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Abstract

:

The Upper Cretaceous carbonates along the Zagros thrust-fold belt “Harir-Safin anticlines” experienced extensive hot brine fluids that produced several phases of hydrothermal cements, including saddle dolomites. Detailed fluid inclusion microthermometry data show that saddle dolomites precipitated from hydrothermal (83–160 °C) and saline fluids (up to 25 eq. wt.% NaCl; i.e., seven times higher than the seawater salinity). The fluids interacted with brine/rocks during their circulation before invading the Upper Cretaceous carbonates. Two entrapment episodes (early and late) of FIs from the hydrothermal “HT” cements are recognized. The early episode is linked to fault-related fractures and was contemporaneous with the precipitation of the HT cements. The fluid inclusions leaked and were refilled during a later diagenetic phase. The late episode is consistent with low saline fluids (0.18 and 2.57 eq. wt.% NaCl) which had a meteoric origin. Utilizing the laser ablation U-Pb age dating method, two numerical absolute ages of ~70 Ma and 3.8 Ma are identified from calcrete levels in the Upper Cretaceous carbonates. These two ages obtained in the same level of calcrete indicate that this unit was twice exposed to subaerial conditions. The earlier exposure was associated with alveolar and other diagenetic features, such as dissolution, micritization, cementation, while the second calcrete level is associated with laminae, pisolitic, and microstromatolite features which formed during the regional uplifting of the area in Pliocene times. In conclusion, the hydrothermal-saddle dolomites were precipitated from high temperature saline fluids, while calcrete levels entrapped large monophase with very low salinity fluid inclusions, indicative for a low temperature precipitation from water with a meteoric origin.
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1. Introduction


Hydrothermal fluids and meteoric waters are characterized by a significant heterogeneity in geochemical composition. The heterogeneities in composition bring a considerable challenge for utilizing more sophisticated tools to decipher the origin of the fluids involved during diagenesis, and the burial and temperature history of hydrocarbon reservoirs. To gain better insights into the origin and evolution of these diagenetic fluids, techniques such as conventional petrography, cathodoluminescence, and stable and radiogenic isotopes have been applied [1,2,3,4,5,6]. The researchers used these methods to understand the complex diagenetic settings in hydrothermal dolomitization. [7] followed a similar approach to identify the conditions which lead to the calcretization of an Upper Cretaceous series in relation with the timing of a dolomitization sequence which was affected by various hot and cold fluids that caused numerous heterogeneities (sensu [8]). Interconnected factors caused a complex heterogeneity in hydrothermal fluids “HT” and cold meteoric waters, including: the source of the fluid’s influx/reflux into the host rocks; the amount of hot or cold waters; tectonics; depositional settings; and the interaction of these fluids, especially HT fluids with other stratigraphic sequences prior to the circulation through the final host rocks—all of these processes led to generate a complex pattern [9,10].



This study deals with the origin and composition of the fluids flowing along deep-seated faults through the Upper Cretaceous host rocks of the Bekhme formation (Figure 1). In HT fluids, usually the researchers follow the classical studies, starting from a wide descriptive scenario with analytical techniques to draw the conceptual models for understanding the relative timing of these fluids/waters or their origin [11]. However, the interpretation of these HT fluids remains controversial and fundamental questions remain unanswered. Previously and some recent studies interpreted HT as one phase based on general stratigraphy and structures of the studied area [8,12], while a recent study estimated the absolute age of these fluids by utilizing a laser ablation technique (U-Pb dating [7]). The crucial question, which needs elaboration is the nature and distribution of several HT phases that took place through the circulation of HT fluids with significant variation of salinities. One of the major questions is to determine the number of pulses and the injection age of these HT fluids, in order to unravel the possible driving mechanisms for their upward flow [13].



This study in the Upper Cretaceous Bekhme carbonate formation along Harir-Spelek Basin in the Zagros fold-thrust belt (ZFTB) will add new data to the previous studies in the same area [7,8] to follow the origin of these HT fluids by integrating conventional petrography (including cathodoluminescence) with detailed fluid inclusion petrography, microthermometry, laser ablation “LA” U-Pb dating, and stable isotopes, to constraint paleotemperatures and paleosalinities of the dolomitizing fluids. U-Pb dating is particularly useful to determine the pulse chronology and their possible sources.




2. Geological Setting


The study area is located within the Zagros fold-thrust belt (ZFTB), Kurdistan Region, northeast Iraq. The area is considered as an important anticlinal structure in the high folded zone, called Harir and Safin anticlines (Figure 1). The study area consists mostly of Upper Cretaceous carbonates at the core of Harir and Safin anticlines, with shallow-water environmental settings [14]. One of the most obvious formations within Cretaceous rocks is the Bekhme formation, which was deposited in a marine shelf environment with rudists, and benthic and planktonic foraminifera [15]. The Bekhme formation is one of the carbonate oil reservoirs in the subsurface and is well exposed to the surface.



During Permian, the opening of the Neotethys oceans started, and was associated with rifting along the ZFTB. The latter underwent complex tectonic events with extensional phases along both passive margins in the Late Triassic [16]. These extensional phases were followed by the Jurassic–Miocene arc-continent collision and ophiolite obduction along the Arabian plate [17]. Finally, post-orogenic strike-slip faulting progressed and later on the segmentation of Harir and Safin anticlines occurred. The area can be divided into four blocks with a general NW–SE trend. The blocks were controlled tectonically by basement movement along a detachment surface. The strike-slip/oblique faults with a NE–SW trending direction of the Harir and Safin anticlines could reflect the development of a post-orogenic faulting system after the Arabian and Eurasian plate collision.



During the Upper Cretaceous when Bekhme formation was deposited, the basin went through intense tectonic activities, which resulted from the collision between the Arabian and Eurasian plates. The overall tectonic setting shifted from a passive margin to a foredeep setting [18]. The shift in the tectonic regime had a significant impact on the depositional settings and the nature of the sedimentary rocks deposited [18].




3. Materials and Methods


Fluid inclusion petrography and microthermometry were performed on double polished wafers (100–120 μm thick). The wafers were studied under transmitted and fluorescent light in order to distinguish the type of fluid inclusions. Measurements were performed on a Linkam MDS-600 heating-freezing stage(Linkam Scientific Instruments Ltd., Waterfiels, Epsom, Tadworth, UK) mounted on an Olympus BX51 microscope (Olympus Corporation, Tokyo, Japan). The stage was calibrated by measuring synthetic Syn FlincTM fluid inclusion standards (Fluid Inc, Denver, CO, USA). The occurrence of about 110 primary and secondary fluid inclusions were studied under the microscope. The temperatures were obtained by heating and cooling the inclusions in a chamber mounted on a microscope (Table 1). The fluid inclusions present contained two phases, i.e., a liquid (L) and a vapor phase (V). A minimum temperature of the fluid from which a specific mineral precipitated could be obtained during heating. The temperature at which the liquid and vapor phases homogenize is called the homogenization temperature (Th), and is the minimum temperature of entrapment of the fluid inclusion. Freezing and subsequent heating fluid inclusions allow to determine the temperature of first melting of aqueous solid phase and of the final melting. Based on these melting temperatures, the major composition and the salinity of the ambient fluid can be deduced, respectively. The heating rate during homogenization of the fluid inclusions was 3 °C/min and 1 °C/min at the phase transitions during melting. The study and analyses were performed at KU Leuven (Belgium). The preparation technique and measurement procedure have been described by Muchez [19].



