and subaerially exposed since the Messinian, offers an opportunity to
study the early stages of silica diagenesis. In utilising optical microscopy, SEM and various
geochemical methods, it is possible to trace and document the details of chert diagenetic events
and timing that led to the development of different varieties of silica phases, where moganite plays

a transitional role in mineral replacement and conversion.

Chert nomenclature

The SiO, mineral and textural phases that are recognized in the Cyrenaican chert and discussed in
this work are previously reviewed by Laschet (1984), as well as others. These are briefly
reviewed.

Opal — hydrous amorphous SiO, mineral varieties include: (i) opal-AG, colourless cavity-filling
silica-gel, isotropic, contains trapped fluid inclusions; (ii) opal-A, khaki, waxy, breaks easily to
conchoidal fracture, isotropic, replaces gypsiferous muddy microbial-rich sediments; (iii) opal-CT,
milky-white, hard, breaks with smooth conchoidal surfaces and sharp edges, constitute nodules
and thin beds with dewatering cracks.

Lepisphere — microphysical metastable aggregates of plate-shaped cristobalite—tridymite crystals
of opal-CT.

Chalcedony — colourless, cavity-filling, radiating fibres with parallel length-fast extinction,
negative elongation normal to c-axis.

Quartzine — fibrous, brownish with inclusions, length-slow extinction parallel to the c-axis,
positive elongation.

Moganite — colourless, amorphous consists of platy fibrous quartz aggregate microstructure
exhibiting length-slow brush or unit extinction.

Lutecite — colourless, fibrous length-slow, positive elongation with 30° oblique extinction from the
c-axis, fibres composed of porous, stacked platy quartz aggregates attain a ‘Weetabix’ texture.
Zoned quartz — brownish, cavity filling, length-slow fan-shaped crystals with zonation bands of
fluid inclusions.

Megaquartz — cavity filling prismatic crystals with euhedral termination, equant to elongated
grains larger than 35 um.

Microcrystalline quartz — equant grains with vague outline commonly form low undulose

birefringent aggregates, 20 um to 5 pm or smaller.
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Porcelanite — milky-white microbial-rich chert beds consist of opal-CT with minor amounts of
opal-A, conchoidal fracture and shrinkage cracks.

Beekites or ‘orbicules’ — lozenge-shape texture with concentric multistage fibrous lutecite.
Spherules — rounded 10 to 50 um in diameter with radial micro-fibrous nucleation of chalcedony

minerals around coccoid bacteria.

GEOLOGICAL SETTING

The Miocene sequence exposed on the northern margin of Al Jabal al Akhdar inversion
anticlinorium of Cyrenaica, north-east Libya (Fig. 1A), is a shallowing-up carbonate—evaporite
succession referred to as Ar Rajmah Group (El Hawat et al., 2004; Amrouni, 2015, 2016a). The
Ar Rajmah Group is divided into two stratigraphic units separated by a major unconformity
forming the Middle—Late Miocene boundary (El Hawat & Salem, 1987). The lower unit of the
sequence consists of open shallow marine reefal and bioclastic carbonates of the Benghazi
Formation (Langhian—Serravallian), overlain by the Tortonian—-Messinian Wadi al Qattarah
Formation (Fig. 1B). The chert investigated in this study and the ages of the associated carbonates
and evaporites are confirmed as Messinian (5.34-5.71 Ma) by #’Sr/®6Sr isotope data (Shaltami, et
al., 2018). The Messinian succession in northern Cyrenaica was never buried, because the region

was subjected to post-Messinian tectonic uplift, erosion and karstification (El Hawat ef al., 2004).

The Wadi al Qattarah Formation consists of a prograding cross-bedded oolitic—oncoidal shoal
facies overlain by restricted lagoonal carbonates and evaporites (Fig. 1B). These are composed of
salina pond/lake gypsum, and muddy carbonate flats associated with back shoal shell
bioaccumulation and grainy deposits (Fig. 1C). These facies pass laterally to the south into
siliciclastic deltaic deposits fed by channels that issued from the adjacent Sirt rift complex (El
Hawat 1980; El-Hawat, & Salem, 1987). The coarse-grained bioclastic facies were deposited in
the lagoonal area during storm events (El Qot ef al., 2017). They consist of a reworked porous
mixture of lithoclasts, ooids, oysters, shell debris, oncoids and other microbial debris found
floating in the muddy or grainy matrix. These are locally cemented by poikilotopic gypsum
crystals that enclosed the grain framework and occluded the intergranular and mouldic pore
spaces. Chert nodules used in this study are found replacing sediments and cement in these

deposits.
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The salina pond deposits consist of laminated gypsiferous calcareous clay and chalk that in places
may contain ostracod, dwarf molluscan shells and rare fish bones. South of the study area, gypsum
deposits occur in thin discontinuous disturbed lenses exhibiting dissolution features and
contamination by siliciclastic sediments that inhibited crystal growth. To the north and away from
the siliciclastic source, giant crystalline selenite occurs in a series of vertically stacked lens-shaped
bodies of different sizes; some are up to 200 m long by 150 m wide and about 15 m thick. These
appear to occupy inherited structurally controlled depressions of the anticlinorium. Selenite
crystals are swallow-tail twinned, vertically oriented with their apices pointed downward, being
seeded in microbial gypsarenite at the base. These are arranged in centimetre to metre-scale beds
attaining an upward increase in crystal size. Crystals grew subaqueously upward, competing for
space laterally and reaching up to 3 m or more in height. These crystals are in optical continuity,
taking the appearance of columnar structure in the field (Fig. 2A). These long crystals are
interrupted by multiple internal dissolution surfaces and microbial inclusion (Fig. 2B and C),
indicating cyclic salina water dilution followed by crystal growth (El Hawat, 1980). Sulphur
isotope analysis data of nine stratigraphically distributed samples from the associated gypsum
body provided 83*S values of 23.3 to 23.7%o with an average 8**S of 23.3%o (£0.2%o). The
porcelanite chert with pseudomorphs and associated microbial beds are found a few decimetres

above the selenite bodies (Figs 1C and 2A).

The muddy deposits are laminated, peloidal and chalky, and consist of gypsiferous lime mudstone
and calcareous clay. The clays are dominated by montmorillonite and traces of mixed layer
montmorillonite—chlorite minerals in the area associated with siliciclastics (Cesarano ef al., 2018).
The exposed mudstone bedding surfaces exhibit occasional Cerithiidae gastropod trails, in
addition to crinkly microbial surfaces and polygonal desiccation cracks suggesting alternation of
wet and dry episodes during sedimentation. Mudstone beds are associated with laminated beds that
may evolve locally into microbial mats and stromatolites are up to 1 m thick. Some microbial beds
are altered by meteoric water diagenesis into porous coarse sparry calcite, often inter-bedded with
porcellaneous chert layers that contain large pseudomorphs after lenticular gypsum. Thick
stromatolitic build-ups may host large chert nodules (Fig. 2D) and gypsum, which when dissolved
cause beds to collapse into brecciated rubble. Other beds exhibit chaotic soft-sediment
deformation of tepee structures capped by gypsum cemented bioclastic deposits with chert nodules

that extend for some distance along the outcrop (Fig. 2E).
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METHODS

For this study, integrated standard petrographic techniques by optical and scanning electron
microscopy (SEM) and cathodoluminescence (CL) were employed to establish the types, texture,
composition and timing of diagenetic events during silicification. The nomenclature of Folk &
Weaver (1952) is used to describe fabrics characteristic of silica replacement. Freshly broken
pieces of chert were coated by vaporised gold and surfaces examined by JEOL SEM JSM-36 with
Kevex Mx 7000 system (JEOL Limited, Tokyo, Japan). In preparation for the petrographic
examination, thin sections were cold-mounted to avoid alteration of gypsum crystallinity. In
addition, thin sections are generally ground larger than the standard thickness due to the
contrasting hardness between gypsum and the silica minerals. As a result, the interference colours
of minerals are higher than usual.

