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Abstract

:

Hydrothermal diagenesis during the Zagros Orogeny produced three phases of saddle dolomites (SD1, SD2, and SD3) and two phases of blocky calcites (CI and CII) in the studied sections of Bekhme Formation (Fm) (Campanian–Maastrichtian). Field observations, as well as petrographic, cathodoluminescence (CL), Scanning Elecron Microscope (SEM), and oxygen–carbon isotope analyses, indicated that the unit went through multiple submergence–emergence phases after or during hydrothermal diagenesis. These phases resulted in a characteristic calcretized 2–6-m-thick layer within the Bekhme Fm. Several pedogenic textures (e.g., alveolar, pisolite, and laminar fabric microfeatures) were observed. Strong evidence of microbial alteration and diagenesis in this formation brings new insights into its depositional history. The microbial activities developed on the original mineral surface were associated with a great variety of processes including dissolution, re-precipitation, replacement, open-space fillings, microporosity development, grain bridging, and micritization. Probable oxalate pseudomorphs embedded in these fabrics and regular filaments preserved along crystal boundaries suggest the activity of fungi, while frequent coccoidal, rod-like, and chain-like forms attached to the surfaces of dolomitic and calcitic crystals point to bacterial colonization. Extracellular polymeric substance (EPS) was often visible with fungal and bacterial forms. These features, together with stable isotope data, invoke that near-surface conditions occurred sporadically in the Bekhme Fm after the first generation of hydrothermal dolomitization. These new findings allow recognition of unreported sedimentological phases based on new evidence in the Spelek–Sulauk area during the Upper Cretaceous.
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1. Introduction


Hydrothermal mineralization and calcretization diagenetic processes involve specific paleo-fluid conditions, e.g., chemical composition of solution temperature and salinity, leading to altered rocks with particular petrographic and fabric textures [1]. In the literature, hydrothermal dolomitization (saddle dolomites) and calcretization are reported as two separate processes. Hydrothermal minerals (saddle dolomite and/or calcite) were documented in many localities [1,2]. Hydrothermal dolomitization (HT) is widely considered as a fault-related process [2], and/or related to the fluid flows associated with the migration of hydrocarbons [3]. Interestingly, hydrothermal dolomitization has a positive effect on oil migration pathways [4], such as enhancing migration and increasing porosities in the host carbonate rocks. Reference [4] asserted that many reservoirs associated with hydrothermal dolomitization are related to fault systems and, therefore, to the tectonic evolution of the series concerned. However, in the field, HT fluids appear globally restricted to the HT dolomite distribution; thus, their origins need detailed geochemical analyses [5].



Calcretization processes, contrary to HT processes, were widely recognized in environments submitted to various diagenetic conditions, either in the vadose zone related to pedogenetic alteration, or in the vicinity of the water table in the phreatic zone [6] and under low-temperature conditions (less than 50 °C [7]). Calcrete processes are also factors, which affect reservoir properties, mainly porosity [8].



Bekhme limestone is defined to include reef limestones, fore-reef shoal limestones, and associated facies of the Upper Campanian to Lower Maastrichtian interval [9,10]. The paleo-environment of this formation is reported as a shallow marine condition in the carbonate shelf system [9]. Later on, Reference [11] studied Bekhme Formation in the Bekhme Gorge along the High Zagros Fold-Thrust, reporting that the formation of the saddle dolomite is attributed to the flux of hot undersaturated basinal/hydrothermal fluids into Cretaceous limestones of the Bekhme Formation along deeply rooted faults. Furthermore, the fluid inclusion and microthermometry indicated that the precipitation appeared to originate from hot (81–115 °C) basinal NaCl–MgCl2 brines with salinities ranging from 18 to 22 wt% NaCl equivalent [11].



The studied outcrops in the Spelek–Sulauk areas (Bekhme Formation, Campanian–Maastrichtian) are located in northeast (NE) Kurdistan near Sulauk village and Spelek highway (Figure 1 and Figure 2). Structurally the outcrops are within the southwestern limbs of the Safin and Harir anticlines in the High Folded Zone. This study, which involves field observations, petrography, and geochemistry, is the first report in Iraqi Kurdistan on calcrete formation processes that superimposed hydrothermally dolomitized fabrics of Bekhme Formation.



This study aims to (1) provide a better understanding of alteration mechanisms in Bekhme Formation (Fm) and fluid-related processes within a hydrothermal framework, with particular petrographic insight into saddle dolomites and blocky calcites, (2) describe and characterize the hydrothermal and calcrete minerals, and (3) discuss the paragenetic sequence and specify the origin and conditions of the HT fluid flows and the origin of calcretization products.




2. Geological Setting


The Upper Cretaceous Bekhme Fm at the Spelek and Sulauk outcrops are situated within the Zagros fold-thrust belt (ZFTB), Kurdistan Region, northeast Iraq (Figure 1). The Formation outcrops are at the northwest (NW) limbs of the Harir and southeast (SE) of Safin anticlines, respectively (Figure 2). The development of the ZFTB was a response to the ongoing collision of the Arabian and Eurasian plates [12] and relatively comprised coherent blocks trending NW–SE [13].



The opening of the Neotethys oceans was initiated in the Permian and associated with rifting along the Zagros fold-thrust belt with extension along both passive margins in Late Triassic [13]. The Triassic passive margin was followed by Jurassic–Miocene arc-continent collision and ophiolite obduction along the Arabian plate (see Figure 3) [12]. After all, post-orogenic strike–slip faulting was developed, and the segmentation of Harir and Safin anticlines (NW–SE trend) was divided into four blocks in each anticline [14]. These blocks were bound by strike–slip/oblique faults controlled by basement movements along the detachment surface [15]. The strike–slip/oblique faults with an NE–SW trending direction which transversed the Harir and Safin anticline perhaps reflect the development of a post-orogenic faulting system after the collision between the Arabian and Eurasian plates.




3. Sampling and Methods


Detailed fieldwork was carried out at the Spelek and Sulauk outcrops of Harir and Safin anticlines, respectively (Figure 2). Around 200 samples were collected from the limestones, dolomites, and calcites at different litho-stratigraphic levels, mostly following the NW–SE direction of HT bodies. Lateral and vertical samplings were carried out in order to follow the direction of fluids, and to outline any significant variations. Most sampled levels hosted saddle dolomite and blocky calcite HT minerals, different calcrete profiles, and different stratigraphic levels of host limestone facies of Bekhme Formation. Thin sections were prepared at the standard 30 µm thickness and petrographically studied under standard polarizing and reflecting microscopes. Cold cathodoluminescence microscopy was performed on host limestone, dolomite, and calcite minerals. The approximate average measurements during cold cathodoluminescence microscopy were around 12 kV accelerating voltage with 400 μA beam current intensity, whereas a beam width of 0.5 cm inside a vacuum with a pressure below 0.05 Torr was given. Gold-coated thin sections and chips of limestones, dolomites, calcites from host limestones, and calcretes were studied with an FEI Quanta 450 Scanning Electron Microscope (SEM) to visualize the microbe–mineral interactions, micro-sized textures, porosities, and other dissolution-replacement processes. The oxygen and carbon stable isotopic compositions of samples were prepared, whereby carbonate powders were reacted with 100% phosphoric acid at 70 °C using a Gasbench II connected to a ThermoFisher Delta V Plus mass spectrometer. All values are reported in per mille (‰) relative to Vienna Pee Dee Belemnite (V-PDB). Reproducibility and accuracy were monitored by replicate analysis of laboratory standards calibrated to international standards NBS19, NBS18, and LSVEC. Laboratory standards were calibrated by assigning δ13CVPDB values of +1.95‰ to NBS19 and −46.6‰ to LSVEC and by 23 assigning δ18OVPDB values of −2.20‰ to NBS19 and −23.2‰ to NBS18. The analyses (~154) were performed at the University of Erlangen (Germany, Prof. M. Joachimski).




4. Results


4.1. Field Observations


Bekhme Fm in the Spelek–Sulauk area was almost entirely altered in the lower part (Figure 4). Although the region underwent a complex diagenetic history, the original depositional facies of the Bekhme Fm were partly preserved, composed of massive rudist and coral boundstone (Figure 4A).



The Spelek and Sulauk outcrops were around 22 m and 15 m thick, respectively. The basal parts in both sections were extensively dolomitized, with dolomites filling the abundant geodes, and with fractures aligned parallel to the stratification in Spelek and parallel to sub-vertical in Sulauk section (Figure 4A).



The observed dolomite phases displayed mainly two types of dolomites: fracture-filled dolomite and brecciated dolomite crystals. The former postdated the latter. Fracture-filled dolomite was absent at the lower part of the flanks along Harir and Sulauk blocks. The no longer active HT fluids were close to the end of their flanks.



The sections showed two levels of 2–6-m-thick calcretes interbedded with well-bedded massive dolomitic limestones and dolostones, displaying gray, yellow, brown, and white colors (Figure 5). The basal part of these outcrops showed abundant linear, spherical, and ellipsoidal voids filled by dolomitic and calcitic cements (Figure 4A,B). These voids constituted interconnected elongated geodes of up to 25 cm, allowing for good lateral continuity parallel to the bedding planes, and they were associated with 2–11-cm elongated chert nodules and lenses (Figure 4A). The oval-rounded geodes were filled with saddle dolomite and blocky calcite crystals and were often present together with fractures (Figure 5A) stacked in bands parallel or sub-vertical to the bedding in Sulauk section, a setting which occasionally displayed a zebra-like structure. Dolomite breccias and zebras were abundant in the Sulauk section, but were absent in Spelek section. These dolomites were reported as a late diagenetic originated from hot fluids in Bekhme Formation [11,16].



The hydrothermally altered basal part of Bekhme Formation in the Spelek outcrop (~6 m) was diagenetically influenced by another phase of calcrete (Figure 5A,B); the host limestone there was indistinctive because of complete exposure to calcrete alteration (Figure 5A). The basal part of Sulauk was diagenetically affected by these fluids and fully brecciated (~2 m thick), and there was no sign of calcrete alteration; however, it was overlain by a calcrete profile from upper part, in places where a 20–40-cm-thick discontinuous bed of Ostracodean dolomitic limestone microfacies (Figure 5A) occurred.