In situ uranium-lead analyses were performed in polished thin sections of dolomite and calcite cements from different samples by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the Goethe University Frankfurt (Germany). The applied method used an Element2 (Thermo-Scientific, Waltham, MA, USA) sector field ICP-MS coupled to a Resolution ArF excimer laser (Compex Pro 102). The ablated spot size used was 213 μm and depth of the crater was ~20 μm. Samples were screened by LA-ICP-MS for suitable Pb and U concentration and variability. Subsequently, the selected spots were analyzed in fully automated mode overnight. The spot analyses consisted of 20 s background acquisition followed by 20 s of sample ablation. To remove surface contamination prior to analysis, each spot was pre-ablated for 3 s. Soda-lime glass SRM-NIST 614 was used as a reference glass together with 2 carbonate reference materials, WC-1 and a Zechstein dolomite, to bracket sample analysis (Table 2). The SRM-NIST 614 yielded a depth penetration of about 0.5 μm s−1 and an average sensitivity of 280,000 cps/μg g−1 for 238U. The detection limits for 206Pb and 238U were ~0.1 and 0.05 ng g−1, respectively. All data were corrected by using MS Excel© spreadsheet program [20,21]. The 207Pb/206Pb ratio was corrected for mass bias (0.3%) and the 206Pb/238U ratio for inter-element fraction (ca. 5%) using SRM-NIST 614. An additional correction of 4% has been applied on the 206Pb/238U to correct for difference in the fractionation due to the carbonate matrix. This resulted in a lower intercept age of 23 WC-1 spot analyses of 254.1 ± 1.5 (MSWD = 1.5; anchored at 207Pb/206Pb of 0.851) and 253.9 ± 3.4 (MSWD = 1.5; n = 17) for the Zechstein dolomite, used as in-house reference material in Frankfurt. Data were plotted in the Tera–Wasserburg diagram and ages were calculated as lower intercepts using Isoplot 3.71 [22]. All uncertainties are reported at the 2-sigma level.




4. Results


4.1. Petrography, Cathodoluminescence, SEM, and Stable Isotopes (δ18O and δ13C)


The Bekhme formation along the Harir-Safin anticlines (NE-Iraq) experienced extensive fracturing, associated with intense hydrothermal fluid migration resulting in zebra-like structures, hydro-brecciation features, and various geodic structures (Figure 2; Salih et al., 2019). The latter authors recognized three phases of saddle dolomites (SD1, SD2, SD3), two phases of blocky calcite cements, and at least three other types of non-saddle dolomites (DI, DII, DIII) inside fractures and geodes.



The DI, DII, and DIII have different sizes and shapes, ranging from anhedral “DI” to euhedral “DIII” crystals (Figure 3A–H), with micritic residues in the core of “DII” and a euhedral shape and transparent color in “DIII” [8]. DIII has a similar dull red luminescence and texture as DI and DII. The micritic residues in “DII” show a spotted red luminescence. The saddle dolomites (SD2 and SD3) display different luminescence patterns ranging from a red luminescence in the cores to a bright red luminescence along the crystal cortices. The blocky calcite crystals, also reported as a hydrothermal product similar to the SD dolomites, have different characteristics, and cathodoluminescence petrography revealed a uniform texture, a dull orange to red luminescence [8].



Calcretized carbonate rocks were a widespread diagenetic feature in the lower and the middle most parts of the Bekhme formation. At least two pedogenic levels were identified based on the presence of typical calcrete features [8]. The vertical variability of pedogenic levels highlights a repeated occurrence of 2–6 m thick calcrete profiles interbedded within a 15–22 m thick succession belonging to the Bekhme formation.



The in situ brecciation due to microbial diagenesis led mostly to alveolar textures, Microcodium, and a microbial alteration of the original substrate. A wide spectrum of diagenetic features, such as dissolution, micritization, cementation and re-cementation, dissolution and reprecipitation replacement, grain-to-grain solution, and wall-bridging and open-space fillings have been described [8]. All these features support an in situ pedogenic alteration during subaerial exposure (Figure 3G,H).



All the C-O values used in this study were derived from published data from the same formation and locations [7,8]. All published values from the latter authors have been integrated in this study in order to constrain diagenetic signals based on different recent approaches. The δ18OVPDB and δ13CVPDB isotopes gave a narrow range for host limestone and recorded a heavy isotopic composition (varying between −6.7‰ and −4.1‰ for oxygen and 0.3‰ to 1.7‰ for carbon) compared to diagenetic phases (ranging between −17.5‰ and −6.1‰ for oxygen, −6.9‰ and +2.5‰ for carbon). The δ18OVPDB and δ13CVPDB values of the calcrete and calcretized samples ranged between −17.8‰ and −6.5‰, and −9.6‰ and 2.5‰, respectively [7,8].



Fragmentation of saddle dolomites floating in the alveolar texture was the most significant feature recognized in the altered saddle dolomites and blocky calcites, and indicates calcretization post-dated saddle dolomite precipitation.




4.2. Petrography of Fluid Inclusions


The study of fluid inclusions (FIs) was carried out on both saddle dolomite and blocky calcite cements (Table 1). Based on the presence, occurrence, and size of the fluid inclusion suitable cements were (i) saddle dolomites SD2 and (ii) SD3, and (iii) blocky calcites CI.



Fluid inclusions in the dolomite and calcite are ubiquitous and included monophase (liquid–L), bi-phase (liquid-vapor, L-V), and sometimes 3-phase (liquid-liquid-vapor L-L-V) inclusions. Two types of FIs were observed in saddle dolomite: primary FIs which were trapped during crystal growth (Figure 4A–C) and secondary FIs which formed after crystal growth (Figure 4A,B and Figure 5A,B). FIs of primary origin occurred in growth zones or in clusters in the crystals (Figure 5C), such as in the core of the dolomite rhombs. Secondary inclusions occurred along trails or in cleavage planes, were frequently larger (up to 40 µm) compared to the primary FIs (up to 20 µm). Due to their small sizes and the darkness of the dolomite crystals, it was very difficult to measure fluid inclusions in the dolomites. The volume of vapor phase varied between 15–25% within the two-phase aqueous inclusions.



Blocky calcite CI was more transparent in comparison with the saddle dolomites. Secondary fluid inclusions were abundant and easily recognized in these blocky calcites. FIs displayed a wider range in size than the dolomite inclusions (measured inclusions range between 15 µm up to >100 µm; Figure 5). The aqueous inclusions (Figure 4A,B) frequently occurred in trails of variable direction, and most of the studied aqueous fluid inclusions were mono-phase. The inclusions displayed a wide range of shapes, from ellipsoidal, simple to irregular. In our study, we measured both primary in saddle dolomites and large secondary monophase FIs in blocky calcite. Since the mono-phase fluid inclusions have no homogenization temperature that can be measured, the final melting temperature of ice and thus the salinity of the inclusions can be measured after artificial stretching of the inclusions.




