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ABsTrACT:  The Crinkly Bed of the Upper Permian Zechstein Group succession (Roker Formation = Hauptdolomit, Z2C) in
northeast England is a distinctive 1.4-meter-thick unit that has been interpreted as a stromatolite of microbial origin, or,
alternatively, as the result of purely abiotic precipitation. Close examination of this stratigraphically significant unit shows that
it is the result of both physical and microbial processes, and was deposited in hypersaline shallow water immediately following
lowstand evaporite deposition within the Zechstein basin. The internal structure of the Crinkly Bed consists of fine, millimeter
scale laminae of alternating clotted peloidal or aphanitic micritic layers and granular laminae composed of silt-size peloids, with
rare hollow spheroids. The lamination is extremely regular in thickness and laterally persistent for up to 4 meters. A microbial
community composed of coccoid and filamentous microorganisms, inferred from fossil evidence, colonized the original sediment
surface. It is suggested that this biofilm was responsible for the precipitation of both the micrite laminae and most of the peloids
of the granular laminae; the peloids are consequently interpreted as autochthonous. This interpretation of a microbial origin is
consistent with the microstructure and geochemical signatures of the micritic dolomite, which constitutes both the continuous
micritic laminae and the peloids themselves. Primary dolomite precipitation is hypothesized to have taken place from marine to
slightly hypersaline waters, mediated by bacterial metabolism, similar to the process that operates in modern intertidal
microbial mats. The Crinkly Bed shows macro-structures that vary along a continuum from symmetrical to asymmetrical,
centimeter scale, ripple-like structures, some showing interference patterns, through to domical and conical structures, more
typical of stromatolites. The more ripple-like structures have a lamination of microbial origin identical to that within the
domal—conical stromatolites; there is no internal cross lamination. Their origin is equivocal: they could be the result of physical
(current- or wave-induced) deformation of a surficial biofilm, or their form could be inherited from true mechanically deposited
ripples (not observed) that provided a template for biofilm growth. Changes in the nature and strength of the wave and/or
current regime, and possibly in the community structure of the microbial mat, produced this array of microbially induced
macrostructures (MISS). The latter, plus the absence of desiccation features indicative of intertidal to supratidal deposition,
suggest subtidal sedimentation at a depth of several meters. Intergranular gypsum cement precipitated during early diagenesis,
and ferroan sparry dolomite precipitated during burial. Tertiary uplift and the consequent exposure to meteoric waters resulted
in the precipitation of calcite cements that replaced gypsum and pre-existing dolomite, probably via the biological mediation of
heterotrophic bacteria. The interpretation of this distinctive stratigraphic unit illustrates the difficulty in distinguishing between
biotic and abiotic processes in the sedimentary record.

INTRODUCTION known from the geological record, including modern analogs. Primary

microbial dolomite, on the other hand, which is well documented from

Both biotic and abiotic processes operate in the genesis and diagenesis ~ modern systems, has been poorly recognized in ancient sedimentary

of stromatolitic carbonate through the precipitation of minerals, by direct
nucleation, or growth mediated in the case of biological processes. The
various processes operate syngenetically and epigenetically, and through
the trapping and binding of grains by organic substrates, with or without
the effects of wave and current activity (Riding 2011). Epibenthic living
microbial communities (biofilms or mats) can play a fundamental role in
the accretion and early lithification of sediment, as they can mediate the
precipitation of micrite as homogeneous laminae, intergranular cement,
or autochthonous micritic grains (peloids) (Riding 2000; Dupraz et al.
2009). Biomediated calcite and aragonite in microbial carbonate are well
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successions (McKenzie and Vasconcelos 2009).

During the later stages of diagenesis, when abiotic precipitation of
cement is the typically dominant process, some microorganisms do persist
in the sediment if there is an availability of nutrients or limiting chemicals
for metabolism; epigenetic biomediated minerals may be precipitated in
this way (Machel 2001; Konhauser 2007). Sulfate-reducing bacteria
(SRB), for example, can eventually oxidize organic matter such as crude
oil or methane. Sulfate reduction causes an increase in alkalinity and
consequent precipitation of biogenic carbonate, including dolomite, as
the microbes eliminate SO,>~ in the pore fluid, removing one of the
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factors inhibiting dolomite formation (Castanier et al. 2000; Ziegenbalg
et al. 2010).

Macroscopic lamination and growth forms are the best-known features
of ancient and modern stromatolites, which are undoubtedly comparable
in terms of morphology (Allwood et al. 2006; Awramik 2006).
Petrographic microfabrics of micrite vary from clotted peloidal to
laminated, to aphanitic, and such features may be indicative of a biotic
origin. However, several ultrastructural studies of microbial stromatolites
have demonstrated that these micritic fabrics can be a mixture of biotic
and abiotic mineral precipitates (Spadafora et al. 2010; Perri et al. 2012a,
2012b). In some cases, microspar and even sparry calcite are produced
through biologically mediated reactions (Brasier et al. 2011; Manzo et al.
2012).

Ancient microbialites normally lack unambiguous evidence for the
original microbes in the form of fossils, an exception being some early
Paleozoic microbialites. They also rarely retain their primary geochemical
signatures. For all these reasons, testing the biogenicity of ancient
microbialites can be very difficult and contentious.

This paper focuses on a distinctive Upper Permian (Zechstein)
stromatolitic deposit of the Roker Formation that is exposed in
Northeast England. This 1.4-meter-thick unit, called the “Crinkly Bed”
(Smith 1995), exhibits a range of centimeter-scale macrostructures, from
obviously stromatolitic domes and cones, through to various ripple-like
features. However, these macro-structures, as well as the laminae, have
been interpreted as being largely the result of abiotic processes, formed
through “chemogenic precipitation in the absence of microbial mats”
(Pope et al. 2000, p. 1139) and even as travertine (Harwood et al. 1990).
Although the Zechstein carbonate-evaporite deposits have usually
undergone a complex diagenetic history (Tucker and Hollingworth
1986; Lee and Harwood 1989), the Crinkly Bed shows excellent
preservation of grains and microbial fossils, and is thought likely to
retain its original geochemical signatures.

Study of this stromatolitic unit shows that microbialites commonly are
more complicated than they first appear. Analyses of the fabrics and
structures are relevant to other microbialite formations in the strati-
graphic record.

As discussed by Pope et al. (2000), Sarg (2001), and Warren (2006),
thick microbial-stromatolitic carbonate units are a characteristic feature
of carbonate evaporite successions throughout the stratigraphic record.
They are an important type of hydrocarbon reservoir too, because they
commonly are extremely porous, and can even form source rocks
(Stowakiewicz and Mikotajewski 2011). Examples in other parts of the
geological record include: the upper Precambrian Ara Formation of
Oman, the Silurian Niagaran reefs of the Michigan Basin, and the
Devonian Muskeg Nisku reefs in Western Canada, as well as the recent
discoveries of microbial carbonate reservoirs in the Cretaceous of the
Santos Basin, offshore Brazil, and their equivalents in offshore Angola
(Wasson et al. 2012). Thus, an understanding of the occurrence of
microbialites, their features, extent, and geometry, is also of interest for
petroleum exploration.

GEOLOGICAL AND STRATIGRAPHIC SETTING

The Upper Permian Zechstein Group of Northeast England comprises
a succession of carbonate and evaporite cycles deposited along the
western margin of the Zechstein Sea under a hot and arid climate (Smith
1981; Tucker 1991) (Fig. 1A). The first-cycle carbonate (Z1C) in the
Durham province consists of two formations, the Raisby and Ford
formations (= Zechsteinkalk of the southern North Sea and continental
Europe), with the former representing distally steepened carbonate ramp
facies and the latter a reef-rimmed shelf deposit (Tucker and Holling-
worth 1986). Fore-reef debris of blocks and skeletal sand generated
clinoforms during highstand deposition, and these prograded several
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hundred meters into the basin. On the basin floor itself, the only
equivalent deposits are a thin pisolitic-oncolitic, stromatolitic mudstone,
10-30 cm thick (maximum 60 cm), known as the Trow Point Bed (Smith
1986). Behind the reef, oolitic sand and lime mud were deposited in the
shelf lagoon, which was some 10-15 km across (Smith 1980).