The most significant features in this particular level were the vertical and lateral variability of the fabrics (Figure 4, Figure 5, Figure 6A,B and Figure 7A). The vertical variability highlighted a cyclic repetition of 2–6-m-thick calcrete profiles sandwiched in the Bekhme carbonates (Figure 4, Figure 5 and Figure 8) in the Spelek–Sulauk area. In the field, the calcrete profiles showed a strong bioerosion and moldic features related to biological activities (plants, ostracods, Thalassinoides, and other burrows; Figure 6C,F, Figure 7B,C and Figure 8). A lateral variability was locally observed in the Spelek section with non-hydrothermally brecciated rocks bound by the calcrete profile on one side and the Bekhme carbonates on the other (Figure 6A). The calcrete profile showed a sub-profile of lamination textures, including repeated white- and gray-banded textures, and constituted rounded cobble and pebble calcarenite deposits, which presumably referred to channel deposits and tidal signatures (Figure 6C,E). Moreover, the calcrete facies in Sulauk section started with a yellowish-green soft marly limestone and marl overlying a discontinuous irregular “erosional surface” (Figure 5A,B and Figure 6E). In the Spelek section, this surface was absent.



The stratigraphic record locally preserved V-shaped channelized structures 1–4 m wide and up to 3.5 m in thickness with internal cross-bedding that truncated the calcrete facies (Figure 5B). The filling was composed of small-scale cycles of 1.5 to 5 cm thickness (Figure 6C) with laminae of dark microbial mats alternating with thick (decimeters up to one meter) peloidal–bioclastic laminae (see Section 4.5). Such rhythmicity was reported in modern and ancient tidal-dominant environments and is related to slight sea-level variation [17,18,19] (see Figure 8). In places, the laminar facies were underlain by reworked carbonate cobbles and pebbles embedded in a mudstone groundmass with vertical bedding, which thins upward.



The study area exhibited other typical tidal signatures, such as ripples that washed out tidally (Figure 6D), cross-bedding deposits (Figure 6B), and common bioturbation activities (e.g., Thalassinoides, burrows, plant debris, worms, etc.) that were distributed randomly and sometimes vertically. A quick facies shift in the Sulauk section showed the transition of the calcrete facies to planar laminae (Figure 6C), with graded bedding, trace fossils, burrows, intraclasts, and ripple washed-out and floated cobbles and pebbles (Figure 4B and Figure 6B–F).




4.2. Petrography and Diagenesis


4.2.1. Reefal Boundstone and Bioclastic Packstone Facies or “Original Limestone”


The boundstone facies was about 1 m thick and usually blanketed the upper part of the dolomitized rock. It consisted of a micrite matrix with abundant large rudists, undetermined bivalves, and a few miliolids. Rocks collected in this formation within the High Folded Zone and the Imbricated Zone belong to a complex reefal facies and played a significant role in paleoenvironmental change [20,21,22].



The bioclastic packstone facies was composed of fragments of rudists (Figure 5A) with benthic (miliolids and rotalids) and planktonic foraminifera. Ostracods, bivalves, and burrows represented a minor component in this microfacies. Secondary porosities in bioclasts, in places filled with quartz crystals, were present. Most of the rudists in the boundstone were well preserved, and no reworking was suggested. In contrast, they were broken and micritized in the packstone.




4.2.2. Chertification and Replacive Silica


Cryptocrystalline, fine-grained silica, forming centimeter-sized chert nodules and lenses (Figure 9A) with remnants of authigenic glauconite, was present. Globigerinids and globotruncanids were preserved from silicification and appeared to be floating in the siliceous groundmass (Figure 10B). These foraminifera were mixed in the rudist “reef”. These microfaunae gave a Campanian–Maastrichtian age for the Bekhme Formation [10]. The intraparticular voids of the foraminifera were plugged by length-fast chalcedony and sometimes by cryptocrystalline quartz. Selective silicification of the globigerinids, globotruncanids, and rudists occurred during this diagenetic phase, and part of the pristine facies was eventually rather well preserved.




4.2.3. Replacement Dolomite (DI)


The first phase of replacive dolomite had a brown color, was fabric-selective, and displayed anhedral, non-planar, and small-sized rhombs (~50 μm; Figure 7C). The dolomite occurred as a replacement product of the pristine facies, while wackestone fabric was still frequently preserved in the cores of the large-sized dolomite crystals. Remains of bitumen were observable between the rhombs (intercrystalline porosity). This fabric contained also a few glauconitic grains (around 5%) along the dolomite crystal boundaries, in addition to amorphous iron oxides. Here, the glauconite belonged to the original marine sediments and was authigenic in origin. Reference [23] reported these authigenic minerals as a result of a slow precipitation in the open marine setting of Bekhme Formation that crops out close to the west of Erbil.




4.2.4. Medium-Coarse Crystalline Dolomite (DII)


Gray-brown medium-coarse (up to 300 μm) crystalline dolomite (Figure 9C) appeared as a replacive product of the DI matrix. The rhombs were anhedral–subhedral and interlayered with the tightly compacted DI matrix. Under the microscope, individual crystals showed a clear internal texture with micritic residues in the cores and free rims in the cortex (Figure 9D), with the crystals displaying a unit extinction under cross-polarized light.



The DII developed secondary porosities that were later filled by postdated saddle dolomite SD1 (see below). DII locally filled the primary intraparticular porosity of the planktonic foraminifera, and sometimes intersected DI fractures, filling at acute angles. Cathodoluminescence examination showed that DII had a very dull red to spotty red luminescence due to micritic-rich cores, while the outer zone or “rims” of some crystals showed only a red luminescence in the limpid zone.




4.2.5. Transparent Dolomite (DIII)


This type of dolomite was distinguished from the DI and DII by its crystal colors; it was transparent, planar, euhedral, and tetragonal, displaying sizes ranging between 100 μm and 500 µm. The resulting fabrics were mostly non-selective and rarely selective. The latter were characterized by thick free rims around clusters of the “DII” rhombs growing as syntaxial overgrowths. This led to sharp contacts with the DII rhombs. As a consequence, DIII could represent a replacement product from DI and DII (Figure 9D,E). Unlike the selective “DI, DII”, non-selective crystals commonly precipitated in the intercrystalline pores without leaving any former traces; thus, most of this type of dolomite might have been precipitated as a cement. Since there were no authigenic glauconite remains within DIII, this could probably denote that DIII precipitated as cement and did not replace DII or DI.



CL revealed that DIII had a similar dull red luminescence and texture to DI and DII. In addition, transparent dolomite exhibited uniform extinction under cross-polarized light, and DIII usually filled the remaining secondary porosities.




4.2.6. Saccharoidal Dolomite (Ds)


A saccharoidal cloudy dolomite (Ds) occurred as dark brown and densely packed, ranging in size from 50 μm to 400 μm. It formed a typical powder in the hand specimen due to a soft and friable matrix. This dolomite exhibited biological structures (algae and fungi; see Section 4.6) with longitudinal tubes cross-cutting the crystals (Figure 9F), reflecting that this dolomite was influenced by calcrete products during subaerial exposure in a later stage (discussed below). As we see later, these biological components affected the late dolomitization phases (SD2 and SD3).



Saccharoidal dolomite was pervasive, around half a meter in thickness, in the lower part of the Spelek profile. Its selective fabric, as observed under a microscope, shared the same petro-physical properties (shapes, sizes, CL) as DII/DIII, and was probably formed as a result of intensive stress due to fault brecciation affecting DI and DII in the Spelek section. Ds showed a dull red luminescence with rare spots of bright red luminescence (Figure 9G,H).




4.2.7. Medium-Sized Saddle Dolomite (SD1)


This dolomite consisted of medium-sized (200 μm up to 650 μm), beige-colored, euhedral, planar to non-planar crystals. The crystals showed radial arrangements cementing and plugging the newly formed fractures, partially lining their walls (Figure 10A); they also developed in geodes similar to the geodic dolomites reported by Reference [24]. In the field, these geodes formed horizontal and sub-horizontal levels parallel to the bedding planes in the Spelek and Sulauk profiles. These geodes were not systematically filled by SD1 only, as other cementation processes (dolomite and calcite) occurred (discussed below). This type of dolomite was always associated with the next generations of saddle dolomites (see below), and SD1 always adopted the basal space of fractures and geodes.




4.2.8. Dirty and Milky Saddle Dolomites (SD2 and SD3)


Coarse crystalline dirty saddle (SD2) and milky saddle dolomites (SD3) usually precipitated in open cavities and fractures. They cross-cut DII, with SD3 and SD2 filling the geodes, whereas the remaining space of the geodes was later filled by subsequent CI and CII cements (see below).



SD2 was composed of coarse euhedral, non-planar to planar crystals, with sizes growing up to a few mm, displaying a typical sweeping extinction (Figure 10B). SD3 was composed of euhedral and non-planar crystals, which are coarser than those of SD2, with sizes ranging from a few millimeters to around 1 cm. The crystals displayed strongly curved faces (SD3 in Figure 10C), they were zoned or unzoned with common fluid inclusions giving a dirty aspect under the microscope, and they exhibited two sets of cleavages. In some fractures, SD2 and SD3 dolomites showed corrosion features with precipitation of a blocky calcitic overgrowth (discussed below).



Under CL, SD2 and SD3 were characterized by mottled and zoned textures with a bright red luminescence along the crystal cortices and a red luminescence toward their cores (Figure 10D).




4.2.9. White Calcite CI and Transparent Calcite CII


CI and CII calcites formed following the precipitation of the SDI, SD2, SD3, and the cherty nodules from the pristine facies. The CI calcite was recognized in the Spelek section filling the remaining voids and open fractures related to the geodes, while, in the Sulauk section, CI calcite was commonly observed in narrow fractures and large “voids” along brecciated zones formed by hydraulic mechanisms as a consequence of the hydrothermal and tectonic activities. The late CII calcite displayed euhedral, planar, blocky crystals with sizes exceeding one centimeter and abundant fluid inclusions (Figure 9 and Figure 10E). They also showed two sets of cleavage, sometimes with corrosion structures, and displayed unit extinction under polarized light. Generally, CII occurred in the remaining porosities associated with the geodes, and it was more developed in the Spelek section than in the Sulauk section.