To support the petrographic work, geochemical analysis included X-ray diffraction phase
quantification of selected samples using the Rietveld refinement technique (e.g. Snyder & Bish,
1989), at the British Geological Survey. Isolated sub-samples were hand-crushed in a pestle and
mortar and then ball-milled. In order to provide a finer and uniform particle-size for powder XRD
analysis, a 4.5 g portion of the ball-milled sample was micronized under deionised water for 10
minutes with 10% (0.5 g) corundum (American Elements — PN:AL-OY-03-P) and dried at 55°C.
The addition of an internal standard allows the validation of quantification results and also the
detection of any amorphous species present in the samples. Corundum was selected because its
principal XRD peaks are suitably remote from those produced by most of the phases present in the
samples. The micronized powders were front-loaded into standard, stainless steel sample holders
for analysis. Additional XRD analyses were carried out using a Malvern Panalytical X’Pert Pro
series diffractometer equipped with a cobalt-target tube, X’Celerator detector and operated at
45kV and 40mA (Malvern Panalytical, Malvern, UK). The powder mounts were scanned from 4.5
to 85°2 at 2.06°2/minute.

Diffraction data were analysed using Malvern Panalytical X Pert HighScore Plus version 4.8
software coupled to the latest version of the International Centre for Diffraction Data (ICDD)
database. Further powder X-ray diffraction (XRD) conducted in Oman used the PANalytical
X’Pert Pro X-ray diffraction system; wavelength dispersive X-ray spectrometry (XRF) Axios™AX

model, used for bulk chemical analysis of rocks, and scanning electron microscope (SEM) compo
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equipped used for high-resolution images, energy dispersive X-ray for spot chemical analysis

(EDS), and backscatter image analysis (BSI).

RESULTS
The opaline nodules

The opaline nodules occur in soft, slightly moist gypsiferous microbial-rich clayey mudstone beds.
These are found in a sequence with bioclastic carbonates, microbial mats, gypsum beds and tepee
structures. The mudstone beds also host some soft ovoid gypsum nodules ranging from 5 mm to 6
cm in diameter composed of an amalgamation of minute lenticular crystals and a variable amount
of the host sediments. The enclosing mudstone matrix consists of floating minute lens-shaped
gypsum crystals, microbial pellets, small oncoids and occasional dwarf shell moulds (Fig. 3A). A
few of the gypsum nodules are found partially encased by silica and remain open on one side.
Their outer opaline shell is khaki coloured, waxy and 1 to 2 cm thick on average, while their

gypsum core exhibits some degree of dissolution forming partial cavities.

Well-formed oval-shaped completely silicified opaline nodules are up to 5 cm in diameter, khaki
to yellowish-grey (5Y7/2) in colour, waxy in feel and appearance. These are not fully hardened
and easily broken, exhibiting a smooth conchoidal fracture surface. These nodules are found a few
centimetres deep in the mudstone beds, and still contain gypsum and sediments undergoing
replacement by silica with relatively high-water content. In thin sections, birefringent minute
lenticular gypsum crystals are either separate or merge in paint-brush stroke clusters as they lose
their outlines in a dark matrix (Fig. 3B). Although nodules were not X-ray analysed, they are
presumed to be composed of immature opal-A. However, on exposed weathered surfaces, nodules
are hardened, turning milky white (N9) in colour, and exhibit dehydration shrinkage cracks 0.5 to
3.0 mm wide. In thin sections, the nodule groundmass consists mostly of isotropic, amorphous
silica, attaining more than 80wt% SiO, in composition (Table 1). The loss of moisture due to
subaerial exposure and evaporation induced silica crystallization (Laschet, 1984). X-ray
diffraction analysis indicates that these nodules are composed of tridymite, and some quartz in
addition to gypsum. Cristobalite was not identified in the analysed sample, suggesting an early
incomplete conversion to opal-CT. Silicified carbonate and clay particles, moulds of dwarf shells,

microbial grains and oncoids are also found in these nodules. Spot SEM—SEI-BSI analysis of
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silicified microbial filaments composing the silicified oncoids indicate 31 to 49 wt% carbon

content (Fig. 3C; Table 2).

Close SEM examination of the walls of the nodule dehydration cracks shows a botryoidal,
crenulated surface with needle fibre terminations (Fig. 3D). In thin sections, these cracks are lined
by 0.1 to 1.5 mm thick isopachous fibrous crust of brownish rows of length-slow quartzine. This
exhibits successive parallel growth lines consisting of dark inclusions that run across the length of
the fibres and parallel to the crack wall. Some of the inclusions are large opaline slivers that
appear to have been detached from the nodule wall, as fibres grew towards the central cavity of the
crack (Fig. 3E). In some thin sections, the quartzine cavity lining is covered by an amorphous,
translucent, isotropic, silica layer that, in places, may exhibit a serrated outer surface (Fig. 3E).
This material fills the shrinkage crack central cavities and commonly encloses trapped fluid
bubbles (Fig. 3F) that suggest rapid precipitation from supersaturated silica solution (Folk &
Pittman, 1971; Laschet, 1984). This is interpreted as silica gel (opal-AG), that later crystallizes
into fibrous length-fast chalcedony. Under normal light, the chalcedony is translucent and attains a
radial-fibrous texture resting on the isopachous brown quartzine (Fig. 3G). Under high SEM
resolution the chalcedony appears as radiating cone-shaped fibrous bundles, where fibres consist
of stacked quartz crystallites. These crystallites are elongated perpendicular to the fibrous growth

producing the characteristic optical length-fast vibration direction (Fig. 3H).

Significantly, some of the quartzine cavity linings are separated from the nodule’s opaline wall by
a narrow birefringent zone. Under crossed polars, this zone exhibits either length-slow wavy
extinction, and in places goes into unit extinction as a single crystal around the cavity (Fig. 3F and
G). It is interpreted as moganite that formed the transition in the replacement of opal by quartzine
(Heaney, 1995), in a solid to solid conversion process (Laschet, 1984). Meanwhile, some
shrinkage crack central cavities are filled by geopetal muddy sediments (Fig. 3G), length-fast

silica spherules and quartz grains.
Chert nodules in gypsiferous bioclastic carbonates

Chert nodules are associated with gypsiferous coarse bioclastic lag and storm deposits forming
laterally traceable layers along the outcrops (Fig. 2E). These rocks are composed of an ill-sorted
mixture of molluscan shells and moulds of oyster shells with bored micritized microbial

envelopes, lithoclasts, oncoids, ooids, microbial grains and pelletal mud matrix of various
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proportions. Lithoclasts and complete shell size components have formed shelter cavities and
preserved a good porosity framework in these rocks. This pore network created the space suitable
for precipitation and growth of poikilotopic gypsum crystals from groundwater saturated by
calcium sulphate ions. Gypsum crystals infilled pore spaces and enclosed the grain framework,
and partly replaced some grains and matrix. Crystals are lenticular, up to 10 cm in diameter and
about 3.5 to 4.0 cm across at the centre. Some of these crystals amalgamate in a different
orientation to form a Desert Rose pattern inside the rock (Warren, 1991). In cross-section,
associated chert nodules measure 5 to 15 cm long and 2 to 5 cm thick, and attain a dark grey
colour at the core and light whitish colour in the margins (Fig. 4A). The colour contrast between
the margin and the core is attributed to the degree of silicification of the rock components, as
silicification advances against gypsum with a moganite front (Fig. 4C to E). The nodule outer
surfaces are very rough, attaining an amoeboid appearance, as silica protuberances advance, and
replace the carbonate grains, matrix and the gypsum cement poikiloblasts. This makes it difficult
to extract clean nodules from the host sediments. When hammered, rocks tend to break
preferentially along the prominent (010) cleavage surfaces of gypsum. In silicified muddy oolitic
nodules where the pore spaces are not interconnected, gypsum pseudomorphs occur in isolated
large lenticular crystals. Ooids in these nodules are replaced by opaline silica, and exhibit early

deformation against the pseudomorphed gypsum (Fig. 4B).