After development of the first-cycle carbonate in the Durham Province,
the first-cycle evaporites (Hartlepool Anhydrite, Z1A, = Werra Anhy-
drit) were deposited, terminating the first Zechstein cycle. The evaporites
reach 100 m in thickness and were deposited as a lowstand wedge, some
20-30 km across, against the shelf-margin slope of the Ford Formation
reef (Tucker 1991). Much of the anhydrite is nodular, but the anhydrite
could represent a replacement of selenitic gypsum, precipitated in shallow
water. Laminated microbial dolomite occurs in the Hartlepool Anhydrite,
and is commonly folded and contorted, indicating downslope mass
movement.

In southeast Durham, a prominent Boulder Conglomerate (Smith
1995) with a disconformity at its top forms the uppermost part of the
Ford Formation. This is succeeded by shallow subtidal to intertidal
facies, mostly consisting of a variety of microbially laminated carbonate,
generally ~ 1 m thick. These rocks have many vugs, indicating that they
formerly contained much sulfate, suggesting deposition in a high-salinity
environment. The distinctive 1.4-meter-thick Crinkly Bed itself overlies
this succession (Fig. 1B, C) and in turn is overlain by over 15 m of
interbedded stromatolitic carbonate and packstone-grainstone. Succeed-
ing rocks formed in a variety of shallow-water environments; ooid shoal
facies cap the succession, which is up to ~ 60 m thick in total. The
Crinkly Bed is exposed at five localities, on and close to the coast of
County Durham in northeastern England: Hawthorn Quarry (NZ
437463), Blackhall Rocks (NZ 470390), Hesleden Dene (NZ 460440),
Crimdon Dene (NZ 470370), and Hart Quarry (NZ 477345), spread over
a northwest-southeast distance of some 13 km. The Crinkly Bed appears
to have formed within a narrow facies belt, up to 1.5 km wide, parallel to,
and just behind, the former Ford Formation (Z1) shelf margin. This was
likely a lagoonal-type environment passing landwards (west) to wide tidal
flats and sabkhas (Smith 1981).

The matrix to the Boulder Conglomerate contains reefal fossils of Z1
age, confirming that it is part of the first-cycle carbonate (Z1C). All the
strata above the discontinuity at the top of the Boulder Conglomerate,
including the microbialites with the Crinkly Bed, are assigned to the
second Zechstein cycle carbonates (Z2C) and constitute the Roker
Formation (Mawson and Tucker 2009; = Hauptdolomit); this succes-
sion occurs in the landward part of the Roker platform and forms a
succession up to ~ 60 m thick. To the east, more basinward equivalents
of the Crinkly Bed consist of laminated microbialite originally
interbedded with anhydrite, which is now present only in the subsurface
because it has undergone dissolution at outcrop. These rocks are affected
by collapse brecciation as a result of dissolution of the once-present
underlying Z1C Hartlepool Anhydrite, which took place mostly in the
Tertiary. This stratigraphic arrangement confirms a Z2C age for the
Crinkly Bed.

In many places, the basal Z2C Roker strata, including the basal
Crinkly Bed, rest disconformably on the Boulder Conglomerate, but in
part of Hawthorn Quarry and Hart Quarry the Boulder Conglomerate is
absent and they rest directly on reefal facies. In Hesleden Dene,
paleogeographically the most landward of the exposures, the Z2C with
the Crinkly Bed near its base overlies supratidal fenestral facies deformed
into mega-tepee structures (Mawson and Tucker 2009). Lenses of pisoids
(up to 2 cm in diameter) occur locally within and upon the upper surface
of the Crinkly Bed.

The Boulder Conglomerate reaches ~ 7 m in thickness and is
composed of clasts of Z1 reef-flat and reef facies. It has a predominantly
clast-supported fabric, but the top ~ 1 meter is generally matrix-
supported and may contain some terrigenous clay and quartz silt. The
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Fic. 1.—Context and field views of the Crinkly Bed from the coast just south of the Gin Cave, Blackhall Rocks, Co. Durham. A) The stratigraphic position of the
Crinkly Bed in the Zechstein domain of NE England. B) Panoramic view of an outcrop of the lower part of the Roker Formation (Z2C), composed of the 1.4-meter-thick
Crinkly Bed and succeeding domical stromatolites and grainstones. All of these overlie the Boulder Conglomerate, the topmost bed of the Ford Formation (Z1C). Height
of cliff is 50 m. C) Close-up field view of the Boulder Conglomerate (Z1C) showing 2 m of boulders and microbial sheets, succeeded by a nonplanar disconformity, first
dashed line (= sequence boundary between Z1C and Z2C). This surface is overlain by coarse microbial laminites (0.5 m) and then the Crinkly Bed (1.5 m thick), of the
Z2C. Height of cliff 5 m. D) Typical aspect of the Boulder Conglomerate (clasts outlined with dashed lines) composed of clasts of Z1 reef facies coated by laminated
microbialite, overlain by microbialites and the Crinkly Bed. Height of exposure 1.5 m.
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Fic. 2.—Crinkly Bed lamination. A) Field view of domal to columnar stromatolitic structures with crinkled and irregular lamination. Coin is 20 mm in diameter. B)
Polished surface, perpendicular to bedding, with persistent lamination showing undulations of varying shape, which on the bedding surface are seen as ripple-like
structures. Height of view 10 cm.

clasts are mostly of cobble to boulder size, and, depending on the locality,
are rounded to subangular (Fig. 1D). Many clasts have a coating of
laminated microbialitic carbonate (from a few millimeters up to 5 cm
thick). The Boulder Conglomerate is thought to have formed in a high-
energy surf-zone environment and to be analogous to boulder—coral-
rampart deposits associated with modern coral reefs.

In the succession above the Crinkly Bed, there are flat-topped domical
stromatolites, up to 18 m in width (commonly > 5 m) with < 1 m of
relief. The constituent laminae of these domes are mostly poorly
preserved. Grainstone, consisting predominantly of pisoids, and often
containing wave ripples, is associated with the stromatolitic buildups and
forms units up ~ 3 m or more thick. One feature of the grainstone is that
it shows a fitted texture, with the grains strongly flattened. This texture
(vadose compaction) is probably related to synsedimentary subaerial
exposure to meteoric diagenesis, as has been recorded from the Zechstein
of the Netherlands by Clark (1980).

METHODS

Thin sections of the stromatolites were used for microfacies character-
ization using traditional petrographic methods. Scanning electron micro-
scope (SEM) studies of the nanofabrics on polished thin sections and
freshly broken surfaces used an FEI-Philips ESEM-FEG Quanta 200F,
operating in a range of 5-20 kV with working distance between 6 and
15 mm. SEM samples were carbon- or gold-coated, respectively, depending
on whether they were prepared for microanalysis or for textural study.
Mineral composition of bulk samples was determined using X-ray
diffraction (Philips PW1730 diffractometer). The major-element and
trace-element contents were determined by X-ray fluorescence (Philips
PW1480). Semi quantitative element analyses of micron-sized spots used an
EDAX energy-dispersive X-ray spectrometer (EDS) operating at 20 kV
with a working distance of 12 mm, during SEM observations. Carbon and
oxygen isotope analyses were carried out on selected samples: 8-10 mg of
sample dissolved at 25°C in 100% orthophosphoric acid for 12 h (calcite
samples) or 72 h (dolomite samples). For mixed-mineralogy samples, CO,
was extracted after 2 h for the calcite fraction and after 72 h for the
dolomite fraction. CL studies used a Technosyn instrument.