Both calcite cements (CI and CII) were characterized by uniform textures and dull orange and dull red luminescence, respectively, under CL (Figure 10F).





4.3. Degrading Mechanism and Sparmicritization in Calcrete


Calcrete is a near-surface facies of terrestrial accumulation of predominantly calcium carbonate, which occurs in a variety of forms from powdery to nodular or highly indurated, as a result of cementation, as well as displacive and replacive introduction of calcium carbonate into soil, bedrock, and sediments [25,26,27]. It is dominant in semi-arid and arid conditions [28].



The calcrete profile (about 2 m thick, up to 6 m thick) in our study area was observed in all three sections and occurred intermittently in the precursor limestones of Bekhme Fm. The limestones were highly developed in the lower and middle parts of the studied sections, and they were not arranged orderly from top to base but randomly distributed “laterally and horizontally” within this profile. In the field, the Spelek calcrete showed a strong lateral variation. The main characteristic of this level was, therefore, the heterogeneity, well apparent in the field.




4.4. Petrography of the Calcrete Level


The diagenetic phase in the Spelek–Sulauk area came after the formation of the dark-brown structures representing the calcrete products. These consisted of four textures which were as follows: (i) rounded, oval, and cylindrical voids (alveolar texture), (ii) pisolites and laminar texture (hard crust), (iii) transitional horizon, and (iv) chalky texture.



The calcrete profiles in the Spelek–Sulauk area occurred in the lowermost–middlemost portions of Bekhme Formation as a massive layer (around 6 m thick). The petro-fabric was studied under polarized and cathodoluminescence microscopes, as described below.



4.4.1. Type 1: Alveolar Horizon


The alveolar horizon was brown to dark brown and characterized by millimeter-sized micritic septal bordering plant roots and rootlets (Figure 10G). These were composed of spherical, cylindrical to elliptical, and sometimes irregular “fenestrae”. Root traces displayed frequently hollow shapes, and occasionally contained preexisting dolomite crystals. These “fenestrae” were interconnected by a latticework of micritic products playing as bridge interconnections. This texture was mostly developed in the dolomite matrix and cut across all former crystals related to the former high-temperature phases. As a result, the alveolar microstructures led to a bio-brecciation of the saddle dolomites and blocky calcites, as a result of the plant activities and probably the microbial mediation (Figure 10H).



In some cases, the alveolar texture showed a tubular and cylindrical fenestral microfabric, usually developed along the weakness zones and cleavages of the different saddle dolomites and the blocky calcites (Figure 8). As a consequence, the facies was brecciated, and the former dolomites and calcites were floating in the micritic groundmass. Brecciated fragments created angular to sub-rounded edges of the former saddle dolomite and blocky calcite cements. These fenestral microstructures were filled with recycled coarse-grained saddle dolomitic and blocky calcitic crystals, which were later degraded into a fine-grained micrite/or dolocrete (Figure 10G). Many of these fenestral microstructures appeared straight or as curved tubes in thin sections, which revealed a previous filling with former cements that were later removed or dissolved. These cement-filled cylindrical shapes were coated by a dark micrite. Usually, a few coated crystals or coated hollows were repeatedly surrounded or encrusted by micro-laminated structures. These textures were well represented and accounted for approximately 40% of the total volume in the studied area.



These cylindrical shapes were coated by successive layers of dark micrite, followed by a combination of two tubes, until several adjacent tubes were bundled in a final external micrite coat forming a quasi-concentric structure (Figure 10H).



These particular micro-fabrics crossed and replaced SD2, SD3, and CI with precipitation of a new phase consisting of bladed and fibrous needle-like cements (Figure 11A). These were associated with recycling and re-precipitation of the former dolomite matrices (DI, DII, DII/Ds), SD2, and SD3, and they always displayed a physical distortion with deformation of the crystal shapes. Figure 10H and Figure 11A show algal boring along calcite cement within the alveolar texture, accompanied by laminar horizons.




4.4.2. Type 2: Pisolitic and Laminar Horizons


The pisolitic and laminar horizons varied from dark brown to light brown in color, and contained small peloids in the groundmass composed of macrocrystalline dolomites and calcites. The size of pisoids varied between 0.5 and 2 mm, the thickness of the laminar horizons was up to 400 μm, and these features (peloids and laminae) commonly occurred together in the middle part of the calcrete level (Figure 11B). The above-described horizons constituted up to 5% of the total calcrete/dolocrete volume of the altered Spelek section.



In the hand specimen, the pisoids and laminae occurred in geodes where coarse saddle dolomite and blocky calcite precipitated. The nuclei of the pisoids potentially consisted of silty and sandy clasts, and peloids were coated intensively by a dark-brown micrite (sparmicritization, see Reference [29]); however, in our study, the nuclei mostly consisted of fragments of former saddle dolomite (Figure 11B–F) and blocky calcite cements. Their shapes varied from spherical to polygonal, oval, and irregular, the latter resulting from several coalescent carbonate nuclei surrounded by concentric laminated layers (Figure 11C). The laminar textures were similar to the ones reported in the Eyam Limestone and southern Europe from Lower Carboniferous, Upper Jurassic, and Lower Cretaceous [30,31], where they were connected to subaerial exposure and calcified root-mats [31]. In contrast to our case, these authors did not find any features of biogenic structures such as calcified organic filaments (see Section 4.6) and alveolar septal textures.



The micropores and cavities between concentric laminae were filled by fibrous–radiaxal, bothryoidal, or bladed cements (Figure 11C). Under polarized microscope, the pisoids and laminar textures displayed a wavy extinction and followed the same geometry of the former saddle dolomites (recycling of SD). Furthermore, under cathodoluminescence, the pisoid nuclei displaying red luminescence represented a preserved pseudomorph of corroded and dissolved saddle dolomite crystal (Figure 11B).



The laminar and pisolitic facies occurred in the void space, resulting in the alteration of the high-temperature minerals precipitated in these voids, in contrast to the alveolar facies developed in the former dolomitic groundmasses which were transformed into partially to totally powdery/dusty carbonates.




4.4.3. Types 3: Transitional Horizon


The transitional horizon was observed in most of the lower part of the Spelek–Sulauk calcrete profiles. This horizon was underlain by unaltered or partially altered carbonate of Bekhme Formation (Figure 11D). This horizon was vertically and horizontally characterized by abrupt laminated and irregular micritic stringers (sparmicritization) with unaltered or partially altered hydrothermal saddle dolomites and blocky calcites of the host sediment. In places, micritic stringers were associated with alveolar textures, mainly in the coarse saddle dolomites and calcites, leading to a breccia with large and angular fragments.



Similar stringers were reported by Reference [32] in many Quaternary and Devonian pedogenic calcretes which were subaerially exposed. The tubular and cylindrical hollow features (discussed above) were also present in the transitional zone.




4.4.4. Type 4: Chalky Textures


The chalky textures, common in the calcrete level, were frequently associated with the transitional horizon. They were characterized by grayish white to cream-colored fine-grained and soft dolomites, sometimes slightly indurated with aggregates forming nodular horizons interlayered with soft horizons of a “brecciated host limestone”. The aggregates were coated by large concentric laminar textures containing a few micritic filaments. This horizon was placed between the transitional and alveolar horizons, but were also potentially absent in many locations, and, unlike the transitional horizon, it was not well defined and not obvious microscopically.



Cathodoluminescence images of calcrete displayed distinctive colors for both micrite and needle-like calcite cements in the form of dull chocolate and chocolate luminescence (Figure 11E), and non-luminescence in places.





4.5. Microfacies of the Paleo-Channel


The calcrete facies in the Spelek–Sulauk area were cut by a 1.5-m-thick sedimentary fill of weakly lithified, thinly to thickly bedded alternations of white bioclastic peloidal packstone/grainstone and black microbial mat bindstone. These facies displayed planar laminations of sub-millimeter to several centimeters thick (Figure 6C and Figure 11G). Below the laminar level was a 70-cm-thick bed of pebbles and cobbles floating in a muddy groundmass. The components had ellipsoidal and rounded shapes (Figure 6C).



At least three microfacies were recognized within these planar laminations, discussed below.



4.5.1. Microfacies 1: Microbial Bindstone


This microfacies consisted of centimeter-thick sheet-like, thin, flat, and dark lamina (Figure 11G). The undulated structures seen in a few layers were similar to the laminoid structures seen in Reference [33] and were related to microbial mats. Most of the laminar bindstone textures were well preserved, although some were occluded by subhedral yellowish dolomitic crystals oriented along the microbial mat. These contained organic matter and dichotomous filaments (Figure 11G). Importantly, the dolomite crystals appeared to be floating within the organic mass with no cementing material, but they were rather enveloped by the organic mass (Figure 11H). Similar instances were reported [34] from the Lower Carboniferous in the north of France. Bioclasts as ghost structures associated with rare peloids were also observed. Clays were present as stacks aligned horizontally and parallel to the microbial mats.




4.5.2. Microfacies 2: Bioclastic Peloidal Packstone/Grainstone


This microfacies consisted of thicker white planar layers that varied widely from a few millimeters to several decimeters in thickness (Figure 6C). Among the bioclasts, ostracods were predominant, associated with a few gastropods, miliolids, and burrows of worms. Blocky, bladed, and meniscus cements frequently filled the intragranular pores of most of the bioclasts. The remaining space between the peloids and bioclasts was occupied by secondary silica, which sometimes filled the intrabioclastic porosity (Figure 11G—see violet color). Abundant rounded and elongate peloids with variable sizes were present.




4.5.3. Microfacies 3: Intraclastic Peloidal Grainstone and Mudstone


This microfacies contained abundant ostracods and miliolids, and was commonly burrowed. Locally large (millimeter-sized) sub-spherical oncoids were reworked as intraclasts (Figure 11H). The oncoids were characterized by dark coated peloids or “peloids-supported oncoids”. In the hand specimen, large centimeter-sized oncoids were observed. They were surrounded by thin laminated layers and, in places, contained large nuclei of wood relicts. The intraclasts were not well sorted, locally reaching up to 3 cm in size; they are rounded/subrounded and commonly float in the channel deposits. This facies was widespread within the planar laminations and varied in thickness from millimeters to centimeters. Peloids were mostly rounded and they dominated, constituting up to 70% of the sediment; they were well sorted. Other components were fine- to medium-sized quartz crystals, constituting sometimes up to 45% of the sediment. Small-sized blocky and bladed cements usually filled the remaining porosities. Sometimes, these intraclasts displayed intense muddy coated grains which wrapped them together.