4.3. Fluid Inclusion Microthermometry


4.3.1. Saddle Dolomite SD2


Homogenization temperatures (Th) of the saddle dolomite-hosted aqueous fluid inclusions ranged between 86 °C and 118 °C (Table 1; Figure 6A). The first melting temperature Tfm ranged between −48.6 °C to −45.7 °C. These values were lower than those for an H2O-NaCl binary system, and were only slightly higher than the eutectic temperature of ternary H2O-NaCl-CaCl2 system [23,24]. Ice melting temperatures (Tmice) of SD2 range between −23.5 °C and −19.3 °C, corresponding to a salinity between 15.9 and 24.7 equivalent weight percent NaCl (eq. wt.% NaCl) (Figure 6). The salinity values were calculated using the equation of Bodnar [25].




4.3.2. Saddle Dolomite SD3


Homogenization temperatures were measured on 90 fluid inclusions. The homogenization temperatures from primary in SD3 showed a range between 86–113 °C (Table 1; Figure 6A). A significant variation in homogenization temperatures was recognized in one crystal within SD3.



First melting temperature (Tfm) values of SD3 range from −43.0 °C to −39.8 °C, suggesting the inclusions belong to the ternary H2O-NaCl-CaCl2 system. The final ice melting temperatures Tmice ranged between −24 °C and −12 °C, corresponding to salinities between 15.8 and 25.0 eq. wt.% NaCl (Figure 6), however, most salinities range between 22 and 25 eq. wt% NaCl. No trend in salinity versus homogenization temperature was observed.




4.3.3. Blocky Calcites (CI and CII)


CI and CII contained secondary aqueous fluid inclusions. Homogenization temperatures of the FIs in CI were measured on >100 FIs, and showed that generally there are two different types of fluid inclusions, early and late.



Secondary monophase aqueous fluid inclusions were also abundant in blocky calcites. In order to measure their salinities, multiple periods of cooling (up to −100 °C) and heating (up to 200 °C) were carried out to artificially stretch the inclusions and generate a vapor bubble (cf. [26,27]. The monophase secondary FIs yielded a final melting temperature of ice between −0.7 °C to −1.5 °C, corresponding to salinities between 0.2 to 2.6 eq. wt.% NaCl (Table 1). The first melting temperature observed in the fluid inclusions was close to the final melting temperature, which is characteristic for such low salinity inclusions [23].





4.4. U-Pb Dating of the Calcrete


Two samples of calcrete (Sp.3 and Sp.11) were prepared for a LA U-Pb direct dating (Figure 7 and Figure 8; Table 3). Petrographically, sample Sp.3 represents a combination of pure calcrete and chert nodules. Sample Sp.11 displayed an alteration of saddle dolomite inside a geode during the calcretization process. The Pb207/Pb206 intercepts at age 3.8 Ma (with σ uncertainties 1.1) and the scatter spot point analyses were outside the isochron with MSWD of 1.9. The pedogenic calcrete and chert nodules from the Spelek sample (Sp.3) yielded a mixing U-Pb age of ~70 Ma for the pedogenic calcrete and ~140 Ma for the chert nodules. Absolute numerical dating results of the same formation of the carbonate cements has been integrated into the recent results that previously reported by Salih [7].





5. Interpretation and Discussion


5.1. Fluid Inclusion Petrography and Composition of Fluid Flow


Petrographical observations indicate that saddle dolomites precipitated episodically during an early and late paragenetic sequence, related to subaerial condition and submersion [8]. Saddle dolomites precipitated in two times or phases: Late Cretaceous and Tertiary, the absolute ages for these two phases have been measured by LA U-Pb isotopes and gave numerical absolute ages of 73.8 Ma, and 14.5 and 8.6 Ma [7].



The fluid inclusion petrography shows that most of the measured FIs in the saddle dolomites were aqueous fluid inclusion FIAs. The primary and secondary FIAs were the most dominant types, therefore the FIAs were entrapped during and after the crystal’s growth. Therefore, fluid inclusion petrography in saddle dolomites reveals two episodes of entrapments, and thus more than one phase of HT fluid was channeled through the Upper Cretaceous Bekhme formation. However, these two episodes happened at two different times, but still the large-sized secondary (mono-phase) fluid inclusions were trapped at the final stage of diagenesis, since the latter FIs lack the vapor phase and were characterized by large secondary FIs.



The homogenization temperature values from primary and secondary FIAs largely overlapped. The data from both primary and secondary inclusions show that entrapment temperatures of these FIs occurred in two populations (Figure 6 and Figure 9): a first major population of Th values ranging between 83 °C and 120 °C, and a second minor population with Th values between 130 °C and 160 °C. Lining of fractures and geodes by a first generation of saddle dolomite followed by a second generation of saddle dolomite are consistent with high temperature fluids. At high temperature, an intensive fluid-rock interaction is expected, and such an intense interaction has been reported previously by Salih [3,8] utilizing O-C isotopes. The strongly negative oxygen isotope values (as low as −18‰) and the wide range of O-C values indicate the involvement of several episodes of HT fluid flow through the Bekhme carbonate sequence (Figure 10 and Figure 11). This interaction caused the precipitation of different types of saddle dolomites (SD1, SD2, and SD3) (Figure 3). However, the Th values in saddle dolomites SD2 and SD3 are overlapping (Figure 9). The lowest homogenization temperature (86 °C), however, concerned the earliest precipitated saddle dolomite, while the highest temperature of entrapment was present in a late saddle dolomite (160 °C; Figure 9).



The highest cluster of salinity (to 25 eq. wt.% NaCl) is seven times the salinity of seawater. Therefore, the flux of these fluids suggests that they originated as sedimentary brines migrating from the deeper subsurface into the Bekhme formation along deep-seated faults. The upward migration of hydrothermal fluids in the subsurface is often related to a tectonic regime that actively pumped fluids repeatedly during the reactivation of fault systems [7]. The intensive fracturing and the hydraulic breccias in the study area could confirm the involvement of a tectonic regime causing the recorded increase of the Th values in the FIs analyses of the saddle dolomites. The cement’s filling open spaces were previously documented as an extra-light value of δ18O and δ13C and reported that the fluids involved in precipitation of these cements were hydrothermal fluids (see Figure 10 and Figure 11). Therefore, the following observation and data are considered as indicative of intensive and episodic reactivation of tectonic movement and significant variation was present in the composition of hydrothermal fluids: (i) precipitation of multiple saddle dolomites; (ii) fluctuation of homogenization temperatures (e.g., wide range of paleotemperatures) in FIs trapped in the saddle dolomites, and (iii) saddle dolomites evidencing a consistent fluid origin; (iv) the intensive and moderate interaction with different lithological units in the sequence (based on stable isotope data) and the wide distribution range of oxygen-carbon isotopes (Figure 11).



Recently, a radiometric study also provided a precise time frame using micro-laser ablation technique by ICP-MS on dolomites and calcites hosted in the Upper Cretaceous carbonates [7]. The authors identified more than one type of hydrothermal fluids that altered the Upper Cretaceous Bekhme carbonates and gave an absolute numerical age within the Maastrichtian and Tertiary time interval. The occurrence of a complex fracture network, hydrothermal breccia, geodes, and other open spaces are generally related to more than one faulting system in the study area [8].