MICROSTRUCTURE OF CRINKLY BED LAMINAE

Lamination below the Crinkly Bed is less well developed, irregular in
thickness, and discontinuous, whereas upwards, from the base of the
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Crinkly Bed, the lamination quickly becomes more regular, continuous,
and distinctly isopachous (Figs. 2A, B, 3A, B). The Crinkly Bed laminae
contain numerous cavities with irregular to subpolygonal shapes
(Fig. 3A-C). Their dimensions vary from a few microns up to several
millimeters; some are empty and others contain cement. Larger cavities
(up to 10 cm) also occur within the bed, oval to irregular in shape.

At the finest scale, the lamination of the Crinkly Bed essentially
consists of an alternation of micritic and granular laminae (Figs. 3C, D,
4). Grains are chiefly peloids composed of micritic to microsparitic
dolomite crystal aggregates, most of which are spheroidal although some
are lens-shaped (probably pseudomorphs after sulfate crystals) (Figs. 3C,
E, 4). Empty spheroidal structures are locally present (Fig. 4B). Grains
are generally of silt size (20100 um); only the empty spheres are larger,
reaching 100-300 um in diameter, with walls 10-20 um thick. Detrital silt
size quartz grains occur rarely.

In the first decimeter of the Crinkly Bed itself, multi-millimetric
micritic laminae, generally thicker here than higher up, alternate with the
granular laminae. The micrite laminae show a micro-peloidal texture
and contain abundant cavities, up to several millimeters in size. These
laminae alternate with thinner and darker laminae of very fine-grained
crystals, which generate a crude lamination (Fig. 3A). The micro-
clotted to peloidal texture is composed of dolomicritic peloids tens of
microns in diameter, which are isolated or in clumps with irregular
intergranular porosity. The grains show the classic antigravitational
pattern of microbial peloids, appearing suspended and hanging
from cavity roofs (Fig. 5A) (Riding and Tomas 2006). This feature is
typical of autochthonous microbial peloids, as commonly observed in
microbialites.

Intergranular pores are normally empty in the granular laminae, except
where gypsum cement with yellow-brown, acicular, sub-euhedral crystals
or microcrystals is preserved (Figs. 5B, C, 6E, F). Relicts of gypsum
crystals occur within cavities, suggesting that the latter were previously
completely filled by gypsum.

In the upper part of the bed, homogeneous and continuous micritic
laminae, 0.1-0.5 mm thick, alternate regularly with thicker granular
laminae (0.3-0.9 mm), giving the characteristic laminated aspect to the
deposit (Fig. 3B). The laminae are generally parallel and extremely
continuous (for at least 4 meters). Locally, there are some subtle
stratigraphic changes in the relative thickness between micritic and
granular laminae. The lamination is planar to undulating to corrugated,
and follows the mesoscale (centimeters) structures of the ripple-like
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features through to domes and cones, described later. Cross lamination is
absent, and crosscutting or truncation of laminae is rare. There is also an
absence of polygonal (desiccation) cracks and sheet cracks (laminar
fenestrae). Rare intraclasts reach up to 3 cm in length, and occur in
depressions within the macrostructures.

Late diagenetic sparry calcite crystals occupy some of the pores in the
granular layers and develop upwards into larger and more continuous
mosaics. In cases, these crystals totally replace the granular layers and fill
the voids after gypsum (Fig. 7).

PETROGRAPHY AND COMPOSITION OF THE CRINKLY BED

The Crinkly Bed is composed mainly of dolomite and calcite (up to
97% of the rock volume), with the remainder being clay minerals, oxides,
quartz, and rarely gypsum (Table 1). The chemical composition of bulk
samples is presented in Table 1.

Dolomite

The dolomite is generally micritic, irrespective of lamination type
(granular or micritic laminae), and consists of very small, fabric-
preserving, light-gray-yellow, anhedral to subhedral crystals, from less
than one micron to several tens of microns in size (Fig. 6A, B). Larger,
clear, subhedral sparry dolomite crystals, up to a millimeter across, are
locally present, and tend to fill primary pore space (Fig. 6C). EDS
microanalyses show a general homogeneous Mg/Ca ratio in the micritic
dolomite, with an average Ca content of 54 mole%, although several
values are > 60 mole%. Fe, Na, and Sr are generally absent or below the
detection limit, although ~ 0.5 mole% of Na has been recorded. On the
other hand, the coarse sparry dolomite crystals have a lower Ca content,
with a measurable Mg excess reaching 55 mole%, and a low Fe content
(0.5-1 mole%). Within the dolomite crystals are common euhedral to
subhedral, micron- to submicron-size inclusions of fluorite and halite. In
addition, there are locally anhedral inclusions of Mg calcite (Mg ~ 10
mole%) (Fig. 6D).

Relicts of subhedral gypsum crystals (Fig. 5C, D), observed in thin
section, and confirmed with SEM, have micron-size elongate swallow-tail
shapes, whereas microcrystalline gypsum is composed of 1-2 micron,
needle-shaped crystals, in aggregates, with locally disoriented crystals
(Fig. 6E, F). The average molar atomic composition is 54% Ca and 46%
S. Grains and micrite crystals surrounded by gypsum are composed of
Ca-rich dolomite.

Calcite

In thin sections of the Crinkly Bed, calcite cements are drusy, equant,
clear crystals that initially filled primary pore spaces, mainly along the
granular laminae and in rectilinear-shaped cavities (Fig. 7A). In some
places, there has been wholesale replacement of the Crinkly Bed by sparry
calcite, although commonly the micritic laminae have been left almost
intact (Fig. 7C). Calcite is generally inclusion-free and non-ferroan but
shows a constant low-Mg content in a range of 1-6 mole%, particularly
along the transition zones with the dolomite.

The microstructure of the calcite crystals is generally homogeneous,
although cleavage planes are conspicuous. However, along interfaces with
dolomite and gypsum crystals the calcite shows a distinct microstructure
of elongate and polygonal micro-cavities in transverse section. In
addition, the calcite has a granular texture, consisting of coalescing
spheroidal to irregular nanocrystals, 0.1-0.4 microns across (Fig. 8).

Abundant micro-scale crystal aggregates of (Fe, Mn) oxideshydroxides
and (Fe, Mg, Al) silicate minerals are widespread and are more or less
opaque in thin section (Figs. 2E, 3C, E, 5A). These precipitates range
from poorly ordered to crystalline phases that vary from acicular (Fe-
rich) to platy in shape (Al-Si rich) (Fig. 9).
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Cathodoluminescence

CL images reveal that the micritic dolomite is uniformly very dull or
nonluminescent, whereas the coarser sparitic dolomite crystals show a
blotchy luminescence (Fig. 7). The equant crystals of calcite show
several growth zones of different luminescence, with an early wide,
bright orange zone containing dull subzones 10-20 microns thick. A
concentric pattern is common around dark clasts or centers of
cementation. The bright orange zone is followed by much thinner (5
micron) white to orange zones that are interlayered across polygonal
boundaries with dull orange subzones. A dull zone characterizes the
outer part of the crystals, which in cases extends for several 100 microns
(Fig. 7B).

Isotope Measurements

Isotopic data were collected from nine bulk samples (Table 2 and
Fig. 10). Samples H1 to H7, in stratigraphic order from Blackhall Rocks,
represent microbial laminites from within the Boulder Conglomerate (H1
and H2), up through the Crinkly Bed to its top (H7). Sample CA was
obtained by microsampling submillimeter, dogtooth isopachous calcite
crystals from a cavity in the HS hand sample. Sample LP, a stromatolitic
facies very similar to the H-samples, comes from the Crinkly Bed in
Hawthorn Quarry.