4.6. Microbial Diagenesis


4.6.1. Microbial Forms


The studied rock samples showed ubiquitous colonization and alteration by several types of endolithic microbial forms that displayed morphologies consistent with filamentous fungi (Figure 12A–E), bacteria forms (Figure 13A,C,F), and an oval spindle shape of probable single-celled algae/cyanobacteria (Figure 13F). They ranged in size from micron-sized bacteria (0.5–2 µm) to single-celled cyanobacteria (~60 µm) and filaments of various sizes. This interaction with the rock substrates produced particular diagenetic features, as reported later.



i. Fungi


The fungi were present as hyphae within the carbonate substrate pore space, either penetrating or perforating the substrate (Figure 12C). In several instances, flattened hyphae were observed deeply embedded in the matrix structure of the substrate (Figure 12C,D) giving evidence of their fossilized nature. Many of these hyphae showed dense mineral encrustations in the form of crystallites, typical of fungi interacting with the carbonate substrates and cycling of Ca2+ and Mg2+ from the substrates, as well as their re-precipitation as Ca- or Mg-oxalates within the substrates and/or as encrustations on fungal hyphae [35,36,37,38,39]. Traces of extracellular polymeric substances (EPS) were also visible (Figure 13E).




ii. Algal Forms


Oval spindle-shaped single cells reminiscent of algal cells morphologies were frequently observed within the matrix of the calcrete (Figure 13F). The mineralized cells appeared well embedded within the calcrete matrix and surfaces, showing submicron mineral encrustations (Figure 13F). In one instance, similar cell morphology with a much larger size (~60 µm) was observed. The cell appeared densely encrusted with mineral crystals and embedded in the substrate colonized by fungal filaments. The cell showed mineralized attachments that could be cautiously interpreted as flagella.





4.6.2. Bacterial Forms


Bacterial forms, mostly coccoidal, were quasi-abundant in all studied samples, which understated their role in the diagenesis of carbonate substrates. A significant characteristic of bacterial–mineral interaction was related to the bacterial adherence to mineral surfaces (Figure 13F), with diagenetic consequences well established in literature regarding the alteration of the substrates [40]. One biosignature resulting from this adherence and interaction was the bacterial cell encrustation with biominerals, probably calcitic, and the probable microporosity produced by bacterial pitting of the mineral surface (Figure 13A,C).




4.6.3. Dissolution


The carbonate calcrete displayed multi-level microbially altered substrates and crystals at various stages of dissolution and neomineral deposition, sometimes in advanced stages (Figure 12A), giving rise to pseudo-stratification. As a result, the neominerals were microbially deposited on the original crystals and substrates. The crystal boundaries of the former dolomitic facies were preferentially dissolved, leading to deep dissolution patterns, frequently filled by new minerals either inside the crystals or in the larger dissolution space (Figure 12A). In a few cases, the mineral surfaces were heavily pitted owing to preferential dissolution (Figure 12B). Fungal hyphae encrusted by micron-sized neominerals are observed perforating the original carbonate substrate (Figure 12C).



The alveolar textures exhibited ubiquitous dissolution features (Figure 12D), which subsequently became filled and/or lined with a micron-sized calcitic micrite covering the inner walls of the cavities following the decomposition and removal of organic matter associated with the plant roots and rootlets.



Specific microbial dissolution of the original substrates and reprecipitation of rhombohedral neominerals suggest that they were probably dolomitic in nature. Figure 6E displays very tiny rods and sub-spherical forms clustering around the remnants of the original carbonate crystals similar to those reported by Reference [41].




4.6.4. Micritization and De-Micritization


SEM imaging showed micrite precipitation and a micritization process induced by microbial activity. The neominerals (~1 µm in size) were precipitated in the porous space or on the edges of carbonate crystals (Figure 12F). The process could have been generated either by the dissolution of the original micrite (de-micritization) along the carbonate crystal boundaries or directly on the mineral surfaces [42] (Figure 11F). The microbial de-micritization and micritization processes on the calcrete constituted a new cementing phase (Figure 12F).



De-micritization, as presented here, is a process through which the original micritic material of the carbonate substrate is removed by fungal dissolution, which leaves the much larger dolomite or calcite crystals as isolated islands surrounded by vacant space, at least in the early stages of dissolution [42]. Figure 13A,B show a de-micritized zone on an original substrate where the fine-grained material (cement) filling the space between the carbonate grains was removed, leaving in place the more resistant crystals (mainly dolomite). Subsequently, the voids created through this de-micritization process were refilled partially or totally by the precipitates of the newly formed carbonate crystals. These replaced the old material that was consumed through the microbial dissolution and chemical element uptake. The crystal size of the new biomineral infill ranged between 5 and 25 μm. The micrite-sized new biominerals were probably composed of Ca-oxalate and possibly Mg-oxalates with both Ca and Mg cycled from the carbonate substrate. According to Reference [43], it is only through further diagenesis that this new biogenic micrite was transformed into true cryptocrystalline calcite. The current use of the term micritization is, thus, in anticipation of such diagenetic transformation.




4.6.5. Cementation


Cementation (or re-cementation) of carbonate grains in the microbially de-micritized calcretes was related to the new micritization process (Figure 9F). The new cement was distinguished from the surrounding minerals by its pile-up texture and its lighter color. Grain-to-grain bridging, suture lines, and crystal boundaries fillings were all observed features of microbially induced cementation (Figure 12D and Figure 13A).




4.6.6. Replacement


Microbial interaction with the carbonate substrate produced diagenetic replacements of the original crystals by new minerals. Figure 13A shows a dolomitic crystal undergoing a replacement initiated by the partial dissolution and precipitation of very a fine micron-sized calcite. The edges and/or boundaries as the planes of weakness were more susceptible to bacterial attacks than other parts (faces) in terms of dissolution and replacement.




4.6.7. Grain-to-Grain and Wall Bridging


Bridging of the dissolved pores in the alveolar textures was frequently observed. Mineral-encrusting algae and encrusting fungal hyphae were similar in shape and size to crystals that lined the inner walls of the pores (Figure 12D). On the other hand, grain-to-grain bridging was observed between dolomite crystals by newly precipitated biominerals (up to 6 μm), connecting the dolomite crystals and filling the secondary porosities.



The micron-sized new calcite cementing the dolomite crystals on its margins produced mineralized microstructures linking the dolomite crystals [42,44] (Figure 11A). Special attention was paid to micro-porosities associated with these mineral surfaces. Porous surfaces on carbonate minerals could have been generated by microbial activity [45]. The inferred microbial diagenetic sequence involved dissolution of dolomite crystals, followed by the precipitation of a new carbonate phase with different color contrasts in the SEM analysis (Figure 13A).




4.6.8. Open-Space Filling, Porosity, Permeability, and Grains Size


Open-space filling was observed in the pores of the calcrete, as well as in the dissolved pore spaces (inter- and intragranular), produced by microbial dissolution and de-micritization, where extensive deposition of biominerals occurred (Figure 13B). The filling of the intergranular porosity occurred as a fringing cement lining the inner contour of the pore, as well as partially littering the pore (Figure 13C). Secondary intragranular porosity created by microbial attacks on the crystals was filled by the biominerals produced by the fungi. Figure 12A and Figure 13B show a dolomite crystal with a secondary intragranular porosity that was refilled with newly precipitated biominerals. The biominerals were micron-sized (<1 µm) and clustered in the pore (>10 µm). In contrast to the tiny prismatic biominerals precipitated on the surface of the same dolomite crystal, these biominerals were much larger (2–5 µm) and were rhombic in shape.



Fungal filaments enhanced the dissolution of carbonate minerals and penetrated their surface, leaving a semi-spherical void (around 10 μm). It resulted, in some cases, in a well-preserved filament encrusted by very thin neominerals (Figure 11C). It was not possible to quantify the impact of fungal dissolution on both porosity and permeability, but visual evaluation suggests that the increase might have been important (Figure 13B,D).





4.7. O–C Isotopes


The oxygen and carbon isotopic compositions of the studied carbonates are compiled in Table 1 and Figure 14. The Cretaceous δ18OVPDB and δ13CVPDB values of the primary marine carbonates, estimated by References [46,47,48], varied respectively between +0.8‰ and −4.0‰ and between +1.8‰ and +2.7‰. The δ18 OVPDB and δ18CVPDB of the host limestone of Bekhme Formation were approximately −5.1‰ and 1.1‰, respectively [23]. The δ18OVPDB and δ13CVPDB values of the calcrete products ranged between −17.8‰ and −6.6‰ (average (av.) = −8.0‰, n = 10) and between 2.5‰ and −9.6‰ (av. −2.7‰, n = 10), tending to be lower than those of the marine limestones. The δ13CVPDB values of the calcretized saddle dolomite samples (n = 7) displayed a large negative shift (as low as −7.0‰) compared to the host limestone rocks. The δ18OVPDB and δ13CVPDB of the paleo-channel/tidal deposits that crossed the calcrete levels in the Sulauk section varied between −6.5‰ and −8.1‰ (av. = −7.0‰, n = 12) and between +1.7‰ and −8.6‰ (av. = −2.4‰, n = 12), respectively. The δ18OVPDB and δ13CVPDB isotope values of tidal deposit samples frequently matched or were close to those isotopic values from saddle dolomites diagenetically altered by the calcrete formation. Calcretes and calcretized saddle dolomites recorded a wide range of δ13CVPDB values from −7.4‰ to −6.3‰ (av. = 6.9‰, n = 6) (Figure 14), while the δ18OVPDB values varied from −8.7‰ to +1.7‰ (av. = −6.9‰, n = 6).