Two distinctive interrelated modes of silicification of poikilotopic gypsum are observed in these
chert nodules. The first is the direct replacement of pore-filling poikilotopic gypsum crystals by
silica, and the other is the silicification of gypsified shells. In hypersaline sabkha and lagoonal
environments, calcite and aragonitic shells are commonly susceptible to replacement by
pseudomorphing of their internal microstructure by calcium sulphate (Bandel et al., 1986). The
chert nodules in these rocks attain less than 60 wt% SiO, content (Table 1). Standard X-ray
analysis indicates that quartz is the dominant silica mineral in chert. However, application of XRD
refinement techniques on selected samples confirms the presence of moganite and indicates that it
constitutes up to 21.6 wt% of the sample (Table 3); taking into consideration that these analytical
techniques may attain +£5 wt% error for samples where moganite concentration is between 20 wt%

and 50 wt% (Kemp et al., 2016).
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Silicification of the poikilotopic gypsum cement

Optical method examination of the Cyrenaican chert suggests that, whereas opalization is favoured
in the early silicification of nodules composed of minute gypsum crystals in muddy carbonate-rich
sediments, lutecite is the preferred length-slow chalcedony mineral in the replacement of
poikilotopic gypsum cement and pseudomorphs (Fig. 4B to D). As in the gypsum nodules,
silicification of pore-filling gypsum poikiloblasts starts at the margin and proceeds inward towards
the centre where lutecite occurs in two textural motifs. Silicification starts at the pore wall by
forming 10 to 15 pm thick rims of crowded isopachous or radial-fibrous length-slow lutecite
rosettes composed of curved aggregates, which occasionally enclose minute gypsum inclusions. It
is followed inward by rows of straight, semi-parallel irregularly overlapping blades of fibrous
lutecite texture that exhibit characteristic 30° extinction (Fig. 4C and D). These two textural
fabrics are separated by a narrow translucent, isotropic boundary observed in most of the
examined thin sections. Under the high-resolution microscopy and SEM, lutecite blades are up to
100 um long and 3.5 to 5.0 um wide, exhibiting porous, platy crystallite texture (Fig. SA). These
are reported as microcrystalline quartz aggregates that contain up to 10 wt% moganite (Nagasi et

al., 2013).

Under normal light, lutecite fibre growth terminations form a 3 to 6 pm zone of zigzagged parallel
lines (Fig. 4C and D). This zone forms an optical transition as it passes into 30 to 140 um wide,
amorphous translucent phase with a smooth surface texture. Under crossed polars, this latter phase
exhibits a length-slow brush extinction pattern gradationally in tandem with the orientation of the
lutecite fibres. It joins laterally and wraps around the lutecite in apparent syntaxial unit extinction
at the boundary with the gypsum crystal (Fig. 4D). Under SEM examination of gold-coated,
freshly broken surfaces, this mineral phase attains low relief felted or chevron textural patterns
forming a well-defined contact with gypsum (Fig. 4E). The silica (Si0;) — gypsum (CaS0O,4.2H,0)
boundary is porous (Fig. 5A), and defined by pseudo-crystalline quartz terminations controlled by
the gypsum cleavage planes, which appear to facilitate the molecular level solids exchange of
gypsum by silica (Fig. 4C to E). This mineral phase is interpreted as moganite because it forms the
conversion transition between the lutecite and gypsum (Miehe & Graetsch, 1992; Heaney, 1995).
Although lutecite and moganite textures are optically recognizable in examined thin sections and
by SEM, however, under higher resolution, both attain microstructures consisting of porous, flaky,

stacked quartz aggregates forming what is referred to here as ‘Weetabix’ texture (Fig. 5A). It has
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been established that lutecite microstructure hosts up to 10 wt% moganite (Nagasi ef al. 2013),
and it is possible to recognize moganite and quartz in the XRD spectrum, yet lutecite is not
identified. However, other peaks in the spectrum suggest the presence of a quartz—-moganite mix

that may refer to lutecite (Fig. 9).

It is worth noting that the colour difference indicated between the nodule’s core and its outer rim
also corresponds to a contrast observed under the microscope. Whereas moganite forms a narrow
zone at the silica—gypsum interface at the nodule’s rim (Fig. 4C to E), it occurs in a relatively
larger area in its core, as the poikilotopic gypsum cement is almost totally replaced by silica (Fig.
4F). Similar contrasts are reported by Bustillo (2001), where XRD analysis data suggests the

presence of moganite in higher concentration in the chert nodule’s core compared to that at its rim.

Silicification of gypsified shells

Microscopic examination of gypsified oysters and other shells indicates that they are
pseudomorphs replaced by cloudy, brownish poikilotopic gypsum that has retained the original
shell crystallite microstructure. The crystallite pseudomorphs are organized in semi-parallel
lamellar patterns consisting of 30 um wide rectilinear bundles exhibiting an internal herringbone
micro-texture. These bundles are partially separated by microscopic translucent areas that used to
be occupied the original intercrystallite organic matter. These are found to be zones of preferred
Si0; nucleation in shells (Daley & Boyed, 1996; Butts, 2014). Under normal light examination,
these narrow preferred silicification areas are found to spread into the surrounding gypsum
forming smooth amorphous patches. These bold areas tend to merge and coalesce around the
gypsum poikiloblasts periphery to form 80 to125 um wide birefringent zones. Under crossed
polars, these silicified areas exhibit unit extinction as a single crystal in syntaxial optical

continuity corona (Fig. 5C and D).

Apart from the preservation of the original microbially bored micritized shell envelopes (Fig. 5B,
E and F), and some faint ghosts of gypsum (010) cleavage, these smooth silicified areas do not
retain evidence of the shell micro-structure. As for the lutecite—gypsum transition zone described
earlier, these translucent silicified areas are interpreted as moganite (Heaney, 1995). However,

these moganite zones are optically distinct from the hosting gypsum, as well as the adjacent
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fibrous lutecite (Fig. 5C and D). The lutecite in this case occurs as single lozenges called ‘beekites
or orbicules’ by some authors (Schmitt & Boyd, 1981; Elorza & Orue-Etxebarria, 1985; Misik,
1995), and are usually surrounded by a moganite transitional halo. These beekites coalesce
laterally in line following the original structural layering within the thick shell structure (Fig. 5D).
Lozenges are 1 to 2 mm in size, consisting of a radial-fibrous lutecite texture exhibiting two
phases of growth in optical continuity. In transmitted light, the early phase consists of zoned
cloudy fibrous blades passing into a late phase of clear overgrowth that forms a distinctive serrated
boundary against the moganite (Fig. 5C to E). The first phase may have been formed as an early
replacement of the shell and the latter clear phase formed by the conversion of the moganite.
Because most previous authors agree that intercrystalline organic matter makes calcite shells
susceptible to silicification (Daley & Boyed, 1996; Butts, 2014), it is reasonable to assume that
silicification may have, at least partially, preceded shell gypsification. However, it is an open
question as to the timing of the Cyrenaican oyster shell silicification, because evidence is masked

by later replacement by gypsum.
Porcelanite — microbial carbonate couplets and pseudomorphs

The bedded porcelanite alternates with recrystallized microbial carbonate layers forming 1.5 to 8.0
cm thick couplets. The porcelanite layers are in places covered by a paper-thin khaki green clay
veneer between exhumed gypsum pseudomorphs on the bed surface (Fig. 6A). The clay may
contain grains of minute detrital minerals, mica and show iron oxide staining. North of the study
area, where the selenite gypsum bodies are well-developed, the porcelanite—carbonate couplets are
interbedded in a succession of cross-bedded; gypsum cemented oncoidal packstone, and
recrystallized partially silicified microbial mats and stromatolites (Figs 1C and 2D). In places, this
succession is locally associated with chaotic evaporite solution-collapse breccia layers. To some
extent, the Cyrenaican porcelanite—carbonate couplet units resemble the Ordovician Ribbon chert

of Geeslin & Chavetz (1982).