Pure or almost pure dolomite samples (HI and HS5) show average
values in PDB: §'°0 = +1.1%, (+ 0.3) and 8"°C = +6.9%0 (= 0.3). The
calcite (CA) has 8'%0 = —6.2%0 and 8'°C = —7.4%o, whereas the sparry
calcite present in the laminae and cavities from near the top of the Crinkly
Bed in sample H7 has 8'%0 = —4.9%0 and 3"°C = —4.0%o.

BIOTIC MICROSTRUCTURES

The micritic laminae of the Crinkly Bed contain remains of
problematic coccoid and filamentous microfossils (Fig. 11). The latter
consist mainly of nonseptate, empty, subspherical tubes of variable
length, located along the micritic laminae (Fig. 11A). Solid micritic
filaments are preserved transverse to the granular laminae, where they
may show a fan-like subvertical arrangement (Fig. 11B). Their
diameters generally range between 8 and 20 um. The filaments following
the laminae could be attributed to the genus Girvanella, whereas the fan-
like arrangement is reminiscent of the genus Ortonella, although that is
more tubiform (Wray 1977). Nonmineralized filamentous organic
matter relicts of uncertain origin are also present (Fig. 11C). Some
filaments ~ 1 um in diameter, and molds of bacteria like fossils, appear
to consist of phosphate (probably apatite) (Fig. 11D). Subspherical
empty molds 3-5 um in diameter (Fig. 11E), could be coccoid bacterial
forms, in view of their small dimension. There are rare, larger empty
tubes, 150-200 um in diameter, that cut across several laminae, and
these could have been formed by a boring or burrowing organism
(Fig. 11F).

CRINKLY BED MACROSTRUCTURES

At the centimeter to decimeter scale the Crinkly Bed shows a variety of
distinctive structures (Fig. 12), which vary from ripple-like features
formed through physical processes, through to domical and conical
structures that are more typical of stromatolites. On a larger, meter scale,
very gentle mounded features are present locally (notably the Blackhall
Rocks locality).

The ripple-like forms have two scales. Larger-scale structures vary from
linear, ridge-like features up to a meter long (Fig. 12A), to more
commonly elliptical-shaped features that are up to several tens of
centimeters long (Fig. 12B). There is a broad north-south trend of the
straight crests of these larger structures at Blackhall Rocks. Superimposed
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Fic. 4—SEM images of the microstructure of the lamination on fresh surfaces. A, B) Alternation of dolomicritic layers (labelled “m”) and granular layers. Note in
part B the hollow spherical grains (white arrows). C) Close-up view of rounded micritic-microsparitic grains. D) Lens-shaped grains (probably pseudomorphs
after sulfates).

on these are smaller-scale, commonly symmetric, ripple-like features with a
wavelength of 1.5-5 cm and straight to curved to bifurcating crest patterns
(Fig. 12A, B). In some cases, there are two orientations of crests, which
produce interference patterns, and there are structures developed which
are reminiscent of “tadpole nests.” The crests of these ripple-like forms are
commonly rounded, and the troughs are smooth and concave up. There
are also asymmetric features with curved crests (a linguoid shape), 1.5
10 cm across, which have a similar spacing (Fig. 12C). The steeper sides

are nearly vertical in some cases, and up to 4 cm high (Fig. 12C). The crests
of these various types of small ripple-like macrostructures show some local
preferred alignment, but overall (e.g., Fig. 12A, B) they display no
persistent preferred orientation; instead, their crest orientation is
consistent with the orientation and shape of the larger ripple-like
structures (Fig. 12).

The lamination in these ripple-like structures (Fig. 2) is identical to that
forming the more obviously stromatolitic structures, described below.

«—

Fic. 3.—Microstructure of Crinkly Bed lamination. Thin-section photomicrographs showing A) the poorly developed, irregular thickness and discontinuous
lamination at the base of the Crinkly Bed (see also Fig. 5 for details), and B) the regular, continuous, and distinctly isopachous lamination in the remaining part; white
areas are cavities. C) Close-up view white rectangle of part B showing the alternation of thin, micritic dark laminae with thicker granular laminae. Note porosity (clear
white areas) and the subpolygonal shapes of some cavities (arrow). D) Close-up view of grains, most of which are rounded. White areas are porosity. E) Alternation of
micritic and granular layers, with rounded to lens-shaped grains. Blue areas are porosity. Note in parts C-E widespread opaque minerals consisting of (Fe, Mn) oxides

and hydroxides.
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Fic. 5.—Microstructure of Crinkly Bed lamination. A) Alternation of micritic (m) and granular layers (g). The micritic layers show a microclotted to peloidal texture
with several cavities with subpolygonal shape. White areas are porosity. B) Relicts of gypsum (gray-colored mineral) filling cavities and the intergranular space among

dolomitic grains (high interference colors). Dark areas are porosity. Thin section, crossed polars. C) SEM view (back-scattered electron image) of relicts of gypsum (Gyp)
among dolomitic grains (Dol).

Journal of Sedimentary Research sedp-83-09-07.3d 9/9/13 21:25:56 8 Cust # 2012-038R4



BIOTIC AND ABIOTIC PROCESSES IN DOLOMITIC STROMATOLITES FORMATION AND DIAGENESIS 0

Undulations and corrugations in the lamination persist vertically for
several tens of centimeters.

Small domical structures, common on bedding surfaces, are up to 10—
15 cm across and up to 8-10 cm high; they grade into the linguoid-shaped
features noted above (Fig. 12C). The lamination in some of these
structures is more crinkled and irregular, giving them a more typical
“stromatolitic” appearance, with the characteristic convex-upward
growth (Fig. 12C); the majority of the laminae are still isopachous, and
there are no breakages or disruptions. These domical structures are
locally developed into cones; some have an almost mamillary shape, but
with a prominent pimple-nipple on the top, 0.5 cm across and high
(Fig. 12C). These sites of local upward growth are locally asymmetric.
Polygonal structures arising from expansion (or contraction) of a surficial
mat are absent.

INTERPRETATIONS AND DISCUSSION
Origin of the Crinkly Bed Lamination

The Crinkly Bed lamination, which includes alternating thinner micritic
and thicker granular layers, overall would have been dominantly granular
at the time of deposition. The type of granular-micritic lamination in the
Crinkly Bed is rare in the geological record of stromatolites (Awramik
and Riding 1988; Riding et al. 1991; Riding 1994; Riding 2000) but seems
common in modern stromatolites formed on tidal flats, in tidal channels,
and in open-marine settings with normal salinity, as around Lee Stocking
Island (Seong-Joo et al. 2000) and other areas in Exuma Sound
(Bahamas). Reid et al. (1995) and Visscher et al. (1998) described well-
laminated structures from these areas that are composed mainly of
episodically lithified fine (125-250 um) carbonate sand layers (2-3 mm
thick) that alternate with lime mud layers (20-60 um thick). Moreover,
the sand grains, mostly of bioclastic origin, are commonly intensely
microbored, truncated, and micritized. Three stages in the formation of
these intertidal stromatolites were recognized (Reid et al. 2000): 1) a
filamentous cyanobacterial (Schizothrix sp.) dominated community where
the grains are trapped and bound, having a relatively low biomass, low
photosynthetic rates, and few associated heterotrophic organisms; 2) a
more diverse community, where aerobic and anaerobic microbes are
abundant (e.g., sulfate-reducing bacteria), which produce much of the
extracellular polymeric substance (EPS) that is lithified early to form a
thin crust of lime mud; and 3) a highly developed community, which
includes coccoid endolithic cyanobacteria (e.g., Solentia sp.), forming a
thicker lithified lamina through boring and binding of the grains and
precipitation of aragonite.