5.2. Thermal Re-Equilibrium, Paleotemperatures in Repeated Hydrothermal Fluids


Fluid inclusion microthermometry, and stable isotopes data provide detailed information on the evolution of temperature and fluid compositions of the HT carbonates, matrix dolomite, and calcrete products. The homogenization temperatures from saddle dolomite samples cover a considerable range of values. More than 95% of all measured primary and secondary fluid inclusions point to homogenization temperatures between 83 °C and 118 °C for SD2/SD3. This range represents true syn-entrapping and post-entrapping temperatures during and after mineral growths, either in or out of thermal re-equilibrium.



Chemical and physical factors affecting thermal re-equilibrium processes can produce stretching, leakage, and refilling of the fluid inclusions [24,28]. However, the inability of fluid inclusions to resist a temperature increase of the host rock increases with the size of the inclusions, causing stretching of the inclusions [29]. The current measurements of small-sized inclusions (15–20 µm) with the same Th values as the larger inclusions (up to 40 µm) suggest that “re-equilibrium” of inclusions did not play a major role in our data set.



Multiple events of hydrothermal fluids over time based on bimodal paleotemperature distributions are documented throughout the Permo-Triassic and Carboniferous sections in the West of Britain and Ireland [30]. Consequently, the wide and high-recorded temperatures (83–160 °C) in our study may reflect either multiple pulses of hydrothermal fluids (cf. [31]) or a fluid evolution in the context of a long-lived hydrothermal system [32]. An evolution of the hydrothermal fluids over long periods of time (long-lived HT fluids, cf. [33]) is linked to a considerable range of salinity composition and associated with relatively uniform temperature degrees.




5.3. Cold Meteoric Waters’ Origin Associated with Hydrothermal Products


High saline fluids and low saline meteoric waters were brought either by deep-seated faults or by exposing the carbonate body to the surface, which resulted in precipitation of different carbonates [8]. The exposure of carbonate to the surface may have brought low saline water into the Bekhme formation, with the trapping of low saline fluid inclusions (0.2 and 2.6 eq. wt.% NaCl). These FIs are trapped as a secondary monophase inclusions in calcite cement, and are indicative of a late episode of diagenesis. These inclusions were entrapped along cleavage planes in calcite, and they crosscut even the boundary of crystal grain (Figure 5). Low saline water involved in the precipitation of this kind of calcite displayed a much lower temperature (around 13 °C, [8]) than the ones of hydrothermal saddle dolomites (83–118 °C). Similar large fluid inclusions were trapped below <50 °C in the Lower Carboniferous of the Variscan foreland of southern Belgium, and these FIs postdated the Variscan orogeny. Fresh water from which these calcites precipitated have a telogenetic origin (e.g., [27,34]). Invariable δ18 O values and variable and negative δ13C values of the calcites studied closely match the inverted J-pattern or curve of meteoric calcites, and therefore a meteoric origin and telogenetic origin is proposed for these late calcites (Figure 10 and Figure 11).




5.4. Radiogenic Isotopes Data Scanning


5.4.1. Timing of Diagenetic Events Utilizing U-Pb Dating


Using the absolute laser ablation ICP-MS U-Pb direct dating, the saddle dolomites and blocky calcites originated from hydrothermal fluid and occurred at least in two major phases (Cretaceous 73.8 Ma and Tertiary, not older than 30.8 Ma [7]). These meaningful ages overlap with an estimated age of the studied Upper Cretaceous carbonate (75.1 Ma) (Figure 11). Visual and optical characteristics of carbonates show evidence of microbial alteration on the surface due to the ancient activity of fungal and bacterial colonization [8].



U-Pb dating of calcrete samples “Sp.3 and Sp.11” yielded two ages: ~70 Ma and 3.8 Ma. According to Gradstein [35], these numerical absolute ages are well consistent with the Campanian and Pliocene periods. Calcrete sample Sp.3 with a clear alveolar texture gives a Campanian age of ~70 Ma. The numerical absolute age “~70 Ma” is equivalent to the interval age of the Bekhme depositional carbonates (Campanian-Early Maastrichtian age). The pisolitic and laminar crusts of the calcrete (with a lack of pedogenic products, e.g., alveolar texture) on the altered saddle dolomite yielded a U-Pb age of 3.8 Ma. This age of 3.8 Ma records the last event of the diagenetic history in Upper Cretaceous carbonates.



Based on these two different events, the first one (~70 Ma) is in good agreement with the estimated age of Bekhme formation, while the second one brings new insight, indicating that a young diagenetic phase affected the whole Bekhme formation. This diagenetic event could have coincided with the migration of a low saline fluid (0.2 and 2.6 eq. wt.% NaCl) recorded in the blocky calcites. The uplifting of the area during a major tectonic event in the Pliocene could have caused widespread infiltration of meteoric water, whose salinity increased due to the interaction with the host rock, and mixing with higher salinity fluids, still present in the pores. The Pliocene recorded the greatest rate of erosion in the high folded zone [36].



Combining petrography, O-C isotopic, and U-Pb data, first by tying the two calcrete types with oxygen-carbon isotope compositions, shows that the O-C isotope values of the older calcrete (70 Ma) overlap with those of the saddle dolomites and the matrix dolomites (73.8 Ma and 74.8 Ma), in contrast to the younger calcrete (3.8 Ma) which has lighter O-C isotope values (Figure 11).




5.4.2. Timing of Non-Diagenetic and Diagenetic Carbonate Rocks


Using the U-Pb age dating method and by integrating field observations, petrography, and fluid inclusion microthermometry from carbonate rocks, Salih [8] drew a time framework for the host limestone of the Bekhme formation and its diagenetic alteration. The meaningful numerical age of unaltered host limestone (non-diagenetic or pristine) is 75.1 Ma, and corresponds to a Late Campanian age, in good concordance with the interval age of the Bekhme formation [7]. The authors added that in a very short time, the early dolomites replaced the host limestones (~73.8 Ma). Another phase of an HT mineral has an absolute age of Tertiary times. An early HT mineral just postdated the precipitation of matrix dolomite (~74.8 Ma; [7]). Therefore, saddle dolomites and blocky calcites recorded at least two major generations of HT fluids.



Another new diagenetic phase consists of the pedogenic calcrete, which shows an enrichment in uranium isotopes. This enrichment suggests that the sediment ‘or calcretized rock’, is younger than the other carbonate phases. The numerical absolute age of one sample of the calcrete associated with abundant alveolar textures and other microbial activities gives an age of ~70 Ma, which is close to the Bekhme formation time and possibly the first generation of the HT dolomites. In the case of the U-Pb dating of the second calcrete level with the laminar and pisolitic textures, and without alveolar textures, an age of 3.8 Ma was established (Figure 11).