The microbial carbonate layers

The boundary between the porcelanite and carbonate layers in the couplets is well-defined, wavy

and curved as these layers are randomly traversed by displacive lenticular moulds and
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pseudomorphs after gypsum (Fig. 6B). In hand-specimens, the carbonate layers exhibit lamination
relics locally disrupted by the growth and dissolution of gypsum crystals, and during
recrystallization of the host sediments. Sample X-ray analysis indicates the carbonate layers
consist mainly of calcite with minor quartz content. Calcite crystals are equant, blocky, sometimes
zoned, and mostly range between 10 pm and 20 pm in size, forming open porous textures, with
some moulds also lined by calcite. The carbonate beds also enclose some silicified lenticular
gypsum pseudomorphs with vague outlines, and white porous siliceous laminae and streaks (Fig.
6B). The pseudomorphs form siliceous masses preferentially filled by length-fast chalcedony,
microcrystalline and megaquartz crystals, but with the noted absence of any length-slow
chalcedonic minerals. The associated siliceous streaks consist mostly of opaline masses of
lepispheres, where some appear to be in the process of etching into the calcite crystals in a
dissolution—precipitation process and causing extensive corrosion (Fig. 6C). In places, calcite
crystals are completely encased by opaline silica and in the process of being replaced by a delicate

fibrous silica front (Fig. 6D).

Although the original microbial structure is preserved in thick stromatolite beds, it is mostly
destroyed by gypsum dissolution and extensive recrystallization of the carbonates in the couplets.
Optical and SEM observations of the siliceous laminae and streaks reveal rich fossilized microbial
bacteria, (possible) filamentous fungal mats and degraded organic sheets (Fig. 6E and F). Spot
SEM analysis of these filaments attains 20.5 wt% silica and up to 27.7 wt% carbon content (Table
2). Qualitative XRD methods detected the presence of moganite traces in the stromatolite samples;
however, it was not significant enough to exceed beyond the error limit to quantify due to the
overwhelming presence of calcite (Table 3). These fossil filamentous and microbial findings are
consistent with those previously reported in dolomitized and silicified anhydrite nodules (Alonso-
Zarza et al., 2002) and ancient stromatolites (Perri & Tucker, 2007; Roemers-Oliveira et al.,
2015). The diagenesis and recrystallization of the microbial carbonate beds and their textural
fabrics are analogues to the boxwork boundstone units described from the marginal deposits of the
Holocene coastal salinas of southern Australia; where groundwater levels and chemistry fluctuate

seasonally (Warren, 1982).

The porcelanite beds
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The Cyrenaican porcelanite chert is white, hard and brittle, and tends to break in smooth
conchoidal surfaces and sharp edges, bearing some similarities to the novaculite chert of McBride
& Folk (1977). Bedding surfaces exhibit crowded randomly oriented lenticular pseudomorphs
after gypsum and fine fractures (Fig. 6A). This suggests that lenticular gypsum crystal orientation
and growth in sediments prior to silicification was also random. The surface fractures attain
different shapes and sizes, and form veinlets filled mostly by length-fast chalcedony and
megaquartz (Fig. 6B), but rarely contain length-slow chalcedony. Notably, these fractures are
restricted to the porcelanite layers and do not extend into the carbonate layers of the couplets. This
suggests that the porcelanite bed silicification pre-dated carbonate lithification, as observed by
other authors (Chowns & Elkins, 1974; Geeslin & Chafetz, 1982).

The top and bottom few millimetres of beds in contact with the carbonate layers form an irregular
white porous fringe with a sandy feel that contrasts with the smooth porcelanite bed texture. Under
normal light, it is clear that the porcelanite bed boundary rim is undergoing recrystallization. It
shows an abundance of silica spherules and microcrystalline quartz compared to the relatively
darker opaline composition of the main porcelanite bed. The contact between the two textures is
irregular with micro-protrusions and bays suggesting progressive replacement and recrystallization
of the opaline porcelanite from the margin. The mostly isotropic opaline porcelanite groundmass
also encloses scattered birefringent islands of various size and shape that attain similar texture to
the fringe (Fig. 7A).

In plain light, the bed groundmass and the fringe are composed mainly of high relief spheroids
surrounding lower relief microquartz crystallites in various proportions, and some sediment relics
(Fig. 7B and C). The crystallites tend to coalesce into 20 to 50 um anhedral, equant quartz with
vague crystal boundaries and exhibit low birefringent length-slow brush extinction that has
developed a characteristic speckled texture under crossed polars (Fig. 7D). In SEM images, these
crystallites consist of packs of flaky parallel platelets that in places are reduced in size and
number in favour of the spherules, due to the progressive conversion and replacement as observed
in the fringe areas (Fig. 7E). The SEM—SEI-BSI microprobe spot analysis indicates that these
spherules consist of 49.2 wt% Si and 50.8 wt% C, whereas, the associated quartz platelets consist
of 55.5 wt% Si and 44.5 wt% C (Table 2). The crystallites are taken as metastable moganite
crystals, such as those observed by Bustillo (2001). Optical microscopic examination of the
porcelanite shows that there is an abundance of 2 to 3 um dark, rounded possibly organic particles

that occur as individuals or in clusters throughout the rock (Fig. 7B and C). These particles are
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interpreted as fossilized bacteria such as those observed in ancient rocks (Perri & Tucker, 2007).
In plain light, these particles attain high-relief and usually form the spherule’s central cortex. In
places, these particles are removed leaving the central cortex vacant. All of the spherule’s outer
shell jackets consist of radiating micro-fibrous length-slow chalcedony, enveloping the central
cortex partly or completely (Fig. 7B and E). Elsewhere, high-resolution SEM photomicrographs
show smaller particles about 25 nm in size, usually associated with fossilized EPS (extracellular
polymeric substances), filamentous and coccoid bacteria (Figs 6F and 7F). Similar nano-spheres
are described from modern microbial mats and interpreted as permineralized viruses that may act
as nuclei for crystallite precipitation by Perri et al. (2018).

The porcelanite beds also enclose 0.1 to 0.5 mm, vertically oriented moulds that attain randomly
shaped geometries with lobate sides (Fig. 7B). These cavities originated either as birds-eye
trapped air bubbles or likely as pseudomorphs of minute gypsum crystals, which are commonly
observed in the unaltered gypsiferous mudstone beds described earlier (Fig. 3A and B). Most of
these cavities are lined by a 30 to 70 um thick isopachous fringe of brown, fibrous quartzine that
grew at a right angle to the cavity wall. In places, the quartzine is separated from the opaline wall
by a 10 to 20 pum translucent weakly birefringent zone that extends around the cavity. These are
analogues to those observed in the opaline nodule’s lining of the shrinkage cracks (Fig. 3). The
central cavities meanwhile, are filled by a single length-fast chalcedony with splaying fibrous
extinction, or occasionally filled by microcrystalline quartz mosaic. The porcelanite beds are
composed of up to 97% SiO, indicating that there are few or no other mineral components present
(Table 1). The XRD analyses suggest an opal-CT composition, consisting of cristobalite, tridymite
and quartz, in addition to traces of opal-A in some samples. Significantly, however, patterns
obtained from the XRD analysis of some porcelanite samples that include associated
pseudomorphs after gypsum show d spacing of peaks at around 4.448 A, 3.108 A and 2.883 A,
indicating moganite composition (Fig. 9). Meanwhile, other peaks indicate the presence of quartz
and mixed quartz—moganite content. Further XRD refinement quantitative results confirmed the
presence of 20.7 wt% moganite content in bedded porcelanite sample (Table 3). The fact that
moganite is detected by modern XRD prior to the application of refinement techniques is
attributed to the purity of the SiO, content in the porcelanite samples. Detection of moganite in
some other Cyrenaican chert on the other hand, may be hampered by the dominant occurrence of

other minerals in the samples.
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Pseudomorphs after gypsum

The lenticular pseudomorphs after gypsum occur in silicified oolitic packstone (Fig. 4B) and in the
porcelanite beds (Fig. 6A and B). They attain biconvex lens shapes that are up to 6 cm in diameter
and 1.5 cm in cross-section at the centre. These are mostly oriented with their long axis
perpendicular, at an angle, or lying parallel to the bedding plane (Fig. 6A). In the porcelanite —
carbonate couplets, pseudomorphs retain their original lenticular crystal geometry with the
enclosing porcelanite; however, their outline tends to fade in the carbonate beds (Fig. 6B). In the
oolitic opaline nodules, pseudomorphs are completely occluded by randomly oriented lutecite
bundles and ooids that were enclosed within the gypsum crystal during their displacive growth
(Fig. 4B). The porcelanite pseudomorphs, on the other hand, demonstrate multi-stage diagenetic
replacement and cavity-filling precipitation of silica minerals lining the margin, as their central
cavities are partly to completely filled by mottled geopetal sediments cemented by translucent

silica minerals (Fig. 8A).