5. Discussion and Interpretation


5.1. Origin of Geodes/Fracture-Filling Carbonate Minerals and Origin of Calcrete


Three different types of saddle dolomites (SD1, SD2, and SD3) and two types of blocky calcites (CI and CII) occurred in the study area. The first phase of saddle dolomite (SD1) was mostly associated with the second generation of SD2 or SD3. The aggrading transition to coarser crystal size inside the geodes and fractures (from SD1 to SD2), having characteristics of curved faces and wavy extinction under optical microscope (Figure 9B,C), suggest a key indicator of hot fluids with a temperature higher than 50 °C [49,50,51]. The geodes formed when the fluids meandered their paths through the various weakness zones as the fractures, the cleavages, and the joints (Figure 8). The brecciated and floated angular grain of matrix dolomites, which were cemented by saddle dolomites and blocky calcites, suggests that the hydrostatic pressure of hot fluids led to an extensive fracturing and hydro-brecciated fragments (Figure 8), reflecting rapid changes in fluid pressure. The almost emplacement of bedding-aligned geodes interrupted a new deposition of unaltered host limestone of Bekhme Fm (Figure 5), signaling a new post-hydrothermal influx fluid. Moreover, the saddle dolomites in Bekhme Formation had similar stable isotopic composition and originated from hot (81–115 °C) basinal NaCl–MgCl2–H2O brines with salinities of 18–22 wt.% NaCl equivalent [11].



The occurrence of two cycles of calcrete profile sandwiched between host limestones of Bekhme Formation, and the significant thickness of calcrete products that showed abundant biological activity (Figure 6F and Figure 7B,C) probably suggest that the Harir and Safin Basins developed during rising and falling of sea water, and not due to other factors such as vertical aggradation of deposits by river or channels deposits [17]. Nevertheless, the calcrete profile showed a sub-profile of lamination textures, including repeated white- and gray-banded textures, and constituted rounded cobble and pebble calcarenite deposits, which presumably referred to channel deposits and a tidal-influenced channel during the rise and fall of the sea level (e.g., Reference [52]) (Figure 6C,E).



The surface contact morphology between the calcrete body and the unaltered Bekhme limestone strongly suggests a possible incised paleochannel where the continuity of the original bedding planes was interrupted (Figure 5B). This facies change and the geometry setting indicate that the chronology of HT fluid influx and calcretization events was coeval with the depositional age of Bekhme Formation (Figure 4A and Figure 5A).



The increase in δ18OVPDB and δ13CVPDB depletion in the carbonate samples compared to the marine host limetone signified either (i) a progressive heating of the fluids that re-channelized the carbonate rocks [53] or (ii) formation under meteoric water influences. Invariable δ18OVPDB and variable δ13CVPDB values followed an inverted-J pattern or “curve” along a meteoric calcite line [51] (see Figure 14). These explanations invoke that the organic matter and decomposed roots of plants were consistent with intensive microbial activities, which influenced or “altered” the original host limestone and HT products (Figure 11). Therefore, a meteoric water source was the most conceivable source for the δ13CVPDB–δ18OVPDB depleted carbonate cements, as late diagenetic calcrete products were well documented in our series with the Lohmann model (Figure 14)



The development of Harir–Safin anticlines was linked to the Zagros Mountains during opening and closure of the Neo-Tethys Ocean. During Cretaceous and Tertiary times, the predominate platform with lateral carbonate facies changed, and the hiatus was mainly related to sea-level changes and distant geodynamic events [54]. Lateral compression can increase the deformation of stratigraphic succession in the same way as vertical and horizontal movements of basement blocks through compaction [14]. Folding deformation was considered here to be likely the cause of the fracture system in Bekhme Formation during hydrothermal fluid migration. Reference [9] related the formation of void spaces/cavities to tectonic deformation regional events during Zagros Orogeny. Several authors concluded that the hydrothermal fluids are structurally controlled by fault and tectonic activities such as lateral compression and vertical stress [55,56,57,58]. The hydrostatically brecciated rocks, which occupied the lower part of Sulauk profile (~2 m), cemented by saddle dolomites and blocky calcites (Figure 5A and Figure 8), indicate that the fracturing was contemporaneous with the hydrothermal fluids. Similar cases were reported by, e.g., References [49,59,60].



Later on, the hydrothermally produced dolomites and calcites at the base of the ~6-m Spelek section were totally calcretized (see below; Figure 5A,B). The origin of calcretes in ancient strata was widely documented in ancient rocks [61,62,63,64]. Two dominant microfabric patterns were suggested for the calcrete origin: (i) non-pedogenic alpha fabric and (ii) pedogenic beta fabric [65].



Alpha fabrics are distinguished by abiotic features, which include desiccation cracks, shrinkage features, and nodules [65,66,67]. On the other hand, the biologically formed beta fabrics are dominated by rhizoliths, alveolar septal structures, calcified filaments, and grains coated by micritic layers [27,67,68]. Microbial activities (e.g., dissolution, replacement, and bridging of the dissolved pores) and microbially produced minerals played a key role in the alteration of the original carbonate substrates, most probably related to the roots and rootlets inside plants cavities (porosities) (Figure 12A and Figure 13A–C). Pedogenic fungi are known to form fibrous needle-like calcite cement and diagenetic carbonates [67,69], in addition to the formation of micritic cements [27]. Through subaerial exposure and break in sedimentation rates, numerous paleocalcrete products, particularly of biogenic sources, were formed [70,71,72].



The SEM images showed ubiquitous colonizing endolithic fungal, bacterial, and possible algal forms. Many of them displayed neomineral encrustation on their surfaces (Figure 12A). The dissolution of original substrate and the precipitation of abundant neominerals between and inside the carbonate grains highlighted the wide contribution of microbes in the development of pedogenic calcrete (Figure 13A). The microbial role in the dissolution process was highlighted by numerous visible microbial forms in the altered parts of the substrates that often form a dissolution front (Figure 13A) [42]. The microbial diagenesis was considered as persuasive evidence for the pedogenic calcrete nature. Moreover, the meteoric vadose waters during subaerial conditions could have played an additional role in the diagenesis process (Figure 13). These features were clearly established in the literature as of pedogenic origin [27,73]. In particular, the role of fungi as decomposers around the root and rootlets of plants within the soil profile and the related alveolar septal structures were also documented in various pedogenic soil morphologies [74].



Our microbial diagenetic associations in the studied area suggest that the calcrete formed in the Bekhme Formation originated predominantly from “beta fabrics”. Several consecutive observations support this pedogenic origin. Firstly, the bio-brecciation, which produced the alveolar microstructures, also fragmented the former HT saddle dolomites and blocky calcites (Figure 10G,H). As the brecciated fragments were mostly angular, both host rocks and HT minerals of the Bekhme Formation underwent an “in situ alteration”. Secondly, the pisoliths were always accompanied by millimeter-thick laminar textures interconnected by fibrous calcite cements (Figure 11B,C). Thirdly, the presence of nodular chalky deposits and numerous coated grains were used as a evidence of subaerial vadose conditions due to organo-mineral interaction [75]. Furthermore, microbial alteration on the original substrate developed a wide spectrum of diagenetic features: dissolution, micritization, cementation and re-cementation, replacement, grain-to-grain and wall bridging, and open-space fillings. All these characteristics support an in situ, pedogenic alteration during subaerial exposure. Additionally, three non-HT calcretized dolomitic samples in the Spelek section displayed negative δ18OVPDB values (Figure 14) similar to those discussed in the previous saddle dolomites, but they showed variable δ13CVPDB values toward very negative values (−9.6‰ for the lowest value). These data indicate that the meteoric water, which caused the calcretization of the former dolomite, was recharged through the soil profile.



The isotopic composition of the pedogenic carbonates is different from the non-pedogenic groundwater carbonates, as pedogenesis proceeds toward an isotopic equilibrium with the soil environment [66,76]. Therefore, the homogeneity found in the δ18OVPDB values among the pedogenic rocks of the same level (−6.6‰ to −7.3‰; n = 6) indicates that these rocks approached δ18OVPDB values characteristic of the soil water/meteoric water equilibrium. The meteoric/vadose fluids potentially affected the pedogenic oxygen and carbon isotope compositions (see petrography and discussion below). Apparently, the meteoric/vadose fluids influenced the isotopic composition of the HT saddle dolomites “SD1, SD2, and SD3” and blocky calcite cements “CI and CII”. In order to calculate the temperature of the fluid that influenced the Bekhme carbonates under near-surface conditions, we used Dowrkin’s equation [77], linking the oxygen isotopic composition of the pedogenic carbonates (calcrete) to the temperature of crystallization as follows:


δ18Occ (‰, PDB) = 0.49 (T [°C]) − 12.65,








where δ18Occ is the mean oxygen isotope value of pure calcrete (−6.6‰). Applying this equation to our samples that were completely recrystallized and altered by calcretization processes gave a calculated diagenetic near-surface temperature of around 13 °C.




5.2. Time and Duration of Calcrete Exposure: A Response to Sea-Level Fluctuation and Tectonics


Several aspects controlling the calcrete formation are well known: tectonics, sea-level fluctuations, paleochannel formation, paleolakes, alteration by groundwater, and length of subaerial exposure [78,79,80,81,82]. The timing of calcretization is critical in order to estimate the sea-level fluctuations and tectonics, which are generally deduced from regional unconformities [20,21,22].



During the Campanian–Maastrichtian times, the High Folded Zone in northern Iraq was affected sporadically by transversal “uplifted” block movements [83], enhancing relative eustatic sea-level changes [84]. The calcrete profile in the Spelek–Sulauk area was superimposed on Bekhme Formation, e.g., reefal boundstones and bioclastic packstones, in a cyclical stacking pattern (Figure 5 and Figure 6). The profile showed two remarkable cyclic repetitions of no less than two individual pedogenic calcrete levels sandwiched between the unaltered Bekhme carbonates. The Spelek–Sulauk area experienced, therefore, subaerial exposures and an in situ pedogenic alteration, likely during sea-level fluctuations [72,85,86]. The development of alveolar septal and root mold structures and the intensity of the microbial diagenetic alteration emphasize that the plants had a role in penetrating the Bekhme carbonates and were active players in the development of pedogenic calcretes during subaerial exposure.



Several studies demonstrated that calcrete profiles can be divided into two main groups: mature and immature [22,87,88,89,90]. Well-developed features characterized the mature profile and were distinguished by thick “massive” indurated carbonate and clay accumulation horizons [91,92,93] with hard laminated crusts [66,89]. The immature profile was distinguished by less-developed horizons [66] and the lack of hard laminated crusts [22,94,95].