6. Conclusions


Based on optical characteristics, visual petrography of fluid inclusions and microthermometry, stable isotopes, and U-Pb dating, two main entrapment episodes of aqueous FIs were identified from their optical characteristics at room temperatures;




	
An early entrapment episode of fluid inclusions in HT dolomite cements exhibited a range of homogenization temperatures with (i) a first population of Th values between 83 °C and 120 °C and (ii) a second population with Th values between 130 °C and 160 °C. Both populations showed an overlap in their salinity (mainly between 15.8–25 eq. wt.% NaCl). Their salinity and Th values indicated an episodic upward migration of HT fluids related to tectonic activity;



	
The late entrapment episode of fluid inclusions was associated with secondary monophasic FIs, and recorded a diluted fluid (up to 2.6 eq. wt.% NaCl) under low temperature conditions, which coincided with a calcretization of the carbonate rock;



	
The early migration of high temperature fluids possibly occurred during the Late Cretaceous HT, while the second migration of low saline fluids of meteoric origin was associated with and uplifted during Pliocene times. These two periods of fluid migration provide new insight into the geology of the area studied, i.e., contributing to the relationship between fluid flow and the tectonic movements during the Zagros Orogeny;



	
The two episodes are further supported by LA ICP-MS U-Pb dating. The numerical results indicated an absolute age of the pedogenic calcrete, associated with abundant alveolar textures and other microbial activities, which gave a U-Pb age of ~70 Ma which is close to the period that the Bekhme formation was deposited. This paragenetic sequence ended by the uplift of the Spelek-Sulauk areas during the Pliocene, which caused calcrete formation. In the case of the U-Pb age dating of the laminar and pisolitic textures, an age of 3.8 Ma was established for the end of the diagenetic event when this sequence was exposed to the surface.
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Figure 1. Geological and tectonic map showing the general location of the studied areas “Spelek-Sulauk”, see red rectangle (after [7]). 
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Figure 2. Litho-log of the Bekhme formation from the Spelek-Sulauk area, and next to each zone the digitized microphotographs illustrating the significant alteration of 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 ways along the weakness zones of the host rocks (zones A, E, 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). The HT cementation happened prior to the strong in situ brecciation of saddle dolomites (No. 3, 4, 8). Photomicrographs (No. 1, 2, 7, 9) are illustrating unaltered hydrothermal products, while photo No. 4 shows alveolar texture (the brown color on the left part) along the weak joints of the saddle dolomite crystals. The process of alveolar formation is illustrated in photo No. 6; the blue layers define successive layers of dark micrite around fragmented dolomite and show that a non-sequential process of coating starts with an individual tube, followed by a combination of two tubes, until several adjacent tubes are bundled in a micrite coating giving a quasi-concentric structure. CI = blocky calcite, SD = saddle dolomites, Mi = Miliolid, Ro = Rotalid, Pl = Planktonic foraminifera (after [8]). 
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Figure 3. Photomicrographs of carbonate phases. (A,B) Thin section, polarized light illustrates DI, DII, and DIII dolomites. (C,D) Thin section under crossed nicols represented the saddle dolomites filling the fracture SD1 (C) and void spaces SD2 (D). (E,F) Blocky calcites under PPL (E) and XPL (F). Calcrete products show two kinds of features: an alveolar texture (G) and a pisolitic texture (H). 
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Figure 4. Photomicrographs showing aqueous FIs within the blocky calcite: (A) Secondary aqueous FIs crossing the crystal boundary of the blocky calcites (arrow) indicate these inclusions were entrapped after the calcite crystal growth, in addition to small-sized primary FIs. Sua.7. Sulauk section. (B) Secondary fluid inclusions crossing the boundary of a calcite crystal, close up the upper right part of the photo that shows the primary FIS. Sulauk section. (C) Two-phase primary fluid inclusion. Sua.7. Sulauk section. 
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Figure 5. Photomicrographs illustrating one- and two-phase inclusions in the Spelek-Sulauk areas. (A,B) Secondary, late fluid inclusions in the blocky calcite. (C) Primary one-phase and two-phase fluid inclusions (see the black arrows). Sp.10. Spelek section. 
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Figure 6. Distribution of homogenization temperatures of the fluid inclusions in the Bekhme formation vs. (A) ice melting temperatures (Tmice), and (B) corresponding salinities. Sp = Spelek, Sua. and Sub. = Sulauk sections, SD = saddle dolomites. 
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Figure 7. (A) The Tera–Wasserburg curve for the analyzed spot points in (B). (B) Photomicrograph of the ablated spot points inside the geode where saddle dolomite is altered by calcretization process into laminar crust and pisolitic texture. (C) The same sample showing the optical characteristics of calcrete features. Sample Sp.11. Spelek section. (n = 24). Harir anticline. 
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Figure 8. (A) The Tera–Wasserburg curve for the analyzed spot points in (B), a mixing of two age components in both chert and calcrete is suggested, scatter in the data do not allow to well constrain the age of the two events. (B) Photomicrograph showing two subsamples (calcrete and chert), one is an alveolar texture formed as a result of pedogenic calcrete product on the lower part and the center part of the photo (see (D)), another subsample located on the upper right part, which represents the location of the chert nodules spot points analysis (see (C)). n = 45. 
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Figure 9. Th data from primary and secondary fluid inclusions in the saddle dolomites and blocky calcite cements vs. frequency from the Spelek-Sulauk area. Each color represents data from different diagenetic phases (n = 102). 
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Figure 10. Oxygen and carbon isotopic compositions of carbonate rocks of the Bekhme formation and diagenetic phases for each generation of dolomites, calcites, and calcrete deposits (modified after Salih [7,8]). 
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Figure 11. Radiometric model integrated with petrographic and geochemical data to illustrate the absolute age and chemistry of dolomitizing fluids and host rocks during and after the depositional time. 
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Table 1. Distribution and microthermometric data from fluid inclusions. Sp. = Spelek section. Sua. and Sub. = Sulauk sections. Th = homogenization temperature. Tfm = first melting temperature. Tf = freezing temperature. Tmice = final melting temperature of ice. NE-Iraq-Kurdistan Region.
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Location

	
Sample

	
Rock Phase

	
Th (°C)

	
Tf (°C)

	
Tfm (°C)

	
Tmice (°C)

	
Salinity%






	
Spelek

	
Sp.16

	
Saddle Dolomite (SD2)

	
96

	
−82

	
-

	
−22.3

	
24.7




	
100

	
−76

	
-

	
−20.5

	
22.7




	
100

	
−76

	
-

	
−21.8

	
23.5




	
102

	
−58

	
-

	
−11.9

	
15.9




	
150

	
−67

	
-

	
−23.5

	
24.7




	
150

	
−65

	
-

	
−22.0

	
23.7




	
113

	
−66

	
-

	
−22.4

	
24




	
102

	
−69

	
-

	
−22.2

	
23.9




	
110

	
−74

	
-

	
−23.0

	
24.3




	
116

	
−66

	
-

	
−21.1

	
23.8




	
86

	
−74

	
-

	
-

	
-




	
120

	
−69

	
-

	
-

	
-




	
121

	
-

	
-

	
-

	
-




	
125

	
-

	
-

	
-

	
-




	
99

	
-

	
-

	
-

	
-




	
141

	
-

	
-

	
-

	
-




	
Sp.19

	
Saddle Dolomite (SD2)

	
96

	
−71

	
-

	
−19.7

	
22.2




	
92

	
−75

	
−48.6

	
−20.2

	
22.5




	
94

	
−74

	
−45.7

	
−20.3

	
22.6




	
140

	
−69

	
-

	
−20.3

	
22.6




	
94

	
-

	
-

	
-

	
-




	
94

	
-

	
-

	
-

	
-




	
103

	
-

	
-

	
-

	
-




	
110

	
-

	
-

	
-

	
-




	
>150

	
-

	
-

	
-

	
-




	
94

	
-

	
-

	
-

	
-




	
116

	
-

	
-

	
-

	
-




	
99

	
-

	
-

	
-

	
-




	
99

	
-

	
-

	
-

	
-




	
102

	
-

	
-

	
-

	
-




	
95

	
−75

	
-

	
−19.3

	
21.7




	
86

	
-

	
-

	
-

	
-




	
99

	
−68

	
-

	
-

	
-




	
100

	
−68

	
-

	
-

	
-




	
Sulauk

	
Sub.2

	
Late saddle dolomite (SD3)