Within the Crinkly Bed, the filamentous and coccoid remains of
cyanobacterial forms are very similar to those that characterize the
microbial communities of the Exuma stromatolites. Filamentous forms in
the Crinkly Bed occur both in the micritic laminae (subhorizontally) and
in the granular laminae (subvertically), indicating a potential role in the
trapping and binding of grains, and in the production of micrite (Fig. 9).

The strong similarity of both the sedimentary microfabrics and inferred
microbiological components of the Crinkly Bed with modern intertidal-
subtidal Bahamian stromatolites suggests that the Crinkly Bed could be
regarded as an ancient counterpart of this type of organo-sedimentary
deposit. Although quite different from the Exuma tidal-channel, high-
relief domal stromatolitic buildups, which reach over 2 m above the
seafloor, there are conical to domal growth structures in the Crinkly Bed
that resemble the small-scale mats in the nearshore, shallow back-reef
area of Highborne Cay (Andres and Reid 2006). Here, microbial mats
grow with 5-10 cm of relief, in the form of ridges 10-20 cm wide,
coalescing or branching in plan view, and are surrounded by rippled sand.
Accommodation space, sediment grain size, and hydrodynamics, together
with the surface colonization by macro-algae and boring organisms, have
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been identified as the physical and biological factors controlling the shape
of these modern stromatolites.

In the Crinkly Bed, the granular layers are composed mainly of peloids.
Peloids may be fecal pellets or originate from micritization of
allochthonous clasts, but, in many modern and ancient “‘grain-lacking”
stromatolites (fine-grained stromatolites of Riding 2000) they are
autochthonous, a by-product of microbially mediated mineral precipita-
tion in the microbial mats and biofilms (Dupraz et al. 2004; Riding 2011;
Perri and Spadafora 2011). The peloidal fabric usually is composed of
fine micritic clots (subspherical or irregular in shape), clearly biotic in
origin, that are surrounded by microspar (abiotic) and irregular cavities.
The mineralogy of the peloids and microspar is either the same (usually
calcite) or different (aragonite, calcite or dolomite), depending on the
local chemical conditions. Lamination in this type of autochthonous,
grain-free stromatolite varies from coarse and irregular with indistinct
laminae, to crenulated (e.g., stromatolites in Lagoa Vermelha in Brazil;
Spadafora et al. 2010), to submillimetric, isopachous, and smooth, the
latter of which originated from the alternation of thin aphanitic micritic
layers and thicker peloidal layers (e.g., stromatolites from Marion Lake,
Australia, Perri et al. 2012b).

A similar mechanism of formation could be inferred for the origin of
the peloids of the Crinkly Bed (cf. Perri et al. 2012b). In view of the
generally very regular spherical form of Crinkly Bed peloids, the
mechanism of formation of this particular stromatolitic peloidal fabric
can be best interpreted by comparison with biotically mediated,
autochthonous micritic and microsparitic grains (peloids) that have
been recently documented from microbial mats of the tidal flats of Abu
Dhabi (Bontognali et al. 2010). These peloids are composed of
aggregates of microcrystals forming well-developed spheroids ranging
in size from 10 to 500 microns, which originated randomly within a
laminated microbial mat or formed distinct millimetric layers along
which they coalesced together. The composition of these modern grains
is dolomite, and its precipitation could have taken place (1) within the
epibenthic living mat as a consequence of the metabolism of sulfate-
reducing bacteria (SRB), which eliminates SO,>~, an inhibiting factor in
dolomite precipitation, and increases alkalinity to allow the precipitation
of primary (microbial) dolomite; or (2) within the buried nonliving mat,
where SRB are inactive, by the mineralization of the degrading EPS
(Bontognali et al. 2010). Since EPS plays a key role in the origin of such
grains in this shallow-burial environment, these grains can be considered
as biologically mediated too, through a process of microbially induced
or influenced mineralization (Dupraz et al. 2009). In addition to
autochthonous dolomitic grains, the microbial mats contain carbonate
and noncarbonate sand grains of detrital origin, trapped and bound on
the mat, as well as layers of discoidal gypsum mush. The rare silt-size
allochthonous grains in the Crinkly Bed could have been supplied by
wave and current activity (or wind). The composition and fabric of the
peloidal laminae in the Abu Dhabi microbial mats are very similar to the
granular layers of the Crinkly Bed, suggesting a similar mechanism of
formation, including the primary origin of the dolomite grains.
Moreover, Abu Dhabi peritidal sediment contains abundant evaporite
minerals (halite, gypsum) that reflect the well-known hypersaline
environment of the sabkha, and these have also been observed as
inclusions and molds after dissolution in the Crinkly Bed. Crinkly Bed
dolomite peloids are similar to those that Wright (1999) observed
forming in hypersaline Coorong lakes via SRB mediation, and which
were also reproduced in laboratory culture (Wright and Wacey 2005).
Spheroids of primary microbial dolomite, comparable to the Crinkly
Bed spheroids, have also been obtained in microbial cultures of
moderately halophytic aerobic bacteria (Sanchez-Roman et al. 2008).
Finally, similar spheroids of primary (inferred) dolomite have been
documented in Messinian stromatolites of hypersaline environments
(Olivieri et al. 2010).

9 Cust # 2012-038R4



0 E. PERRI ET AL.

Journal of Sedimentary Research sedp-83-09-07.3d 9/9/13 21:27:55 10 Cust # 2012-038R4



BIOTIC AND ABIOTIC PROCESSES IN DOLOMITIC STROMATOLITES FORMATION AND DIAGENESIS 0

Fic. 7.—Plane-polarized light (left) and the corresponding cathodoluminescence views (right) of Crinkly Bed laminae. Dark areas in the CL pictures are porosity. A,
B) Mosaic of equant and clear calcite (Cal) crystals that fill secondary cavities after sulfate (as indicated by their shape) in a granular layer of dolomite (Dol). CL view part
B reveals that the dolomite is uniformly very dull or nonluminescent (Dol), whereas the coarser sparitic dolomite crystals show a blotchy luminescence. Within the equant
crystals of calcite several growth zones of different luminescence color can be distinguished: an early wide, bright orange zone with thin dull subzones (a); a concentric
pattern is evident around dark clasts or centers of cementation (b); a much thinner white to orange zone interbedded with dull orange subzones with a more polygonal
boundary (c); a dull zone characterizes the outer part of some crystals (d). C, D) Alternation of homogeneous micritic darker laminae (m) with granular laminae (g). All
dolomite crystals (Dol) are dull luminescent, and detrital laminae in the middle of the picture have been replaced by neomorphic calcite (Cal).

Origin of Dolomite: Primary and Microbial?