There is increasing evidence that mature “massive” calcretes, especially the laminar crusts, either record the length of subaerial exposure “duration” [88,96] and/or groundwater movements or evaporation [22,76]. In our study areas, features indicating groundwater movements were not recognized. In contrast to the mature calcretes, the immature ones suggest periods of non-deposition and soil formation features [97]. Reference [98] demonstrated that a long period of exposure (between 1000 and 10,000 years) allows growth of well-developed nodular calcite within the soil.



It was concluded from many ancient calcrete profiles that the duration of the sediment could be deduced from the variation in thickness and maturity of the calcrete and the intertwining of different sediment types [30,61,96]. However, the profiles here showed different thicknesses of their internal levels (2–6 m), which, according to previous studies, should suggest a longer exposure period, which was contradicted here. Furthermore, the development of calcrete profiles originated as a result of in situ alteration of Bekhme Formation (Figure 12), not as a response to a new precipitation at the surface, which could either have been from the groundwater movement or from other resources [99,100,101]. The studied calcrete levels were described as mature and less mature units, with tidal channels locally distributed/interlinked in the calcrete profiles [102]. Tidal-influenced areas were controlled by sea-level fluctuations and rhythms within tidal deposits (Figure 6B–D).



The thin marly laminar crusts (~4 cm) overlying the irregular erosional surface in the Sulauk profile (Figure 5A) and the lack of such a surface in the Spelek calcrete suggest that the Sulauk profile was significantly influenced by a longer period of non-deposition than the Spelek area (Figure 5A,B). However, nodular calcite and scarce laminar crusts played a role in the Spelek calcrete profile; thus, this area was interpreted as a less mature profile, possibly related to a local regression [103].



As Bekhme Formation was deposited during the Campanian–Maastrichtian times encompassing several million years; accordingly, the length and the cyclical stacking of calcrete levels were developed in relatively contemporaneous events (i.e., during the period of whole deposition of Bekhme Formation). The development of the mature and less-developed mature calcretes in the Sulauk and Spelek areas does not necessarily imply a long period of exposure (see above) (i.e., periods more than the deposition of Bekhme Formation) (see Reference [97]). However, Reference [98] suggested a period between 1000 and 10,000 years as a long exposure for similar deposits. Reference [104] connected the thickness of the calcrete profile to the length of exposure and suggested a 1 cm (thickness)/2000 years accumulation rate. Nevertheless, the processes implied in the calcrete development were more complex, and the calcrete profile described here displayed mature to less mature levels as a result of multiple short periods of exposures during the Campanian–Maastrichtian times. Well-defined in situ pedogenic calcrete formation (altered Bekhme Formation), and the discontinuous erosional surface in the Sulauk area, based on lateral accretion, the presence of two pedogenic levels interbedded within the Bekhme carbonates, cyclical stacking, and thin laminar layers of rhythmicity of a “tide-influenced area”, suggest short-term tidal currents and depositional environments (Figure 4, Figure 5 and Figure 6).



Reference [105] suggested that tectonics was the dominant factor leading to the polyphased folding and faulting within the Upper Cretaceous series along the Harir and Safin anticlines. The author detailed the geodynamic structure of the Harir anticline with several uplifts and intensive paleo-stress affecting the SW limb of Harir anticline during the Late Cretaceous. Reactivation of these faults during the Alpine “Late Cretaceous” affected Bekhme Formation in NE Iraq [106]. Folding of the Harir anticline during Late Cretaceous was related to uplifting movements above sea level [14]. This would have led to relative sea-level fluctuations in Spelek–Sulauk area. Therefore, the primary control of the evolution of pedogenic profiles (2–6 mthick in our case) was tectonic in nature (Figure 7A), and general re-activation of the fault systems, in particular the strike–slip faults, affected the relative sea-level fluctuations. Therefore, the development of the well-formed “massive” calcrete was related to the tectonic evolution. The above points show that the upper part of the Bekhme Formation was exposed to surface conditions during falling of the sea level, and was altered by plant activities that had a role in the “in situ” alteration of Bekhme carbonate. The microcrystalline calcites between the laminar and the fenestral alveolar textures could have been precipitated either by meteoric/vadose waters or by biotic controlled mechanisms during subaerial exposure. The observed fibrous needle calcitic and bladed cements indicate that precipitating fluids potentially had low to intermediate salinities. The meteoric fluids influencing the late diagenetic sequence were confirmed by cathodoluminescence, showing that different fluids were involved during this event (Figure 11E). The chocolate luminescence probably referred to reducing conditions generated by biogenic mechanisms (fibrous cement), while biogenic mechanisms displayed a thick dull luminescence suggesting oxidative conditions in the laminar texture. The subsequent arrangement of thin bright and thick dull luminescence in chalky textures was probably due to variations of the redox conditions or mixing of two sources of fluids with different acidity.



High-energy currents reworked partially semi-rounded pebble- and cobble-sized calcarenites and produced graded bedding (Figure 6B). These reworked calcarenites overlaid the planar laminar structure that was intensively bioturbated (Figure 6C,E), in places where the cross-bedded structures overlaid the calcrete profile (Figure 6B). These laminations were characterized by a repetitive dark peloidal/bioclastic grainstones and white microbial laminar boundstones that overlaid a meter-thick unit of boulders embedded in muddy deposits. Alternate vertical white and dark laminae could represent tidal rhythmites [11,22]. The sudden shift from the rhythmites to the calcrete horizon more likely referred to episodes of subaerial exposure due to further submergence related to sea level fluctuation [30]; see Figure 9 with or without tectonics during the Late Cretaceous [107,108]. The occurrence of crustacean fossils and abundant bioturbation within the Bekhme Formation, in addition to the interaction between the low-energy microbial bindstones and high-energy-peloidal/bioclastic grainstones, is similar to marine intertidal settings and, therefore, suggests a tidal-influenced system [22,109]. Consequently, sea-level fluctuations and tectonics interplay were the driving processes leading to multiple short episodes of subaerial exposure during falling and rising sea water in tidal flats during the deposition of Bekhme Formation.



The cyclic sedimentary record of the Bekhme Formation, including the calcretes in the studied area, was injected by hydrothermal fluids and controlled by strike–slip movement. This movement was explained in detail by Reference [13] during the Late Cretaceous, especially in the Harir and Safin anticlines.



It is possible to conclude that the saddle dolomites and blocky calcites, in addition to earlier seawater dolomitization, predated the calcrete products in the Spelek–Sulauk area. The tectonic movements enhanced sea-level fluctuation and, directly after deposition of Bekhme Formation, HT fluids channeled their way along fractures and weakness zones throughout Bekhme Formation (Figure 15). Saddle dolomites and blocky calcites were affected and disturbed by calcrete features such as bio-brecciation of saddle dolomites and blocky calcites, corrosion and dissolution of saddle fragments floated in the alveolar texture, and geometrical relationships (Figure 10G,H and Figure 11F). These reported macro features and microfacies offered strong evidence that Bekhme Formation underwent at least two short episodes of cyclic repetitive events of calcrete carbonate during Campanian–Maastrichtian times. These features included (i) a rhythmic sedimentation and expeditiously shifting sediments from calcrete products to planar laminations layers (Figure 5 and Figure 6B,C); (ii) alveolar textures and microbial diagenetic effects on the original substrate (Figure 9G,H, Figure 10G,H, Figure 11A–H, and Figure 12A–E); (iii) planar laminations, with a thinning-upward trend, the local wavy ripple laminations, and an intensive bioturbation related to “Thalassinoides”, attesting to tidal-influenced conditions (Figure 6C–F) (e.g., Reference [110]); and (iv) the unidirectional planar laminar “rhythmicity” of silt-sized carbonate sediments/silicates, the vertical and horizontal branched-shaped burrows, the crustacean burrows (Thalassinoides), the peloidal packstones/grainstones, and the microbial laminated mat interbedded with loose friable mudstone and rhombohedral dolomite cements (Figure 10G).



Finally, the complex interplay between sea level and tectonic events produced multiple phases of submergence and emergence during the deposition of Bekhme Fm and led to the formation of two calcrete bodies sandwiched within the formation (Figure 15).




5.3. Tidal and Channel Signals in the Bekhme Formation


During the Late Cretaceous, the recurrent transgression and regression of sea level and tectonics [111] had a significant role in the development of the pedogenic calcretes and channel sediments in the studied area, which allowed the development of tidal-dominated conditions. The Sulauk calcrete profile is sharply truncated by an overlying V-shaped channel that displays rhythmic deposition of cross-bedded structures (Figure 6B). In places, planar laminations were underlain by cobble and pebble calcarenites of the Bekhme deposits embedded in muddy deposits (Figure 6C). The resulting thinning-upward succession displays cyclic white and dark layers of peloidal–bioclastic packstones/grainstones and microbial bindstones (Figure 11G). This rhythmicity and the graded bedding in this region have similar features to the tidal channel deposits previously documented along the Mussafah Channel near Abu Dhabi [112]. Moreover, Reference [113] documented extensive microbial mats and bioclastic/oolitic/peloidal facies in intertidal/subtidal zones as a result of along-shore current. The random vertical distribution and deeply penetrating burrows in these layers indicate loosely lithified deposits during high-energy conditions in subtidal/intertidal settings and low-energy conditions in intertidal/subtidal environments. Vertical burrows in the observed microfacies and graded bedding, in addition to muddy intraclasts with minor quartz filling the bioclastic skeleton pores (Figure 11G,H), suggest high-energy environments in the tidal channel, the same as those reported by Reference [114]. Deposition of microbial mats and peloidal bioclastic packstones/grainstones were produced by low- and high-energy turbidity currents, respectively. Oncoidal microfacies, organic material, and floated calcarenites with cobble- and pebble-sized grains in a muddy groundmass suggest scrubbing of Bekhme carbonate with fluid muds embedding the large rounded grains. These were transported through tidal-influenced channel deposits within the depositional basin.