	
109

	
−60

	
-

	
−14.0

	
17.8




	
>122

	

	
-

	
-

	
-




	
110

	

	
-

	
-

	
-




	
98

	

	
-

	
-

	
-




	
118

	
−82

	
-

	
−19.8

	
22.2




	
116

	
−78

	
-

	
−18.8

	
21.5




	
118

	
−82

	
-

	
−18.8

	
21.5




	
118

	
−86

	
-

	
−21.5

	
23.4




	
119

	
−83

	
-

	
−21.8

	
23.5




	
99

	

	
-

	
-

	
-




	
94

	
-

	
-

	
-

	
-




	
96

	
-

	
-

	
-

	
-




	
122

	
-

	
-

	
-

	
-




	
98

	
-

	
-

	
-

	
-




	
98

	
-

	
-

	
-

	
-




	
99

	
-

	
-

	
-

	
-




	
95

	
-

	
-

	
-

	
-




	
109

	
-

	
-

	
-

	
-




	
99

	
-

	
-

	
-

	
-




	
104

	
-

	
-

	
-

	
-




	
122

	
-

	
-

	
-

	
-




	
96

	
-

	
-

	
-

	
-




	
Sua.3 and Sua.5

	
Saddle dolomite (SD3)

	
107

	
−71

	
-

	
−20.2

	
22.5




	
100

	
−74

	
-

	
−20.3

	
22.6




	
106

	
−72

	
-

	
−20.5

	
22.7




	
117

	
-

	
-

	
-

	
-




	
108

	
−62

	
-

	
−11.8

	
15.8




	
108

	
−62

	
-

	
−12.2

	
16.2




	
118

	
−62

	
−39.8

	
−12.2

	
16.2




	
109

	
−62

	
-

	
−11.9

	
15.9




	
96

	
-

	
-

	
-

	
-




	
110

	
-

	
-

	
-

	
-




	
86

	
−63

	
-

	
−15.2

	
18.8




	
97

	
-

	
-

	
-

	
-




	
109

	
-

	
-

	
-

	
-




	
110

	
−60

	
-

	
−17.8

	
20.8




	
113

	
-

	
-

	
-

	
-




	
104

	
−70

	
-

	
−20.5

	
22.7




	
102

	
−73

	
-

	
−20.5

	
22.7




	
100

	
−62

	
-

	
-

	
-




	
100

	
−62

	
-

	
-

	
-




	
110

	
−62

	
-

	
−13.7

	
17.5




	
110

	
−62

	
-

	
−13.8

	
17.6




	
110

	
−62

	
-

	
−13.8

	
17.6




	
128

	
−62

	
-

	
−16.8

	
20.1




	
86

	
−82

	
−41.1

	
−21.5

	
23.4




	
91

	
−79

	
−41.8

	
−21.6

	
23.4




	
91

	
−81

	
-

	
−21.9

	
23.6




	
86

	
−78

	
−41.4

	
−16.6

	
19.9




	
88

	
−81

	
-

	
−20.8

	
22.9




	
92

	
−75

	
-

	
−17.9

	
20.9




	
106

	
−79

	
-

	
−20.8

	
22.9




	
92

	
−80

	
-

	
23.5

	
24.7




	
90

	
−81

	
-

	
−17.6

	
20.7




	
90

	
−79

	
-

	
−22.1

	
23.8




	
102

	
−77

	
-

	
−22.1

	
23.8




	
92

	
−74

	
-

	
−18.6

	
21.5




	
94

	
−77

	
-

	
−16.9

	
20.2




	
108

	
−79

	
-

	
−22.2

	
23.8




	
108

	
−80

	
-

	
−22.2

	
23.8




	
110

	
-

	
-

	
-

	
-




	
103

	
-

	
-

	
-

	
-




	
102

	
-

	
-

	
-

	
-




	
88

	
-

	
-

	
-

	
-




	
93

	
-

	
-

	
-

	
-




	
92

	
-

	
-

	
-

	
-




	
91

	
-

	
-

	
-

	
-




	
90

	
-

	
-

	
-

	
-




	
85

	
-

	
-

	
−21.6

	
23.4




	
92

	
-

	
-

	
−21.9

	
23.6




	
93

	
−85

	
-

	
-

	
-




	
Spelek

	
Sp. 10

	
Blocky

calcite

	
Monophase

	
−39.8

	

	
−0.2

	
0.35




	
−37.9

	

	
−0.7

	
1.22




	
−39.8

	

	
−0.5

	
0.88




	
−37.7

	

	
−1.5

	
2.57




	
−39.8

	

	
−1.4

	
2.41




	
−39.9

	

	
−0.9

	
1.57




	
−39.8

	

	
−0.1

	
0.18




	
−37.3

	

	
−1.4

	
2.41




	
−39.8

	

	
−1.2

	
2.07




	
−41.8

	

	
−0.6

	
1.05




	
−39.8

	

	
−0.2

	
0.35




	
−40.8

	

	
−0.2

	
0.35
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Table 2. Concentration of U-Pb and U-Th-Pb isotopes of reference standards.
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Grain

	
206Pb a

	
U b

	
Pb b

	
Th b

	
238U c

	
±2 s

	
207Pb c

	
±2 s




	
(cps)

	
(ppm)

	
(ppm)

	
U

	
206Pb

	
(%)

	
206Pb

	
(%)