Optical photomicrographs and SEM images of the fringe lining of the pseudomorphs consist of
three basic successive textural layers of silica minerals (Fig. 8B). The early phases are exclusively
related diagenetic replacement of gypsum, which correlates with those observed in the cavity-
filling poikilotopic gypsum cement (Fig. 4). The first outer layer against the pseudomorph
boundary is light tan, 0.08 to 0.4 mm thick lutecite representing the initial silica replacement phase
of the gypsum crystal. The lutecite lining consists of two well-defined textural fabrics. The first on
the outside consists of rosettes exhibiting curved radial-fibrous aggregates followed on the inside
by straight parallel-blades of fibrous lutecite motif. These textural fabrics are separated by a
narrow colourless translucent zone, which is either isotropic or exhibits vague wavy extinction
independent of the orientation of lutecite fibres (Fig. 8B). This zone is observed in all thin sections
examined. In places, where slivers from the enclosing sediments are detached during the growth of
the gypsum crystal, it develops partly disconnected rosettes (Fig. 8C and D).

Blades of the lutecite fibrous motif pass into 0.1 to 0.2 mm thick moganite phase (Fig. 8B to D). It
forms the transitional mineral phase in the replacement of poikilotopic gypsum by lutecite as
described earlier (Fig. 4C and D). Moganite is an amorphous layer in normal light, but shows
vague brush extinction in tandem with the lutecite under crossed polars as it wraps syntaxially on
the lutecite (Fig. 8D). In contrast to the case of the cavity-filling poikilotopic gypsum cement (Fig.

4C), the pseudomorph moganite phase terminates by an irregular corrosion surface causing
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thickness variations or complete removal. It marks the gypsum dissolution phase that also led to
geopetal sediments collapsing into the vacant pseudomorph cavity (Fig. 8A). The gypsum
dissolution is followed by precipitation of 70 um thick, micro-layered minute quartz flakes
alternating with isotropic opal (Fig. 8B to E). It is followed by a cavity filling phase of isopachous
quartz palisade, that evolves into crudely stacked, fan-shaped, zoned quartz exhibiting length-slow
brush extinction. This phase is similar to the undulose megaquartz of Milliken (1979), and
identified as fortification quartz (McBride & Folk, 1977). The zonation bands of this phase are
composed of 0.5 to 0.1 um bubbles of fluid inclusions organized across the crystal c-axis (Fig.
8E). These pass gradually into clear palisades of prismatic megaquartz with euhedral pyramid face
terminations pointing at the pseudomorph centre (Fig. 8F). The post-corrosion cavity filling
mineral sequence exhibits textural variations in different pseudomorphs. Observed sequences may
consist of length-fast chalcedony instead of zoned quartz, followed by quartzine and euhedral

quartz; or in some cases it starts with chalcedony to zoned quartz and megaquartz.

DISCUSSION
Silicification paragenesis

The Cyrenaican chert suite has evolved during early silicification of sediments on the margins of
the Messinian salinas. The varied Si0, mineralogical and textural phase development of the chert
was controlled by the evolution of the prevailing diagenetic geochemical environmental
conditions. This relationship is highlighted and summarized in a simplified flowchart (Fig. 10).
The present study has established that the chert was developed in two stages; an early conversion
and replacement stage, followed by dissolution and cavity-filling stage. In some cases, the second
stage is absent, suggesting that the conversion stage is still ongoing. These two stages and their
relative timing are illustrated graphically to demonstrate the mineralogical and textural paragenetic
continuum of the Cyrenaican chert during silicification (Fig. 11). The SEM, optical microscopy
and XRD analytical and refinement techniques confirmed the role of moganite as the main
transitional silica phase in the conversion, replacement and recrystallization of mineral phases.
This conclusion concurs with the results obtained from earlier studies (Heaney, 1995; Heaney &

Post, 1992; Bustillo, 2001; Bustillo ef al., 2012).
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Most authors recognize the role of opaline silica maturation in the formation of many quartz
textures. However, with the exception of macrocrystalline and mesocrystalline quartz, most
varieties of fibrous chalcedonic textures are found to contain moganite (Bustillo et al., 2012), as
indicated in the study of lutecite for example (Nagasi et al., 2013). This led the authors to
conclude that the initial recrystallization of opal into fibrous textures occurs through a transitional
moganite phase. Field evidence suggests that silicification of the Cyrenaican opaline nodules is a
near surface weathering phenomena. It pre-dates complete sediment lithification, as demonstrated
in the deformation of ooids prior to opalization of oolitic deposits and silicification of gypsum
(Fig. 4B). The replacement of gypsiferous mud, carbonates and organic matter by the waxy,
amorphous opal-A, to develop opaline nodules is the earliest diagenetic silicification stage (Figs 3
and 11A). Silicification was initiated gradually on the outer surface of nodules during precipitation
from supercritical silica-rich fluids in the sulphate-rich environment (Folk & Pittman, 1971;
Laschet, 1984). The bedded porcelanite, on the other hand, represents a relatively advanced stage
of opaline maturation. It consists primarily of opal-CT, which bears textural and mineralogical
affinity to the opaline nodules (Fig. 11A and B). This is a continuum of the conversion and
recrystallization of opal-A into opal-CT and other silica minerals during diagenesis (Greenwood,
1973). Water loss to evaporation during subaerial exposure is regarded as one of the main factors
in the maturation and recrystallization of opal (Scurfield & Segnit, 1984). In all cases, evidence
from the Cyrenaican opaline nodules and bedded porcelanite indicates that hardening due to

silicification took place prior to lithification of the associated sediments (Knauth, 1979).

Dehydration shrinkage cracks in the opaline nodules and micro-cavities in the bedded porcelanite
are lined by fibrous isopachous length-slow quartzine (Figs 3 and 7B). According to Folk &
Pittman (1971), length-slow chalcedony precipitates from highly concentrated silica solutions by
ionized tetrahedra units in a sulphate-rich environment and suggests that it occurred during
evaporation. However, Chowns & Elkins (1974) and Laschet (1984) postulated that quartzine
might form because of the conversion and recrystallization of opal. Observations from the
Cyrenaica opaline chert support this notion, because evidence indicates that quartzine developed
from the conversion of the opaline host through an intermediate moganite phase (Figs 3E, 3F and
7B). Recrystallization and conversion of a host rock into a new mineral phase is not an uncommon
phenomenon during diagenesis of sedimentary rocks. In a study of dolomite evaporite solution

collapse breccia, Moore (1971) reported that the diagenetic conversion of dolomite clasts margins
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into pseudospar calcite occurs during dedolomitization. The pseudospar was previously interpreted
as cavity filling cement. In the opaline nodule dehydration cracks, the isopachous quartzine is
followed by silica gel (opal-AG) precipitation, which was later crystallizing to length-fast
chalcedony (Fig. 11A). It also fills the porcelanite beds fractures and occludes micro-cavities (Fig.
7B). Opal-AG precipitates from highly concentrated silica solutions at low pH, and diluted
sulphate content during flushing (Folk & Pittman, 1971; Laschet, 1984).