Basal large-sized calcarenite fragments, followed by vertical planar lamination with abundant burrows within the Sulauk Section, were induced by multiple short tidal episodes and not by long episodes of tidal currents. Therefore, Bekhme Formation experienced multiple episodes of subaerial exposure during the Campanian–Maastrichtian period, as indicated by the sandwiched calcrete profile within the carbonate Bekhme Formation under the effect of sea-level fluctuation and local tectonic faults.





6. Conclusions


1. In the Harir–Safin area, a large volume of the basal parts of Bekhme Formation outcrops were invaded by hydrothermal fluids that produced brecciated dolomitic matrix, which was eventually cemented by saddle dolomites and blocky calcites. This demonstrated that the time of fracturing was contemporaneous with the potential of hydrothermal fluids.



2. The calcrete profile superimposed on the brecciated zone, followed by the uninterrupted continuous deposition of Bekhme deposits, clearly shows the result of submergence and emergence of Bekhme Formation during Campanian–Maastrichtian times.



3. The vertical lithological variability highlights a cyclic repetition of 2–6-m-thick calcrete profiles sandwiched within the Bekhme carbonates. This suggested that the combined effect of hydrothermal fluids and calcretization processes was the result of the Zagros Orogeny and folding tectonics during the Upper Cretaceous, which channeled and facilitated the movement of the hydrothermal fluids.



4. Deep hot fluids that migrated through horizontal/sub-vertical fractures within the Upper Cretaceous carbonates precipitated three types of saddle dolomites (SD1, SD2, and SD3) and two types of blocky calcites (CI and CII). It is also concluded that the pore spaces were probably rejuvenated even after the deposition of Bekhme Formation.



5. Bekhme Formation contained up to two pedogenic calcrete levels within each outcrop, formed by in situ alteration processes of Bekhme host carbonates exposed to sea-level fluctuation and tectonics.



6. Emergence and subaerial exposure was further manifested by the V-shaped paleochannel structures incising into the underlying calcrete profile, with channel sediments and preserved internal cross-bedding truncating the calcrete facies.



7. Strong microbial activity by mainly fungi and bacteria within the calcretes was shown to have played an important role in producing specific microbial diagenetic features such as microporosity, dissolution, mineralization, micritization, grain–grain bridging, and cementation with neominerals. Using SEM, the abundant mineralized microbial forms, many times imbedded in EPS films, were seen closely bound to those diagenetic features.



8. Petrographic observations and geochemical evidence indicated that the mixing of meteoric/vadose waters corresponded to the calcretization events. This was better confirmed by the inverse-J Lohmann curve (1988) that fit our isotope curve using δ18OVPDB and δ13CVPDB values.
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Figure 1. General map illustrating the Zagros fold-thrust belt (ZFTB) within the Kurdistan region of Iraq (after Reference [9]). 
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Figure 2. Geologic map of the Upper Cretaceous and Tertiary Basins showing related tectonic elements, geological units, facies distribution, and location of studied (Spelek–Sulauk areas) in the High Folded Zone. 
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Figure 3. Phanerozoic stratigraphic column illustrating the age, lithology, and nomenclature for the principal stratigraphic units and tectonic events for the northwest (NW) Zagros foreland basin in the Kurdistan region of Iraq (after Reference [9]). 
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Figure 4. Spelek section. Photographs with inserts showing (A) calcrete profile displaying pronounced geodes (Gd) filled by saddle dolomite and blocky calcite arranged in multiple levels parallel to stratification, and reflecting the original bedding planes. The emplacement of the geodes (Gd) is interrupted by a yellowish facies in the Bekhme carbonates related to incised channel deposits cutting the original bedding planes (see the dashed line). Spelek section. The inserts show a typical single large geode with quasi-horizontal lower boundary tracing the original horizontal bedding. (B) Calcretization of the host limestone and matrix dolomite. Saddle dolomite and blocky calcite are mostly pronounced in the lower part of the outcrop exposing Bekhme Formation (Fm), consisting of saccharoidal dolomite (Ds). 
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Figure 5. Spelek section. (A) Profile of the two calcrete levels. The profile shows interruption by a yellow marly horizon and interbedding within the well-bedded dolomitic limestone of Bekhme Fm. The basal part of the host limestone is brecciated (see the lower insert) by hydrothermal fluids and partly replaced by the calcrete level. The brecciated zone is cemented by saddle dolomite (SD on the picture) and blocky calcite (CI), and the brecciated fragments are mostly edge-shaped suggesting that the fracturing was consistent with hydrothermal fluid. The upper part of the section is partly influenced by hydrothermal (HT) fluids and overlies the calcrete level. The close-up of the lowermost right part shows that the altered gray colored dolomitic limestone in Bekhme Fm is driven by hydrostatic pressure of hot fluids leading to extensive fracturing and hydro-brecciated fragments, reflecting rapid changes in fluid pressure. Sulauk section. (B) Paleochannel deposit incised into the underlying calcrete profile. The upper right part of the photograph (white arrows) shows the cross-bedding (CB) in the channel. The cross-beds are gently inclined and predominantly composed of carbonate sand. The well-bedded Bekhme limestones directly overlie the channel deposits. Sulauk section. 






Figure 5. Spelek section. (A) Profile of the two calcrete levels. The profile shows interruption by a yellow marly horizon and interbedding within the well-bedded dolomitic limestone of Bekhme Fm. The basal part of the host limestone is brecciated (see the lower insert) by hydrothermal fluids and partly replaced by the calcrete level. The brecciated zone is cemented by saddle dolomite (SD on the picture) and blocky calcite (CI), and the brecciated fragments are mostly edge-shaped suggesting that the fracturing was consistent with hydrothermal fluid. The upper part of the section is partly influenced by hydrothermal (HT) fluids and overlies the calcrete level. The close-up of the lowermost right part shows that the altered gray colored dolomitic limestone in Bekhme Fm is driven by hydrostatic pressure of hot fluids leading to extensive fracturing and hydro-brecciated fragments, reflecting rapid changes in fluid pressure. Sulauk section. (B) Paleochannel deposit incised into the underlying calcrete profile. The upper right part of the photograph (white arrows) shows the cross-bedding (CB) in the channel. The cross-beds are gently inclined and predominantly composed of carbonate sand. The well-bedded Bekhme limestones directly overlie the channel deposits. Sulauk section.



[image: Geosciences 09 00459 g005]







[image: Geosciences 09 00459 g006 550] 