	
NIST-SRM 614




	
NIST614 01

	
151223

	
0.81

	
2.37

	
0.96

	
1.241

	
1.8

	
0.8714

	
0.6




	
NIST614 02

	
152109

	
0.82

	
2.40

	
0.97

	
1.230

	
1.9

	
0.8711

	
0.6




	
Nist614 33

	
153445

	
0.81

	
2.37

	
0.93

	
1.240

	
1.8

	
0.8662

	
0.5




	
Nist614 34

	
150955

	
0.81

	
2.36

	
0.92

	
1.244

	
1.8

	
0.8730

	
0.6




	
Nist614 69

	
150536

	
0.81

	
2.36

	
0.93

	
1.246

	
1.9

	
0.8700

	
0.6




	
Nist614 70

	
154694

	
0.82

	
2.43

	
0.93

	
1.226

	
1.9

	
0.8705

	
0.5




	
Nist614 102

	
148233

	
0.80

	
2.34

	
0.94

	
1.237

	
1.8

	
0.8696

	
0.5




	
Nist614 103

	
149396

	
0.81

	
2.36

	
0.90

	
1.238

	
1.8

	
0.8714

	
0.6




	
Nist614 146

	
146500

	
0.80

	
2.33

	
0.96

	
1.240

	
1.9

	
0.8728

	
0.6




	
Nist614 147

	
149092

	
0.81

	
2.36

	
0.91

	
1.241

	
1.8

	
0.8693

	
0.5




	
Nist614 194

	
150754

	
0.82

	
2.42

	
0.91

	
1.234

	
1.8

	
0.8734

	
0.6




	
Nist614 193

	
144523

	
0.81

	
2.35

	
0.95

	
1.247

	
1.8

	
0.8766

	
0.6




	
Nist614 238

	
146867

	
0.81

	
2.39

	
0.88

	
1.232

	
1.8

	
0.8709

	
0.5




	
Nist614 237

	
147231

	
0.82

	
2.39

	
0.91

	
1.230

	
1.8

	
0.8651

	
0.6




	
NIST614 283

	
145071

	
0.82

	
2.40

	
0.90

	
1.237

	
1.8

	
0.8670

	
0.6




	
Nist614 282

	
144885

	
0.82

	
2.40

	
0.90

	
1.236

	
1.8

	
0.8719

	
0.6




	
NISt614 328

	
146642

	
0.84

	
2.46

	
0.87

	
1.240

	
1.9

	
0.8700

	
0.5




	
Nist614 327

	
141742

	
0.83

	
2.41

	
0.96

	
1.244

	
1.8

	
0.8751

	
0.6




	
NIST614 383

	
142172

	
0.84

	
2.45

	
0.90

	
1.243

	
1.8

	
0.8685

	
0.6




	
Nist614 382

	
141383

	
0.83

	
2.43

	
0.90

	
1.235

	
1.8

	
0.8713

	
0.6




	
NIST614 450

	
143098

	
0.86

	
2.51

	
0.92

	
1.235

	
1.8

	
0.8730

	
0.5




	
WC-1

	

	

	

	

	

	

	

	




	
Calcite 04

	
57958

	
3.60

	
0.24

	
<0.001

	
21.30

	
2.7

	
0.1674

	
4.4




	
Calcite 03

	
57442

	
3.58

	
0.23

	
<0.001

	
21.11

	
2.1

	
0.1610

	
3.2




	
Calcite 30

	
53037

	
3.26

	
0.22

	
<0.001

	
20.98

	
3.0

	
0.1761

	
3.1




	
Calcite 35

	
55525

	
3.55

	
0.22

	
<0.001

	
21.22

	
2.3

	
0.1519

	
3.9




	
Calcite 36

	
52116

	
3.08

	
0.23

	
<0.001

	
20.15

	
4.0

	
0.1999

	
10.8




	
Calcite 67

	
60273

	
3.87

	
0.24

	
<0.001

	
21.96

	
2.3

	
0.1595

	
5.3




	
Calcite 68

	
50337

	
2.99

	
0.22

	
<0.001

	
19.87

	
3.3

	
0.2024

	
9.1




	
Calcite 102

	
61659

	
3.57

	
0.28

	
<0.001

	
19.54

	
2.7

	
0.2120

	
6.8




	
Calcite 103

	
55004

	
3.42

	
0.23

	
<0.001

	
20.82

	
2.3

	
0.1874

	
5.1




	
Calcite 146

	
53194

	
3.33

	
0.24

	
<0.001

	
20.20

	
4.5

	
0.1916

	
6.3




	
Calcite 147

	
47066

	
3.01

	
0.19

	
<0.001

	
21.37

	
2.5

	
0.1567

	
4.9




	
Calcite 195

	
53947

	
3.66

	
0.23

	
<0.001

	
21.43

	
2.6

	
0.1489

	
3.7




	
Calcite 196

	
52916

	
3.60

	
0.21

	
<0.001

	
22.27

	
2.3

	
0.1489

	
3.0




	
Calcite 239

	
54507

	
3.76

	
0.22

	
<0.001

	
22.09

	
2.3

	
0.1459

	
2.8




	
Calcite 240

	
56367

	
3.70

	
0.24

	
<0.001

	
21.39

	
2.2

	
0.1842

	
4.3




	
Calcite 329

	
53738

	
3.63

	
0.23

	
<0.001

	
21.39

	
2.5

	
0.1598

	
6.0




	
Calcite 384

	
50897

	
3.54

	
0.23

	
<0.001

	
21.21

	
2.6

	
0.1747

	
7.6




	
Calcite 451

	
51850

	
3.55

	
0.25

	
<0.001

	
19.98

	
4.1

	
0.1843

	
10.6




	
Calcite 285

	
46761

	
3.18

	
0.19

	
<0.001

	
22.16

	
2.2

	
0.1625

	
5.2




	
Calcite 452

	
52066

	
3.76

	
0.24

	
<0.001

	
21.40

	
2.4

	
0.1612

	
3.2




	
Calcitee 507

	
49116

	
3.34

	
0.24

	
<0.001

	
20.37

	
2.5

	
0.2071

	
6.5




	
Calcitee 561

	
49407

	
3.65

	
0.23

	
<0.001

	
21.36

	
2.1

	
0.1661

	
4.2




	
Zechstein dolomite

	

	

	

	

	

	

	




	
ZD 05

	
383976

	
2.17

	
3.12

	
0.02

	
2.27

	
5.5

	
0.7410

	
0.6




	
ZD 37

	
434820

	
1.59

	
3.88

	
0.02

	
1.35

	
4.4

	
0.7685

	
0.6




	
ZD 71

	
145036

	
2.03

	
1.15

	
0.02

	
5.22

	
4.2

	
0.6482

	
0.8




	
ZD 106

	
98172

	
1.87

	
0.82

	
0.03

	
6.51

	
3.2

	
0.6210

	
0.9




	
ZD 150

	
103377

	
0.88

	
0.99

	
0.05

	
2.89

	
2.6

	
0.7279

	
0.7




	
ZD 198

	
38804

	
0.90

	
0.36

	
0.07

	
6.60

	
2.4

	
0.6067

	
0.7




	
ZD 242

	
15608

	
0.07

	
0.16

	
0.12

	
1.54

	
4.2

	
0.7679

	
0.9




	
ZD 287

	
159760

	
0.86

	
1.80

	
0.08

	
1.64

	
8.4

	
0.7706

	
0.8




	
ZD 387

	
104283

	
4.59

	
0.80

	
0.01

	
13.05

	
2.9

	
0.4131

	
0.6




	
ZD 197

	
90226

	
2.21

	
0.72

	
0.02

	
8.17

	
3.9

	
0.5666

	
1.2




	
ZD 241

	
72961

	
2.16

	
0.53

	
0.02

	
10.03

	
3.9

	
0.4992

	
1.4




	
ZD 286

	
57874

	
2.37

	
0.37

	
0.02

	
13.71

	
5.2

	
0.3945

	
2.8




	
ZD 331

	
66408

	
2.24

	
0.49

	
0.00

	
10.76

	
2.4

	
0.4842

	
0.9




	
ZD 386

	
138406

	
2.21

	
1.21

	
0.02

	
5.72

	
3.0

	
0.6317

	
0.6




	
ZD 508

	
114549

	
2.26

	
1.08

	
0.02

	
5.96

	
7.7

	
0.6264

	
1.3




	
ZD 562

	
99812

	
2.70

	
0.90

	
0.02

	
8.06

	
3.5

	
0.5751

	
1.3




	
ZD 385

	
51470

	
3.65

	
0.21

	
0.00

	
22.01

	
2.3

	
0.1443

	
3.0








Spot size = 213 μm. 238U/206Pb error is the quadratic additions of the within run precision (2 SE) and excess of variance of 2% (2 SD). 207Pb/206Pb uncertainty propagation as described in Gerdes. Spot size = 213 µm. 238U/206Pb error is the quadratic additions of the within run precision (2 SE) and excess of variance of 2% (2 SD). 207Pb/206Pb uncertainty propagation as described in Gerdes and Zeh (2009). a. Within run background-corrected mean 206Pb signal in cps (counts per second). b. U and Pb content and Th/U ratio were calculated relative to NIST SRM614 reference. c. corrected for background, within-run Pb/U fractionation (in case of 206Pb/238U) and subsequently normal-ized to NIST SRM 614 and carbonate matrix effect of 4% for 206Pb/238U.
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Table 3. Concentration of U-Pb and U-Th-Pb isotopes of host limestone, early dolomite matrix, saddle dolomites, blocky calcites, calcrete, and chert nodules sample by small-scale isochron (SSI) using LAICP-MS approach. Spelek-Sulauk areas. NE-Iraq-Kurdistan region. (n = 190).
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Grain