The dolomite in Zechstein carbonate traditionally has been interpreted
as having resulted from seepage reflux (Clark 1980; Smith 1981; Lee and
Harwood 1989). The close association of the Crinkly Bed and adjacent
strata with evaporites would be consistent with evaporite-related
dolomitization, as in the sabkha model. Moreover, after the deposition
of the Roker Formation, additional evaporites were precipitated (the
Fordon and Stassfurt evaporites), so that there would have been a further
source of potentially dolomitizing fluids. By contrast, several studies have

proposed bacterial mediation for the primary precipitation of evaporative
Ca dolomite in microbial mats, both in modern environments and in the
laboratory (e.g., Vasconcelos et al. 1995; van Lith et al. 2003a; Visscher
and Stolz 2005), and the identification of fossilized bacteria in ancient
microbial dolomite suggests that these same microbiological processes
may explain older dolomite (Garcia del Cura et al. 2001; Rao et al. 2003;
van Lith et al. 2003b; Mastandrea et al. 2006; Perri and Tucker 2007;
Olivieri et al. 2010). Relicts of early gypsum cement that surround
dolomitic grains in the Crinkly Bed laminae indicate prior precipitation of
the dolomite, which is very early and synsedimentary. The Crinkly Bed

«—

Fic. 6.—SEM microphotographs of fresh surfaces of rock slabs. A) Close-up view of a hollow grain composed of micritic crystals of dolomite. B) Enlargement of
dolomite microcrystals, some of which are subhedral (e.g., in the center of picture). C) Subhedral dolomite crystals facing into a small cavity in the center of the picture.
D) SEM view (back-scattered electron image) of a dolomite crystal interior with inclusions of halite (Hal), fluorite (Flu), and Mg calcite (Cal). Note empty cavities,
probably after halite inclusions. E) Relicts of subhedral swallow-tail gypsum crystals (close-up view of Fig. 5C). F) Microcrystalline gypsum.
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TaBLE 1.— Results of XRF analyses of representative bulk samples of the Crinkly Bed. Values in wt%.

Sample NaZO MgO A1203 S102 P205 K20 CaO T102 MnO F6203 SrO
H1 0.44 36.37 0.12 1.88 0.70 0.02 59.85 0.01 0.07 0.53 0.0070
H2 0.82 36.05 0.20 1.91 0.65 0.04 59.66 0.03 0.07 0.57 0.0077
H3 0.48 35.14 0.39 271 0.65 0.05 60.01 0.03 0.10 0.44 0.0076
H4 0.81 34.88 0.56 2.12 0.66 0.08 59.60 0.04 0.12 1.13 0.0060
H5 1.24 33.98 0.33 1.52 0.73 0.05 61.02 0.04 0.16 0.93 0.0060
H6 0.84 31.73 0.38 1.51 0.69 0.05 63.73 0.04 0.11 0.93 0.0068
H7 0.20 19.69 0.32 1.80 0.88 0.04 75.93 0.04 0.10 1.00 0.0081
LP 0.05 36.35 0.18 1.07 0.66 0.03 61.06 0.02 0.08 0.50 0.0055

dolomite, essentially thin laminae of micritic dolomite alternating with
thicker laminae of dolomitic peloids, together with the general
homogeneous, Ca-rich composition of the dolomite (which is typical of
synsedimentary, primary dolomite), suggest a uniform process of
dolomite formation.

The 3'80 signature of +1.1 (= 0.3)% PDB for the Crinkly Bed
dolomite is quite different from other English Zechstein dolomite values
(mostly between —1 and —2%o), which fall within the range of the
equivalent deposits of Western Europe (Clark 1980; Bechtel and
Puttmann 1997). Late Permian seawater is estimated to have had a
3'%0 value between 0%o and —4% SMOW (Veizer et al. 1997). Thus, with
the characteristic fractionation effect of dolomite relative to co-
precipitating CaCOs, positive 5'%0 values for the dolomite would be
consistent with precipitation from seawater. The positive values of the
dolomite also suggest that there has been little resetting of the isotope
signatures through later recrystallization. The dull-luminescent nature of
the early dolomite, typical of a marine precipitate with no Mn present, is
consistent with this interpretation.

The very high positive 8'°C signature (+6.9%0 = 0.3%o) for the Crinkly
Bed dolomite is typical for Permian marine carbonate (Veizer et al. 1999),
and contrasts with 0.1-1.7% 5'*C of Abu Dhabi primary dolomite. The
supposed more typical, quite negative §8'°C values for microbial
precipitates (e.g., Schidlowski 2000) are not present in the Crinkly Bed,
but then normal-marine 8'°C values are common for microbialites
(Andres et al. 2006), and is thus not inconsistent with a microbial origin.

The small size of the micritic crystals in the Crinkly Bed, the excess of
Ca and lack of Fe and Mn, plus the 5'30 values, suggest very early
formation of the dolomite, so that a primary biotic origin of the dolomite
in both the micritic laminae and the autochthonous peloidal laminae is
strongly advocated. The presence of microbial fossils in the Crinkly Bed
laminae is also consistent with such an origin (cf. Perri and Tucker 2007).

Origin of Centimeter Scale Crinkly Bed Structures: Microbially Induced
Sedimentary Structures

The lamination and morphologies of microbial mats in peritidal
carbonate environments are quite variable (Alsharhan and Kendall 2003).
With the Crinkly Bed, the variation from ripple-like macrostructures
through to domal-conical stromatolites likely reflects a complex
interaction between microbial processes and physical processes of current
and wave action.

Primary physical sedimentary structures form by physical processes of
erosion, transportation, and deposition of grains, and their later
deformation. They usually have been separated from biogenic sedimen-
tary structures, such as stromatolites, which are characterized by positive
(strongly convex upward, beyond the angle of repose) growth structures
because of the role of microorganisms. However, microorganisms can
modify sedimentary structures without producing marked primary relief.
These microbially mediated structures, forming in both siliciclastic and
carbonate systems, and resulting from the interaction between epibenthic

Fic. 8.—SEM images of a fresh surface. A) Secondary calcite crystals at the interface with dolomite or gypsum crystals. B) Close-up view of part A showing elongate
and polygonal microcavities characterizing the surface, and the granular nanotexture of the mineral itself, consisting of coalescing spheroidal to irregular nanocrystals.
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Fic. 9.—SEM views (fresh surfaces) of crystal aggregates of Fe/Mn oxides or hydroxides (acicular crystals, Ac) and (Fe, Mg, Al) silicate minerals (platy crystals, P, in
part B), among dolomitic crystals (Dol).

bacterial-microbial communities with physical processes, have been
referred to as microbially induced sedimentary structures, MISS, by
Gerdes et al. (2000) and Noffke et al. (2001). These MISSs may form in
association with physical sedimentary processes but where ecological
conditions are favorable for biofilms and microbial mats to cover the
sediment surface. One feature of MISSs is that sediment is stabilized by
the mats, and thus is more resistant to erosion (Noffke 1998, 1999).
Baffling, trapping, and binding of grains by subvertically oriented
filamentous cyanobacteria can lead to an alternation of organic-rich
and grain-rich laminae, as in stromatolites, which are also referred to as
biolaminites (Noffke and Krumbein 1999).

In the case of the Crinkly Bed, the ripple-like macrostructures on two
scales, showing complex crest patterns, and interference patterns, are
similar to wave-current processes that produce ladderback and other
ripple types on a tidal flat or in the shallow subtidal (Reddering 1987,
Fraser et al. 1991). However, as described earlier, the Crinkly Bed has a
lamination typical of microbialites—the alternation of micritic and
granular laminae, consistent thickness, lateral persistence of laminae for
several meters, a decimeter-scale thickness of the undulations and crinkles
of the lamination topography, and a lack of cross lamination. In addition,
the grainy laminae are composed chiefly of peloids, which we interpret as
having formed in situ through microbial processes, with few detrital
grains. If all this is so, the lamination reflects a biofilm covering the

sediment surface, in which case the ripple-like structures are not simply
the result of the interaction of waves and currents with loose sediment
grains.