Figure 6. (A–F) Photographs of field and rock slabs showing the calcrete development and structures of tide-influenced in Bekhme Fm. (A) Abrupt contact between Bekhme Fm (right side) and the calcrete profile (left side) recording a subaerial exposure surface, probably due to tectonic uplifting. Spelek Section. (B) Cross-bedding of channel deposit overlying and incising the calcrete profile. The cross-beds are gently inclined and composed predominantly of a carbonate sand. Sulauk section. (C) Horizontal laminations with slightly undulating centimeter-thick dark-colored levels of microbial boundstone, where the lower most part is composed of cobble and pebble particles forming a fining upward thin sequence, with bioturbation on the upper left part. Sulauk section. (D) Rill-marks washed out by wind and water energy. Sulauk section. (E) Horizontal laminated crust superimposed on the upper part of Bekhme Formation, where large gray angular boulders are embedded in the softy ground mud. Sulauk section. (F) Biological activity on the surface of Bekhme Fm, where arrows point to a Thalassinoides burrow. Sulauk section. 
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Figure 7. (A) Local fault slipping down the basal outcropped part of Bekhme carbonate and the calcrete level covered by the upper and lower Bekhme carbonate. Sulauk section. (B) Disturbed part, related to a burrowed zone in the muddy white dark laminated layers (see photograph C), with intense bioturbation and low diversity of ichnofossils, indicating a tide-dominated channel. Sulauk section. (C) Hydrofracturing in the gray dolomitic limestone from the lower part of the photograph leading to the formation of fragments. The associated fractures and voids are filled by hydrothermal products (saddle dolomite, see text). Sulauk section. 
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Figure 8. Litho-log of the Bekhme Formation from the Spelek–Sulauk area, and, next to each zone, the digitized microphotographs illustrating the significant alteration of HT and non-HT diagenesis on the carbonate rocks. The log shows the emergence (zones B and E) and submergence (zones C and F) of the host carbonate rocks. At least two generations of HT fluids paved their way along the weakness zones of the host rocks in zones A, E, and F. Note the enlarged part (No. 10) of the first generation of HT fluid (zone A), the so-called breccia, illustrating the floated, angular grains of the matrix dolomite that is cemented by saddle dolomite. Note another type of brecciation by pedogenic calcrete that caused an in situ fragmentation of the saddle and matrix dolomites (No. 3, 6, 8) and non-deposition period evidenced by marly bed (D). The HT cementation happened prior to the strong in situ brecciation of saddle dolomites (No. 3, 4, 8). Photomicrographs (No. 1, 2, 7, 9) illustrate unaltered HT products, while photo No. 4 shows the penetration of alveolar texture (the brown color on the left part) along the weakness joints of saddle crystal. The process of alveolar formation is illustrated in photo No. 6; the blue layers denote successive layers of dark micrite around broken dolomite and show a non-sequential process of coating, starting with an individual tube, followed by a combination of two tubes, until several adjacent tubes are bundled in an external micrite coat giving a quasi-concentric structure. CI = blocky calcite, SD = saddle dolomites, Mi = Miliolid, Ro = Rotalid, Pl = planktonic foraminifera (modified after Reference [23]). 
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Figure 9. (A–H): Photomicrographs of dolomite and calcrete phases. (A) Calcrete profile displaying pronounced chert lenses and geode filled by saddle dolomite (lower left part). Spelek section. (B) Thin section, polarized light, same sample as Figure 3A; cryptocrystalline and fine-grained silica in a planktonic foraminiferal wackestone. Spelek section. (C) Thin section, plane light, brown facies representing the “replacement dolomite—DI”, cross-cut by fracture filling with DII medium crystalline dolomite. The upper most part represents dirty saddle dolomite “SD2”. Spelek section. (D) Thin section, plane light; transitional stage from DII (central part) to transparent dolomite DIII (toward leftmost lower part), suggesting that the replacement process is still functioning at this stage. Sulauk section. (E) Thin section, plane light; euhedral, transparent DIII filling a large void, where a few crystals are still shown as preserved traces of the former dolomites DII/DI, supporting the hypothesis of a replacement process during the early stage of diagenesis (see text). Sulauk section. (F) Thin section, plane light; the loose saccharoidal dolomite matrix (Ds) is significantly affected by the calcretization process; note the trace of a rhizoliths (Rhi) in the lower part of the picture. Spelek section. (G) Thin section, plane light and cathodoluminescence; saccharoidal dolomite Ds sharing the same physical properties and dull red luminescence as DII and DII. Ds formed probably as a result of paleostress from the previous “DII and DIII” phases during Late Cretaceous. The corroded relics of Ds inside the alveolar texture (AV, arrows) that have chocolate luminescence indicate that the calcrete postdated Ds. Spelek section. (H) Thin section, cathodoluminescence and plane light; dull red luminescence of Ds probably with corroded crystals floating inside non-luminescent calcrete products. Spelek section. 
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Figure 10. (A–H) Photomicrograph of hydrothermal saddle dolomites and calcites. (A) Thin section, polarized light, set of fractures filled by SD1, postdating the groundmass of DI. SD1 displays a unit extinction. Sulauk section. (B) Thin section, polarized light, typical wavy extinction and curved faces of saddle dolomite “SD2”, from rightmost part, with corroded borders of blocky calcite CI on the left side. Sulauk section. (C) Thin section, polarized light; typical saddle dolomite SD3 as SD1 (Figure 3B), with different transparent colors and zoned areas along the crystal surface. Sulauk section. (D) Thin section, under CL; saddle dolomite SD2 displays red with thin layers of bright luminescence along the boundary of the crystals, indicating that fluids precipitating DI, DII, and DIII differed from those which precipitated saddle dolomites. Spelek section. (E) Thin section, plane light, two set cleavages of transparent calcite CII in center of photo with alignment of fluid inclusions and one isolated fluid inclusion (FI) in the uppermost right part. Sulauk section. (F) Thin section, two types of calcites, CI in left part and CII in right part, with the strongly corroded boundaries of CI indicating that CI predated CII in the paragenetic sequence. Note the two different luminescences under CL light, suggesting different depositional setting conditions for each fluid. Sulauk section. (G) Thin section, plane light; tubular/“alveolar” texture truncates both the previously formed dolomite matrix and the fracture-filled saddle dolomite cement. Spelek section. (H) Thin section, plane light; in situ bio-brecciation (see text) of transparent saddle dolomite, supporting the hypothesis that calcretization happened after Bekhme Fm was injected by hydrothermal fluids. Spelek section. 
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Figure 11. (A–H) Photomicrographs of calcrete products and tidal features. (A) Thin section, plane light; dirty saddle dolomite crystal (SD) penetrated by the alveolar texture (Av), followed by bladed cementation (white arrows) due to meteoric/vadose fluids (see text). Spelek section. (B) Thin section, plane polarized light; showing the pisolitic texture, where pisoids are spherical or irregular, and their nuclei are composed of saddle dolomite (SD) of former hydrothermal products (see text). Concentric laminated layers enclose the pisoids, and the space between the layers is filled by fibrous cement. Middle lower part of photo shows a clear bladed cement (BL) along the laminated layer. Spelek section. (C) Thin section, plane light; alteration of saddle dolomite (SD) to laminar crust inside a geode. The precipitated cement between the laminated layers frequently represents the recycled saddle dolomite (SD). The upper cement binding these layers could be originated by another fluid during the calcretization stage as shown under CL in (F). (D) Thin section, plane polarized light; the dashed line illustrates the transitional horizon from saddle dolomites (SD) to tubular and cylindrical fenestral microfabrics as a result of the alteration of the pedogenic calcrete (Av). Wavy extinction of saddle dolomite is followed by precipitation of bladed cement (see black arrows) along the saddle outlines. Spelek section. (E) Thin section, CL and plane light; showing a paragenetic sequence between 1 (calcrete) and 2 (dolomite), probably related to another fluid that penetrated the previous dolomite formation. Spelek section. (F) Thin section, CL and plane light, pisoids surrounded by concentric laminar layers. CL: Pisoid nuclei in the right part gave a red with spotted bright red luminescence represent the former saddle dolomite crystals; note the dissolved area inside the SD crystal. Paragenetically saddle crystal predates the thick dull chocolate luminescence, followed by thin layer of bright orange luminescence. (G) Thin section, plane light; laminar bindstone (arrow) in the lowermost part of photograph. Close-up yellow dolomite crystals, which appear aligned in parallel rows, with respect to microbial mat direction (same sample from Figure 6C). The uppermost part illustrates bioclastic peloidal packstone/grainstone, with the violet color showing the pore spaces between peloids filled by silica. Sulauk section. (H) Thin section, plane light; two reworked intraclasts (dashed line) embedded in microbial mats (blue arrow). Note the right one; the nuclei of oncoid intraclasts consist of wood relicts (Figure 7C—polished sample). Sulauk section. 
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Figure 12. (A–F) SEM micrographs illustrating microbial diagenetic process on preexisting mineral surfaces. Spelek section. (A) Dissolution of original substrate and microbially (arrows) precipitated neominerals (NM). The microbial attack caused the strong dissolution of the dolomite crystal (DOL). Microbial filaments (arrows) are visible within the altered substrate. (B) The central part of the micrograph shows calcified dichotomous filament (white arrows), probably of fungal origin. Pitted dissolution (PIT) is also observed associated with deposition of neominerals (yellow arrow) indicating the microbially alteration of Bekhme Fm. (C) Fungal hyphae (arrow) perforating the original substrate, showing extensive encrustation with biomineral, indicating the important role of microorganisms in the calcretization process (see text). (D) Dissolution of the original substrate by root and rootlets of plants, resulting in the development of the alveolar texture. Wall bridging of such pores is related to the growth of microbial filaments (arrows), leading to beta fabrics in the calcrete (see text). The filaments show typical calcification and encrustation by bio-minerals. (E) A microbial biofilm showing newly formed micrite-size biominerals (red arrows), and microbial forms (yellow arrow) all embedded in extracellular polymeric substance (EPS) biofilm. The EPS is clearly attached to the original carbonate crystals, all of which make a microbial microcosm where biomineralization occurs and new micrite is formed (F) Micritization and de-micritization processes on the original carbonate substrate showing the alteration of dolomite crystal boundaries and deposition of micrite size of neominerals (arrows). The original micrite is not visible, consumed by microbial activities. 
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Figure 13. (A–F) SEM photomicrographs showing biological influences on the original carbonate substrate. (A) Coccoidal rod-shaped bacteria arranged in chain form and tightly linked (arrows), attached to the original surface. Sua.9. Sulauk section. (B) New biominerals, probably pseudomorphs of Ca/Mg oxalate minerals, precipitated inside dissolved cavities between unaltered substrate (see arrow and enlarged part in the right upper part). Sp.7. Spelek section. (C) The boundary between dissolved and partly dissolved original substrate is clearly shown (arrow). The right part shows the traces of bacterial reaction to the surface of the substrate, while the left part mostly shows the dissolved the substrate. Sua.9. Sulauk section. (D) The distinction between soil products (Av) and the original surface of the carbonate (OS) is shown. The in situ brecciation of root and rootlets of the plant giving an alveolar texture (Av) indicates the role of biogenic diagenesis in the area. Sp.11. Spelek section. (E) Traces of extracellular polymeric substances (EPS, see arrows). Sp.11. Spelek section. (F) Probable single cells of microbial forms with recycled carbonate substrate, producing oxalate minerals (OX). Sp.7. Spelek section. 
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Figure 14. δ18OVPDB–δ13CVPDB isotope data of Bekhme Formation from Spelek–Sulauk area (blue points). Variable data of carbon compared to oxygen isotope, and the overlapping of recent values, with the Lohmann model emphasizing that the low-temperature fluid (calcrete) had a role in the diagenesis of the host limestone of the studied section. 
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Figure 15. Block diagram illustrating the injection of hydrothermal fluids and calcretization influences in the Spelek–Sulauk area. Hydrothermal fluids followed the strike–slip fault to migrate along the fractures and weakness zones. Biogenic features penetrated hydrothermal products and entrained into Bekhme Formation. This model gives a detailed description of the paragenetic sequence of the area. 
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Table 1. δ18OVPDB and δ13CVPDB isotopic composition values (‰), where Cal = calcrete, DI = matrix dolomite, CI = blocky calcite, SD1 = saddle dolomite, and TD = tidal deposits.
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	Sample No.
	Phase
	δ13C
	δ18O





	Sp.3
	Cal
	−0.61
	−6.78



	Sp.3
	Chert nodules
	0.68
	−6.96



	SP.5
	Cal
	−9.56
	−7.34



	SP.8
	Cal
	−5.4
	−7.05



	SP.11
	Cal
	−0.12
	−6.66



	SP12
	Chert nodules
	0.64
	−6.78



	SP13
	Cal
	2.45
	−6.55



	SP.3
	Cal
	−1.34
	−7.06



	Sua.42
	DI
	1.21
	−8.17



	SP.5
	Cal
	−9.27
	−7.28



	Sua.45
	DI
	0.96
	−6.88



	Sua.43
	Cal
	0.96
	−5.07



	SP.6
	CI
	−3.36
	−18.98



	SP.31
	Cal
	−1.98
	−6.73



	SP.16
	Cal
	1.69
	−6.88



	SP.8
	Cal
	−7.81
	−7.33



	SP.4
	SD1 Calcretized
	1.46
	−6.33



	SP.30
	Cal
	0.25
	−17.8



	Sua.46
	TD
	1.28
	−6.91



	Sua.47
	TD
	1.32
	−6.86



	Sua.48
	TD
	0.75
	−6.88



	Sua.49
	TD
	−1.72
	−6.84



	Sua.50
	TD
	1.1
	−6.77



	Sua.51
	TD
	−3.98
	−6.45



	Sua.52
	TD
	−8.62
	−6.97



	Sua.53
	TD
	−7.34
	−8.06



	Sua.54
	TD
	−7.5
	−7.71



	Sua.55
	TD
	1.73
	−6.77



	SP.29
	TD
	1.65
	−6.88



	Sua.56
	TD
	−4.44
	−6.94
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