	
206Pb a

	
U b

	
Pb b

	
Th b

	
238U d

	
±2 s

	
207Pb d

	
±2 s




	
(cps)

	
(ppm)

	
(ppm)

	
U

	
206Pb

	
(%)

	
206Pb

	
(%)






	
A172

	
2196

	
0.053

	
0.016

	
0.006

	
11.22

	
3.8

	
0.6343

	
2.7




	
A173

	
3861

	
0.056

	
0.032

	
0.004

	
5.425

	
3.8

	
0.712

	
2




	
A174

	
4840

	
0.081

	
0.038

	
0.002

	
6.575

	
6.6

	
0.7082

	
2.9




	
A175

	
24795

	
0.144

	
0.205

	
0.008

	
2.13

	
8.0

	
0.6771

	
2.5




	
A176

	
9157

	
0.086

	
0.074

	
0.002

	
3.473

	
3.0

	
0.6851

	
1.7




	
A177

	
7469

	
0.031

	
0.060

	
0.003

	
1.589

	
6.9

	
0.6732

	
2




	
A178

	
6009

	
0.119

	
0.052

	
0.003

	
7.261

	
3.0

	
0.7361

	
1.6




	
A179

	
18528

	
0.076

	
0.152

	
0.003

	
1.532

	
3.5

	
0.6877

	
1.3




	
A180

	
8362

	
0.125

	
0.068

	
0.004

	
5.538

	
2.9

	
0.6846

	
1.7




	
A181

	
4123

	
0.063

	
0.035

	
0.004

	
5.746

	
5.8

	
0.7558

	
2.9




	
A182

	
59898

	
0.116

	
0.120

	
0.005

	
3.603

	
9.1

	
0.6416

	
0.81




	
A183

	
1729

	
0.102

	
0.012

	
0.004

	
21.29

	
5.1

	
0.5217

	
4.2




	
A184

	
5994

	
0.126

	
0.051

	
0.002

	
7.834

	
3.0

	
0.7192

	
2.1




	
A185

	
6869

	
0.082

	
0.062

	
0.003

	
4.342

	
2.5

	
0.7749

	
1.4




	
A186

	
3399

	
0.084

	
0.029

	
0.006

	
9.108

	
3.6

	
0.7117

	
2.5




	
A187

	
3879

	
0.063

	
0.036

	
0.005

	
5.704

	
4.0

	
0.7397

	
1.9




	
A188

	
3489

	
0.040

	
0.027

	
0.009

	
5.394

	
3.8

	
0.7375

	
2.4




	
A189

	
37434

	
1.660

	
0.283

	
0.005

	
16.41

	
3.5

	
0.5762

	
0.94




	
A190

	
48897

	
1.183

	
0.408

	
0.005

	
8.138

	
4.5

	
0.6056

	
0.83




	
A191

	
38268

	
1.672

	
0.312

	
0.004

	
14.32

	
5.0

	
0.5741

	
1.2




	
A192

	
39296

	
1.507

	
0.325

	
0.004

	
12.96

	
2.7

	
0.6087

	
0.82




	
A193

	
144628

	
0.569

	
1.540

	
0.068

	
1.337

	
2.0

	
0.8671

	
0.48




	
A199

	
108990

	
1.226

	
0.956

	
0.011

	
3.767

	
5.5

	
0.6533

	
0.88




	
A200

	
21083

	
0.255

	
0.208

	
0.013

	
4.048

	
4.0

	
0.769

	
1.1




	
A201

	
44634

	
0.670

	
0.381

	
0.014

	
5.072

	
3.7

	
0.6346

	
1




	
A202

	
41916

	
0.659

	
0.376

	
0.008

	
5.342

	
3.8

	
0.6876

	
1.1




	
A203

	
35337

	
0.810

	
0.298

	
0.013

	
7.576

	
3.3

	
0.6075

	
1.2




	
A204

	
46046

	
0.826

	
0.404

	
0.008

	
5.988

	
4.8

	
0.6476

	
0.99




	
A205

	
34360

	
1.100

	
0.312

	
0.005

	
10.75

	
3.3

	
0.6875

	
1.1




	
A206

	
64312

	
0.934

	
0.547

	
0.005

	
4.934

	
7.0

	
0.6407

	
0.73




	
A207

	
58540

	
1.407

	
0.498

	
0.016

	
8.028

	
2.8

	
0.6161

	
1




	
A208

	
35535

	
1.485

	
0.299

	
0.004

	
14.12

	
2.6

	
0.6202

	
1.1




	
A209

	
43572

	
1.063

	
0.376

	
0.005

	
8.147

	
5.0

	
0.6417

	
1.1




	
A210

	
70359

	
1.446

	
0.598

	
0.007

	
6.963

	
3.0

	
0.6131

	
0.77




	
A211

	
48935

	
1.820

	
0.407

	
0.004

	
12.59

	
2.6

	
0.6147

	
0.86




	
A212

	
40903

	
1.514

	
0.349

	
0.004

	
11.88

	
6.0

	
0.6005

	
0.94




	
A213

	
42144

	
2.265

	
0.526

	
0.014

	
9.835

	
2.6

	
0.6014

	
1.6




	
A214

	
70012

	
0.943

	
0.594

	
0.010

	
4.613

	
7.7

	
0.6425

	
0.85




	
A215

	
39667

	
1.337

	
0.446

	
0.004

	
8.152

	
3.1

	
0.7238

	
0.96




	
A216

	
40872

	
1.952

	
0.346

	
0.005

	
15.83

	
6.7

	
0.6067

	
1




	
A217

	
41833

	
1.414

	
0.372

	
0.004

	
11.36

	
6.0

	
0.6665

	
1.3




	
A218

	
36369

	
1.297

	
0.323

	
0.005

	
11.84

	
4.9

	
0.6574

	
1




	
A219

	
33775

	
1.219

	
0.292

	
0.007

	
12.15

	
2.4

	
0.6402

	
1.1




	
A220

	
257672

	
2.773

	
2.255

	
0.006

	
3.604

	
2.5

	
0.6476

	
0.47




	
A221

	
10013

	
0.094

	
0.104

	
0.491

	
3.166

	
2.8

	
0.8176

	
2.2
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