The pore network in the bioclastic carbonates allowed precipitation of poikilotopic gypsum
crystals from groundwater supersaturated with respect to calcium sulphate in the phreatic zone.
Petrographic, SEM and XRD analysis indicated that the original calcite shell fragments and matrix
are dolomitized, and in various stages of replacement by gypsum and opaline silica. Whole shells
and fragments were dolomitized during and/or soon after the precipitation of gypsum.
Precipitation of gypsum led to relative depletion of Ca’?" and increase of Mg?" ions in
groundwater, and is regarded as the main cause of dolomitization in these rocks (Tucker, 1976b).
By the introduction of silica-rich solutions, carbonate grains and matrix were replaced by
amorphous opaline silica (Fig. 4B), which tends to recrystallize into microcrystalline quartz (Figs
4F and 11D). In contrast, lutecite forms by direct volume to volume replacement of the
poikilotopic cement, and the lenticular gypsum crystals by silica to form pseudomorphs. In both
cases, the progression of gypsum silicification proceeded through an intermediate moganite phase
and accelerated along the weak pathways of the gypsum cleavage planes (Figs 4C, 11B and 11D).
Taking into account that thin sections are cut across the nodule’s outer rim at the interface with the
gypsum (Fig. 4C and D); it shows not only the moganite transition, but also exhibits the lutecite
textural change from rosette patterns to straight motif (Figs 8B, 8C, 11B and 11D). The textural
change is attributed to the presence of inclusions within the gypsum at their boundary with the
carbonates prior to silicification. It is also noted that the lutecite textural change occurs through an

intermediate moganite phase (Figs 8 and 11B).

The preservation of the mineralogical sequence of poikilotopic gypsum to moganite and lutecite in
the bioclastic carbonate rocks suggests that the diagenetic process is still active at near surfaces
today. However, in the porcelanite — microbial carbonate couplets, seasonal fluctuations in
groundwater levels, lowering of the salinity and subaerial exposure to meteoric water led to the
complete dissolution of the gypsum before the conversion process by silica is concluded. The

dissolution event is marked not only by the removal of gypsum, but also led to the corrosion of the
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metastable moganite interface, leading to geopetal collapse of the insoluble content as well as
silica debris in the pseudomorph cavity. The moganite corrosion boundary separates the diagenetic
replacement phase from the cavity-filling phase within the pseudomorphs (Fig. 11B). This
boundary also correlates to the boundary between the diagenetic replacement of the quartzine
phase, and the cavity-filling phase of length-fast chalcedony observed in the opaline nodules
cracks during freshwater flushing (Fig. 11A). Pseudomorphs observed in the oolitic opaline
nodules, on the other hand, are completely filled by interlocking lathes of lutecite crystals (Fig.
4B); indicating that silicification of gypsum was concluded prior to salinity flushing. In all cases,
moganite played a crucial role as a transitional agent in the conversion of opal into quartzine (Fig.
11A), replacement of gypsum by lutecite (Fig. 11C and D), and it forms the transition between
different lutecite fabrics (Figs 8C and 11B).

Based on the Cyrenaican chert Al/Si ratio analysis data, Amrouni ef al. (2015; 2016b) concluded
that silica was derived primarily from a continental source. It is conceivable that the majority of
samples used in this study were collected from carbonate units south of the study area where
siliciclastic deltaic deposits are common. However, this conclusion does not negate the possibility
of an organic origin of the silica in the bedded porcelanite that is commonly found above the thick
selenite bodies in the distal north of the study area (Figs 1C and 2). Diatoms could have been a
silica source for the bedded porcelanite and nodules associated with microbial laminites and
stromatolites in this part of the study area (Fig. 1A). Modern hypersaline salinas are commonly fed
from freshwater karstic springs, allowing diatoms to thrive in association with subaqueous mats

and microbial cyanobacteria at their margins in Western Australia (Savage & Knott, 1998).

The role of organic matter in silicification

Organic matter such as EPS, bacteria and viruses played an essential role in sedimentation and
diagenesis in the lagoonal facies complex of Wadi al Qattarah Formation in Cyrenaica. These
elements are observed in outcrops as microbial laminites and stromatolites, and on a microscopic
scale as microbial filaments and particles in crystalline gypsum, carbonates and chert. The
experimental work of Birnbaum & Weirman (1985), suggested that the degradation of organic

matter by sulphate reducing bacteria plays a significant role in the silicification of evaporites. A
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study by Perri et al. (2018) confirmed the role played by microbial filaments, bacteria, viruses and
EPS in carbonate and silica biomineralization in modern sabkha microbial mats. Alonso-Zarza et
al. (2002) attributed dolomitization and silicification of terrestrial anhydrite nodules to the
presence of sulphate reducing organic elements and bacteria. Also, rich microbial populations are
found embedded within the Messinian selenite of Italy, where some of the filamentous bacteria
attain mineralized outer sheaths of calcite, dolomite or pyrite (Panieri ef al., 2008). A recent study
of bedded chert—dolomite cycles in the Eocene Green River Formation (USA) attributes the
precipitation of lacustrine chert to the decomposition of microbial organic matter (Kuma et al.,
2019). In addition, the presence of organic matter around the foliated crystallite microstructure of
shells is found to be the preferred nucleation site of silicification (Elorza & Orue-Etxebarria, 1985;
Misik, 1995; Daley & Boyed, 1996; Butts, 2014).

The present study demonstrated that organic matter enveloping gypsum pseudomorphed foliated
oyster shell microstructure is preferentially replaced by moganite that was later converted into
lutecite (Figs 5 and 11C). In the bedded porcelanite, fossilized bacteria acted as centres of
crystallization for radiating micro-fibrous length-slow chalcedony forming spherules surrounded
by and replacing moganite (Fig. 7). Silicified streaks and layers in the coarsely crystalline
carbonate beds consist mostly of silicified EPS sheets, (possibly) filamentous fungi; filamentous
and coccoid bacteria that also include nanoparticles interpreted as viruses (Figs 6E, 6F, 7C and

7F).

Climatic control of sedimentation and silicification

The Cyrenaica lagoonal facies deposition and diagenesis took place in conditions similar to the
present-day coastal lagoons and sabkhas of the Gulf of Sirt of Libya (Sherif, 1978) and the salina
lakes of southern Australia (Von der Borch et al., 1977; Gostin et al., 1988). The Cyrenaican giant
selenite crystal palisades are interrupted by laminae forming successive Fe-stained dissolution
surfaces, clotted microbial inclusions, and are followed by clear syntaxial gypsum crystal
overgrowths of various thicknesses (Fig. 2C). The crystal dissolution—microbial—crystallization
mini-cycles depict the fluctuating wet and evaporitic cyclic conditions in response to climatic
episodes affecting most lagoonal salinas (Hardie & Eugster, 1971; El-Hawat, 1980; Rouchy &
Monty, 2000). In the field, it is possible to measure the thickness of these mini-cycles and semi-

quantitatively group them into thin (average 7.0 mm) and thick (average 33.5 mm) cycles.
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Variations in the thicknesses of these cycles are taken to reflect the fluctuation of intensity and
duration of each phase in response to the prevailing seasonal climatic conditions during the
Messinian. In addition, obtained unpublished sulphur isotope analysis data of the Cyrenaican
selenite samples provided average 534S values of 23.3%o, indicating that gypsum subaqueous
crystallization took place from brackish water as a result of a mixing of marine and fresh waters.
Similarly, sulphur isotope analysis of coarsely crystalline gypsum from the Quaternary sabkhas on
the coast of the Gulf of Sirt of Libya gave 8°*S values of 20.3%o (Rouse 1977; Sherif, 1978). These
sabkhas are flooded seasonally by mixed marine—continental groundwater that percolates upward

through sediments from karstified Tertiary substrates and from local springs (Sherif, 1978).