There are several possible explanations for the ripple-like macrostruc-
tures, of which inheritance of ripple bedforms, or deformation of a
biofilm, are the most likely. It could be that loose, mobile, granular
sediment was transported and deposited in the form of ripple bedforms,
and then this undulating layer acted as a template that was covered with a
laterally persistent, isopachous biofilm, which maintained the original
pattern of the ripples up through several decimeters of strata. This
explanation would account for the isopachous and microbial origin of the
lamination of the ripple-like macrostructures. However, rippled units of
peloidal grainstone—packstone or individual rippled lenses have not been
observed in the 1.4-meter-thick section of the Crinkly Bed. In spite of
good outcrops, it may be a question of the critical evidence not being
exposed. If these features formed by deformation of a surficial biofilm, it
could be the result of several processes: downslope movement of the
surficial microbial mat, disturbance through gas or water escape, or the
effect of the physical action of waves and currents deforming the mat into
undulations. There is no evidence for larger-scale slumping in the Crinkly
Bed or units above and below, nor for any breakup of the lamination due
to significant horizontal movement. There are no intraclastic breccias
present either, on the scale that would be expected if mass movement were

TABLE 2.— Stable-isotope measurements of representative dolomite samples of the Boulder Conglomerate and Crinkly Bed laminites and calcite cement.

DOLOMITE CALCITE

Sample % 3'3C (PDB), %o 3'%0 (PDB), %o % 3"3C (PDB), %o 3'%0 (PDB), %o
HI 96 6.55 0.68 - - -
H2 96 6.80 1.06 - - -
H3 93 6.94 1.41 2 -
H4 93 6.83 1.19 2 -
H5 90 7.15 1.31 5 -
H6 84 5.08 0.29 11 - -
H7 53 6.10 0.89 43 —4.04 —-4.92
LP 96 7.10 1.08 1 - -
CA - - - 100 —7.44 -6.18
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Fic. 10.—Isotope data for dolomite and calcite from the Crinkly Bed, presented
in Table 2, compared with data for dolomite (8 values, average = —1.91%o for
3'%0 and 6.06%» for 3'*C) and calcite (dedolomite, 6 values, average = —6.9%o for
3'%0 and 1.44% for 8'3C) from the Roker Fm at outcrop, NE England (data from
Clark 1980).

involved. With deposition in a lagoonal environment, with no likely
gradient, lateral movement of mat-stabilized sediment would not be
expected. Gas or water escape would result in deformation of the
microbial mat, but this would be expected to lead to disruption,
fracturing, and contortion of the lamination, which is not seen. The
remarkably persistent, isopachous nature of the lamination is a distinctive
feature of this unit.

The domal-conical structures are typical microbial-growth structures,
but these were likely in some cases still affected by currents, as suggested
by their asymmetry. These features are not unlike the Monroe structures
recorded on muddy tidal flats ascribed to dewatering, although they are
apparently typical of cold climates (Dionne 1973). However, the
lamination in the Crinkly Bed is mainly isopachous and continuous, as
it is in these conical structures, with no disruptions, so that a dewatering
origin is ruled out.

Deformation of a surficial biofilm by waves and currents during the
growth of the biofilm could produce the ripple-like macrostructures,
particularly if the biofilm was coherent. The larger structures with a
common north-south crest orientation would reflect stronger waves or
currents parallel to the basin margin shoreline; the smaller-scale
symmetrical ripple-like structures would reflect weaker wave action.
Deformation of the biofilm at this 1-10 cm scale could have led to the
generation of the asymmetric, curved-crested features with steep sides.
The lack of in situ brecciation of the laminae suggests that synsedimentary
lithification was not taking place, and intraclasts are not abundant.

Processes of lithification of modern mats range from completely
microbial to purely chemically mediated mechanisms. Two major factors
determine the extent of precipitation: the environmental control on
organic-matter decomposition (mainly EPS), and the saturation state of
the solution with respect to carbonate minerals, which depends on the
ion-activity product, solubility product, and pH (Dupraz and Visscher
2005). In modern, normal-marine, stromatolite-producing mats, local
environmental conditions cause the communities to turn over within the
mats, producing alternating thin micritic and cemented granular laminae
(Reid et al. 2000). Cement precipitation and lithification are inhibited by
low biomass (Dupraz and Visscher 2005). Such microbial mats can renew
annually and grow through to trap and bind sediment, with little
carbonate precipitation. These conditions favor the biostabilization of the
sediment surface and formation of microbially induced sedimentary
structures.
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In the case of the Crinkly Bed lamination, with an in situ origin of the
peloidal grains and the apparent near-absence of allochthonous grains,
extensive cementation of the biofilm close to, or just below, the seafloor
does not seem to have taken place, since intraclasts are rare. Rather, the
biofilm remained cohesive at, and just below, the surface, and it was
resistant to erosion, before cementation some distance below by gypsum.

Overall, the features of the Crinkly Bed indicate deposition in a shallow
subtidal environment, in water depth of several meters, where the seafloor
was covered by a biofilm. The formation of the ripple-like structures is
unclear, however: they could be inherited structures from earlier ripples,
for which there is no evidence, or they could have been generated by
deformation of the surficial microbial mat through wave or current
action. Some degree of hypersalinity was likely, in view of the absence of
higher organisms and the presence of early gypsum cement.

Origin of Coniform Stromatolitic Structures

Throughout the fossil record, but particularly in the Proterozoic, cone-
shaped stromatolites (e.g., Conophyton Maslov) are distributed widely
and range in height from a few centimeters to several meters (Riding and
Awramik 2000). Their origin, inferred from modern counterparts, is a
response of either chemotactic or phototactic gliding of microorganisms,
which are mostly filamentous cyanobacteria (Golubic et al. 2000). Fossil
coniforms have often been interpreted as microbial, even if, as with
Archean cases, there is the possibility of an abiotic origin (Grotzinger and
Rothman 1996; MacLoughlin et al. 2008). Their biogenicity seems to be
convincing considering the environmental context and the morphology of
the lamination (Allwood et al. 2006). Crinkly Bed coniforms closely
resemble the Archean forms (Hofmann et al. 1999). The biotic origin of
the Crinkly Bed lamination is confirmed by the absence of abundant
cements, and the presence of autochthonous grains and fossil microbial
filaments, including subvertical fossil filaments (Fig. 11B), which could
testify to the upward growth of a phototactic biofilm.

Grotzinger and Rothman (1996) and Batchelor et al. (2004) proposed
biotic models for stromatolite morphogenesis that considers the
relationship between upward growth of a phototropic or phototactic
biofilm and mineral precipitation normal to the surface. Following this
conceptual model, coniform structures with thickened apical zones form
when localized upward growth of the biofilm is greater than lateral
accretion, whereas more angular coniform structures develop where
vertical microbial growth prevails over the whole structure.

In the Crinkly Bed, some larger cones on the surface have a bulge
around their base (Fig. 12C), suggesting soft-sediment flexure of the
laminae during minor downslope movement (similar to Archean coni-
forms of Australia, Allwood et al. 2006, their fig. 21 suppl. mat.). The
nipple-like projection of the Crinkly Bed cones could similarly represent a
symmetrical collapse of the peak and a new phase of growth (Fig. 12C),
or a break in the development of the microbial community in favor of
more detrital accumulation, with some erosion and then subsequent
regrowth (e in Fig. 12C).