The alternation of bedded porcelanite — microbial carbonate couplets with stromatolite beds also
represents depositional phases of climatically controlled seasonal flooding and evaporation cycles.
Whereas stromatolites were developed in the submerged areas during wet seasons, the microbial
mats and mud are favoured during drier climatic conditions at the salina margins. The diagenetic
history revealed from the associated pseudomorphs after gypsum also indicates variations in
salinities in the marginal flats. Such conditions of fluctuating salinities and seasonal groundwater
level oscillations influence evaporite precipitation, diagenesis and freshwater dissolution (Warren,
2006). These are records of the dry arid to wet semi-arid climatic fluctuations, which dominated
Europe (Bohme et al., 2011) and North Africa (Hounslow, et al., 2017) during the Miocene, and
particularly during the onset of the Messinian salinity crisis in the Mediterranean (Manzi ef al.,

2013).

CONCLUSION

The Cyrenaican chert represents a continuum of early silicification of marginal lagoonal deposits
since the Messinian that is still active at near-surface conditions to the present day. The optical and
X-ray diffraction (XRD) techniques documented that moganite acted as the main transitional agent
in the replacement and conversion of one mineral phase to another. This study contributes to
further current understanding of the relationship of length-slow chalcedony (quartzine and
lutecite) and evaporites, as previewed in the Introduction. The length-slow fibrous quartzine
develops during the diagenetic replacement of opaline material through a moganite phase. It is

followed by cavity-filling precipitation of translucent silica gel that converts into length-fast
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chalcedony. Lutecite, on the other hand, is the product of early diagenetic silicification of
poikilotopic gypsum, that infilled pore spaces and pseudomorphed shells, through moganite
transition. Organic matter, microbial filaments and coccoid bacteria acted as centres of moganite
nucleation and played an essentially active role in the silicification process. Pseudomorphs after
large lenticular gypsum crystals host the record of the textural and mineralogical continuum
reflecting stages of gypsum replacement by moganite and lutecite, through to gypsum dissolution,
and precipitation of a variety of cavity-filling euhedral quartz palisades in response to lowering of

salinity and fluid flushing.
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FIGURE CAPTIONS

Figure 1. Location map (A), showing the Miocene geology of Cyrenaica, north-east Libya, and
the location of measured sections. Sections with asterisks are locations of studied chert samples.
(B) Generalized stratigraphic cross-section of Ar-Rajmah Group formations (modified from El-
Hawat & Salem, 1997). The inserted column in section 6/7 is detailed in (C). (C) Measured
section in Hawa al-Barraq gypsum quarry illustrating the lagoonal salina selenite and marginal

carbonate facies succession.

Figure 2. (A) Hawa al-Barraq quarry view of giant selenite deposits overlain by marginal
carbonates as depicted in the log (Fig. 1C). The quarry was opened in a collapsed doline. The
crystalline gypsum sequence is interrupted by a storm reworked gypsarenite layer (yellow arrow
heads). Vertically oriented crystals glisten by light reflection on the prominent (010) gypsum
cleavage surface (white arrows). Jacob’s staff scale is 1.5 m. (B) Selenite crystals are cyclically
interrupted by microbial laminae inclusions enhanced by differential weathering. (C)
Photomicrograph of a mini-cycle in selenite crystal (1) illustrating a micro-sequence of dissolution
surface (arrows), followed by an initial syntaxial crystal growth (2), microbial layer disrupted by
crystal growth (3), followed by continued crystal growth (4); all are in optical continuity. (D)
Outcrop of the marginal carbonate beds above the gypsum. Arrows point to bedded porcelaneous
chert interbedded with stromatolite (St) and overlain by a stromatolite exhibiting complex
brecciation and silicification patterns. Scale is 10 cm divisions. (E) Outcrop of soft gypsiferous
mudstone (1), deformed evaporite-solution collapsed carbonates and tepee-structure (2), the dotted
line and arrows point at chert nodules in gypsiferous coarse bioclastic lag bed. The section is

capped by coarsely crystalline gypsum bed (3). Scale at the centre is 80 cm.

Figure 3. (A) Photomicrograph of gypsiferous mudstone showing a nodule of minute gypsum
crystals, microbial grains and oncoids (arrow). Natural light (NL). (B) Silicified minute lenticular
gypsum clusters (arrows) encased in mud matrix (dark areas) of opaline nodule. (C) Scanning
electron microscope (SEM) micrograph of silicified microbial oncoid, arrows point to spot
microprobe analysis cites (see Table 2). (D) SEM micrograph of opaline chert nodule (2) showing
botryoidal structure of fibrous quartzine radiating from the shrinkage crack cavity wall (1). (E)
Close-up of an opaline chert nodule’s wall (1), lined by quartzine crystal fringe (2). The quartzine
encloses a detached inclusion from the wall (white arrow) and is followed by amorphous

translucent silica-gel showing a serrated surface (black arrow) growing into the central cavity (3),
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NL. (F) Close-up of opaline nodule’s shrinkage crack (1), lined by quartzine (2) and underlain by
a transparent moganite zone (arrows). The centre of the cavity is filled by SiO, gel with trapped
bubbles of fluid inclusions (3), NL. (G) Photomicrograph of a shrinkage crack in an opaline
nodule (1), lined by isopachous quartzine fringe (black arrow), and separated from the opaline host
by a discontinuous birefringent moganite zone (white arrow). Length-fast chalcedony splays (2)
and cavity fill of geopetal sediment at centre (3). Crossed nicols. (H) High resolution SEM of
cone-shaped fibrous length-fast chalcedony bundle. Individual fibres consist of stacked quartz

crystallites with their elongation normal to the fibrous growth direction (arrows).

Figure 4. (A) Coarse bioclastic limestone cemented by large poikilitic gypsum crystals showing
patchy light reflection on (010) cleavage surfaces (1), white arrows and dotted line mark the
boundary between crystals of different orientation (2). The dark chert nodule (3) is in the process
of replacing the carbonate grains and gypsum cement. The black arrow points at the nodule’s
white rim. (B) Deformed opaline oolitic packstone encloses pseudomorphed lenticular gypsum
filled by lutecite (arrow), natural light. (C) Photomicrograph of the chert nodule’s outer rim
illustrating the boundary with poikilotopic gypsum cement. It is showing fibrous lutecite (1), with
zigzagged terminations (2). These pass into a clear moganite zone (3) exhibiting a pseudo-crystal
termination controlled by the gypsum cleavage planes (4), and carbonate grain inclusions (5). (D)
Image (C), crossed nicols. (E) Scanning electron micrograph of a freshly fractured nodule surface
showing well-defined lutecite fibre bundles (3), passing into low relief moganite zone (2). The
well-defined moganite-gypsum boundary is and controlled by gypsum cleavage (1). (F)
Photomicrograph of the nodule’s core displaying an advanced silicification stage, observed with
crossed nicols and first-order red retardation plate inserted from the south-east corner. Carbonate
grains are replaced by microcrystalline quartz (1), intergranular porespaces are lined by multi-
generation lutecite fringe (2), the central porespace is filled by moganite (3), that encloses

poikilotopic gypsum cement relics (arrows).

Figure 5. (A) High resolution scanning electron microscopy (SEM) micrograph of the gypsum—
silica interface showing gypsum (1) and lutecite or moganite? (2), demonstrating a characteristic
flaky and porous ‘Weetabix’ SiO; texture. (B) High resolution SEM micrograph showing the
relation between gypsum (1) and moganite (2) as both are penetrated by microbial boring tunnels
filled by fossilized cyanobacteria particles (arrows). (C) Photomicrograph of gypsum

pseudomorphed shell (4) retaining the outer microbially micritized envelope (3) and lozenges of
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lutecite beekite texture (1). Moganite (2) forms a transitional zone between the two minerals. The
moganite—lutecite boundary is sharp (arrow), NL. (D) Image (C), crossed nichols (XN). (E) Close-
up of the shell microbial envelope (3) showing extensive microbial boring tunnels (arrows). The
host shell is replaced by lutecite (1), and moganite (2) forms distinctive patchy smooth texture that

does not retain any of the poikilotopic gypsum texture (4). (F) Image (E), XN.

Figure 6. (A) Plane view of porcelanite chert bed showing exhumed pseudomorphs after lenticular
gypsum crystals, the dark khaki green clay covered area between the pseudomorphs.
Pseudomorphed crystals are oriented vertical (black arrows) or horizontal (white arrows) in
relation to the bedding plane. (B) Lateral view of a porcelanite—carbonate couplet with
pseudomorphs after lenticular gypsum (arrows). (C) Scanning electron microscopy (SEM)
micrograph of zoned blocky calcite spar (1), and flaky silica masses (2). The calcite crystals
display extensive corrosion notches where silica replaces calcite (arrows). (D) SEM image
showing calcite crystal (1) encased and is in the process of being replaced by silica (2) through
micro-fibrous front (arrow). (E) SEM photomicrograph of silicified streak in carbonate layer,
exhibiting thick filamentous fungal? structure (black arrow points to spot analysis C 27.7 wt%, Si
25.5 wt%), clusters of 25 nm viral spheroids (white arrows), overlain by a degraded silicified
organic matter (dashed arrow). A detail of the framed insert is shown in (F). (F) Close-up of the
viral aggregates (white arrow), showing the degraded ESP (extracellular polymeric substance),
that consists of amalgamated granular nanno-particles and filaments (dashed arrow). The black

arrow left of the image points to a partial view of a filament with hollow centre.

Figure 7. (A) Photomicrograph of the lower section of porcelanite bed consisting of dark opaline
silica (2) overlaying lighter recrystallized base (1). The replacement boundary between the two
textures is irregular (black arrow). The gypsum pseudomorph boundary is sharp (white arrow) and
showing marginal crystalline filling fringe (3) and central cavity (4). Bed top is to the right,
crossed nichols (XN). (B) Photomicrograph in the porcelanite bed groundmass showing micro-
cavity lined by isopachous quartzine (black arrow) and filled by transparent length-fast chalcedony
(1). The porcelanite texture consists of spheroidal fabric surrounded by translucent anhedral
microcrystalline quartz, possibly moganite. The spheroidal cortex is occupied by coccoid bacteria
surrounded by outer shell of radial length-slow fibrous fringe of quartzine or lutecite (white
arrow), natural light (NL). (C) Photomicrograph of microbial bacterial clusters (black arrows)

surrounded by micro-fibrous quartzine and low relief anhedral microcrystalline moganite (white
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arrows), and some relics of original sediments (s), NL. (D) Image (C), showing speckled texture
with birefringent moganite exhibiting wavy extiction, XN. (E) Scanning electron microscopy
(SEM) photomicrograph and spot microprobe analysis of the spheroids (C 50.8 wt%, Si 49.2
wt%), are surrounded by smooth platy texture of moganite (Si 55.5 wt%, C 44.5 wt%). (F) High

resolution SEM image showing microbial clusters associated filaments (arrows).

Figure 8. (A) A close-up view of a pseudomorph after gypsum in a porcelanite bed (arrow)
showing a dark fringe of the early phase of gypsum replacement by silica followed by white inner
zone of quartz, and followed by silicified geopetal cavity filling (arrow). (B) Enlarged
photomicrograph of the dark fringe showing silica textural variations of the early phase of gypsum
replacement by lutecite, illustrating a sequence of opaline porcelanite bed forming a smooth
boundary with the pseudomorph (1), lutecite (rosettes 2 and bladed texture 3), moganite (4),
corrosion zone (black arrow) and zoned quartz (5). Note the change between lutecite textures is
marked by isotropic boundary (white arrow), crossed nichols (XN). (C) Photomicrograph
illustrating the textural sequence formed around a detached and recrystallized sliver from the
pseudomorph wall (1), followed by a lutecite phase (2) interrupted by a thin translucent moganite
layer (black arrow) and moganite zone (3). The corrosion zone (white arrow) is followed by
palisade of isopachous quartz and zoned mega-quartz (4), and central cavity (5), natural light. (D)
Image (C), XN. (E) Scanning electron microscopy (SEM) close-up of the corrosion micro-layered
zone showing alternating opal and microcrystalline quartz (1), the zoned megaquartz is lined by
fluid inclusions (2). (F) SEM image of the layers above the corrosion zone showing rows of
microcrystalline quartz (1), opaline zone (2), zoned mega quartz (3) and cavity filling euhedral

megaquartz (4).

Figure 9. Powder X-ray diffraction patterns of the bedded porcelanite and associated
pseudomorphs after gypsum showing moganite at peaks 4.448 A, 3.108 A and 2.883 A. Other

peaks points to quartz and quartz—-moganite association (MQz).

Figure 10. Simplified flowchart explains the SiO, mineral phase evolution of the Cyrenaican chert

varieties under changing geochemical environmental conditions.

Figure 11. Schematic illustration of Fig. 10 demonstrating the mineralogical and textural fabric
phase development detailed in Figs 3, 4, 5 and 8 where moganite forms the transition phase in

mineral replacement and conversion. (A) The opaline nodule’s crack wall. (B) Lenticular gypsum
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pseudomorph inner margin. (C) Silicification of gypsum pseudomorphed oyster shell. (D)

Silicification of cavity filled poikilotopic gypsum cement.
TABLE CAPTIONS

Table 1. X-ray fluorescence (XRF) chemical composition analysis (in weight %) of chert nodules

and associated carbonate samples.

Table 2. Scanning electron microscopy — secondary electron imaging — backscatter image analysis
(SEM-SEI-BSI) semiquantitative analysis results for oxygen, carbon, silicon, calcium,

aluminium, magnesium and iron (in weight %) from chert nodules and stromatolite samples.
Table 3. Summary of qualitative and quantitative X-ray diffraction (XRD) analyses (in weight %).

Table 3. Summary of qualitative and quantitative X-ray diffraction (XRD) analyses (in weight %).

This article is protected by copyright. All rights reserved



TABLES

Table 1
Opal Chert in Porcelaneous chert with Microbial
Samples
nodules poikilotopic gypsum pseudomorphs carbonate beds
Elements ES-1 S5-20a S5-20b HB-1b HB-2a HB-2b HB-3 HB-1a HB-1c
SiO, 82.83 44.10 57.16 90.44  96.88  96.10 77.39 8.06 6.22
TiO, 0.01 0.01 0.01 Tr Tr Tr Tr 0.02 0.04
AlLOs - - 0.13 - - — — 0.13 0.40
Fe 05 0.20 0.23 0.25 0.10 0.12 0.08 0.12 0.17 0.40
MnO Tr Tr 0.02 Tr Tr Tr 0.02 0.02 0.11
MgO 1.48 0.88 5.10 0.18 0.05 0.09 0.16 0.60 0.88
CaO 0.37 4.27 20.40 0.23 0.07 0.07 6.16 54.52  75.85
Na,O 0.14 0.08 0.15 0.05 0.03 0.04 0.04 0.02 0.02
K,O 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.04 0.06
P,05 Tr 0.02 0.01 Tr Tr Tr Tr 0.03 0.04
Table 2
Wt%
Sample Spectrum Lithotype
O C Si Ca Al Mg Fe
Oncoid filament 50.0 186 256 — 1.0 4.8 -
ES-1
Oncoid filament 344 485 137 - 0.9 2.1 -
Cells and filaments 51,5 123 348 - 1.4 - -
S5-20
Algal filaments 525 179 222 - 2.1 2.2 2.1
H3-1 Stromatolite 425 27.6 205 5.6 3.2 0.5 -
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Table 3

Wt%
Sample Description Mineral phases
Quartz Moganite Calcite Dolomite
Y Bedded chert and pseudomorphs Quartz, moganite, calcite 71.5 20.7 1.8 -
after gypsum
) Chert replacing poikilotopic gypsum  Quartz, moganite, calcite, 72.4 21.6 4.9 1.1
cementing bioclastic limestone dolomite
3 Associated stromatolites Dolomite, gypsum, calcite, - — - -

quartz, ?moganite
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