Depositional Context of the Crinkly Bed and Associated Strata

As described earlier, the Crinkly Bed was deposited in an elongate
lagoon, at least 1.5 km wide and more than 10 km long, located behind
the former reef crest, within and upon the back-reef area, of the
previously deposited Ford Formation. The microbial Crinkly Bed
followed a stratigraphic hiatus after deposition of the Boulder Conglom-
erate and Hartlepool Anhydrite. The upward transition from the Crinkly
Bed into overlying large microbial domical buildups and grainstone units
suggests an overall increase in accommodation space (relative rise of sea
level) and is therefore interpreted as the transgressive systems tract. The
increasingly oolitic grainstone of the upper part of the overlying Roker
Formation is interpreted as the succeeding highstand of this third

Cust # 2012-038R4



BIOTIC AND ABIOTIC PROCESSES IN DOLOMITIC STROMATOLITES FORMATION AND DIAGENESIS

FiG. 11.—Relics of microfossil forms in Crinkly Bed laminae (A and B are photomicrographs, C-E are SEM images of fresh surfaces, and F is a polished slab).
A) Nonseptate subspherical tubes (white arrows) along homogeneous micritic laminae. B) Micritized filaments with a fan-like subvertical trend, originating from micritic
laminae. Porosity is blue areas. C) Interpreted remains of filamentous organic matter. D) Single phosphate-rich (apatite?) cyanobacteria-like filament (arrowed).
E) Empty mold of coccoid form. F) Tubes that cut across laminae.
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Fi6. 12.—Crinkly Bed sedimentary macro-
structures. A) Ripple-like forms on bedding
surface (with limpets) showing two scales: larger
with straight to ellipsoidal crests and centimeter
scale smaller structures with complex patterns of
crest orientation (field of view 1.0 m X 1.5 m)
Foreshore, Blackhall Rocks, Co. Durham. B)
Ripple-like structures on roof of cave (underside
of bed) with complex crest pattern of small-scale
ripple-like structures superimposed on larger-
scale ellipsoidal to domical structures (field of
view 1.0 m X 1.25 m). The Gin Cave, Blackhall
Rocks, Co. Durham. C) Slab, from Hawthorn
Quarry, Co. Durham,) shows a variety struc-
tures: curvilinear—cuspate structures (R), some
with nearly vertical steep sides. Others are
conical-domal structures (C) with nipple-like
tops (N) and bulges of the lower part (B) or with
an erosional surface (E) with subsequent re-
growth of a small cone. Inferred palacocurrent
from top left to bottom right.
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Zechstein sequence (ZS3, Tucker 1991). The lateral, basinward equivalent
of the Crinkly Bed, interbedded dolomite and evaporite deposits,
indicates that salinity was probably quite high during deposition of the
Crinkly Bed itself, which is also supported by its gypsum cementation and
replacement. This lagoon then became more open as sea level continued
to rise, and led to the deposition of the low domical mounds and oolites
under a higher-energy regime.

Crinkly Bed Diagenesis and Bacterial Sulfate Reduction

The general diagenetic history of the Crinkly Bed reflects the various
stages already documented for Zechstein carbonate (Tucker and Holling-
worth 1986; Hollingworth and Tucker 1987; Lee and Harwood 1989).
Marine cements appear to have been rare, although micritic laminae may
contain marine cements, but this is impossible to confirm. Vadose
compaction textures in the grainstone above the Crinkly Bed suggest
early exposure to meteoric fluids (Clark 1980). Later burial precipitation
of dolomite in the Crinkly Bed is suggested by the presence of large
(several 100 pum) dolomite spar crystals filling primary pore space
(Fig. 6C). Their lower Ca content, excess Mg, and low Fe, as compared to
the micritic dolomite, is consistent with a burial origin.

During uplift from early Cretaceous through early Tertiary, the
Zechstein dolomite was affected by extensive meteoric diagenesis that
dissolved the evaporite bodies (Tucker and Hollingworth 1986;
Braithwaite 1988). The dissolution of the evaporites resulted in the
calcitization of dolomite (dedolomitization) and precipitation of calcite
cements, as well as in the formation of collapse breccias and evaporite
residues. In the Crinkly Bed and Roker Formation generally, the
occurrence of coarse calcite, which replaced both dolomite and gypsum,
and its presence in cavities and vugs is consistent with a late, telogenetic
origin related to evaporite dissolution. A meteoric origin for this late
calcite is confirmed by negative 3'%0 (6.2, —4.9%0) and 8'°C values
(—7.4, —4.0%»), even though the 3'°C values are even more negative than
other late calcite cements in the Zechstein domain (Fig. 10). Such
negative values of 8'°C would be consistent with a microbially mediated
origin of the late calcite, possibly as a consequence of bacterial sulfate
reduction (BSR) that induced an increase in alkalinity and resulted in
precipitation of carbonate minerals. Calcite, aragonite, and dolomite have
all been reported as precipitated through BSR (Pierre and Rouchy 1988;
Anadon et al. 1992; Peckmann et al. 1999; Machel 2001; Ziegenbalg et al.
2010). Gypsum dissolution could have furnished the SO,>” ions that SRB
use as an electron acceptor during anaerobic oxidation of residual organic
matter. The microcavities produced by gypsum replacement and the
nanostructure of aggregates of calcite nanoparticles in this late calcite,
described earlier, support the replacement of sulfate minerals as a key
process, and suggest a microbial origin for this calcite. Calcite consisting
of an aggregation of mineral nanoparticles (nonclassical crystallization of
Niederberger and Colfen 2006) has been recognized as a common
biosignature of modern and ancient microbial carbonate (Lopez-Garcia
et al. 2005; Benzerara et al. 2006; Perri and Tucker 2007; Bontognali et al.
2008; Sanchez-Roman et al. 2008; Benzerara et al. 2010; Manzo et al.
2012; Perri and Spadafora 2011; Perri et al. 2012a; Perri et al. 2012b).

CONCLUSIONS

The Crinkly Bed a distinctive 1.4-meter-thick stromatolite unit
(northeastern England, Upper Permian Zechstein succession, Z2C) was
deposited in an elongate lagoon, at least 1.5 km wide and more than 10 km
long, located behind the former reef crest of the previously deposited
Ford Formation (upper part of Zechsteinkalk, Z1C), following a major
phase of subaerial exposure, when evaporites were deposited in the basin
to the east. The lagoon floor was colonized by a microbial mat, which, in
high-salinity conditions, led to the microbially mediated precipitation of
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primary micritic dolomite which as clotted peloidal to aphanitic layers
alternating with layers of autochthonous, silt-size granular peloids,
creating a distinctive millimeter-scale lamination. Few allochthonous
grains, mostly calcispheres, and evaporite crystals were also incorporated
in the deposits.

The Crinkly Bed shows macrostructures that vary from centimeter
scale, ripple-like features (of varied orientation and geometry) to domal
and conical stromatolitic microbially controlled structures. The origin of
the ripple-like features is equivocal, with two likely interpretations:
inheritance of the ripple-like forms from wave-rippled granular bedforms,
although there is no evidence for the original ripples, and deformation of
the thin surficial biofilm or microbial mat by the physical action of waves
and currents, during deposition in water depths of several meters. The
evidence is also equivocal as to whether the microbial mat was being
cemented on the seafloor or was simply cohesive.

Gypsum cement was precipitated between the grains during early
diagenesis, while dissolution features suggest later exposure to meteoric
fluids. A burial diagenetic phase is evidenced by the formation of ferroan
sparry dolomite, whereas uplift in the Tertiary and consequent meteoric
exposure caused precipitation of calcite cements that replaced gypsum
and pre-existing dolomite (mainly grains), probably via sulfate-reducing
bacteria that oxidized residual organic compounds.

Examination of the Crinkly Bed shows that it is the result of
synsedimentary and postsedimentary physical and microbially mediated
processes that generated a complicated deposit in which it has been
possible, using a multi-scale approach of investigation, to develop a
model to track the evolution of a carbonate unit formed in an evaporitic
context, like the Pre-Salt microbial carbonates of the South Atlantic
basins. Such sedimentary environments (marine or continental) provide
ideal conditions for the development of microbial communities, and thus
microbial carbonates, which may form before and during evaporite
precipitation. Microbes also play a fundamental role in carbonate
dissolution, precipitation, and replacement from early through to late
diagenesis. The synsedimentary and postsedimentary interaction of
evaporites and carbonates lead to complicated patterns of evolution
including the mixing of biotic and abiotic processes, making the
interpretation of the final deposit often very difficult.
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