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Introduction

Fractures are often the primary conduits for pore fluids, and thus have important impact on the diagenetic and reservoir quality evolution of the host rocks. Therefore, fluid flow can be used to develop conceptual models for the spatial and temporal distribution and connectivity of reservoir porosity and permeability on a regional and basinal scale. In the context of the hydrocarbon-rich Middle East, the Permian–Triassic Khuff Formation hosts huge gas accumulations in the subsurface of the Arabian Plate. Reservoir properties of this formation are strongly influenced by depositional facies and diagenetic evolution (Ehrenberg et al., 2007; Fontana et al., 2010; Moradpour et al., 2008). In the Emirate of Ras Al Khaimah (RAK), in the northeast of the United Arab Emirates (UAE), there are excellent outcrops of the Permian–Triassic rock sequence, which is partly correlatable with the Khuff Formation (Strohmenger et al., 2002; Maurer et al., 2008, 2009). In this study, which involves fieldwork, petrographic, fluid inclusion and isotope (O, C and Sr) investigations, outcrops of Permian–Triassic carbonate rocks have been studied to relate fracture mineralization to tectonic history of the area.
Geological Setting

The investigated Permian–Triassic carbonate platform successions, which crop out in the northern UAE, comprise the Ru’us Al Jibal Group (Bih, Hagil, Ghail formations) and the Elphinstone Group (Milaha and Ghalilah formations) (Figure 1). The studied rocks were deposited on a stable platform at the passive margin of the Neo-Tethys Ocean. Since the Late Cretaceous, the sedimentary succession undergoes uplift due to the Oman ophiolites obduction to the south, and to the Zagros Orogeny to the northwest. This has resulted in the formation of the Northern Oman Mountains (Searle et al., 1983; Warrak, 1996). The carbonate successions have been affected by a complex diagenetic history, which is closely linked to the regional tectonics.

Materials and Methods

Over 100 representative rock samples and thin sections from the Upper Permian to Triassic successions were examined using binocular reflected-light and transmitted-light petrographic microscopes subsequent to staining with potassium ferricyanide and Alyzarine Red-S. Cold cathodoluminescence (CL) investigations were carried out in order to characterize the growth features and paragenetic relationships of the different mineral phases. δ18O, δ13C and 87Sr/86Sr isotope analyses were performed on microdrilled carbonate mineral samples. O and C stable isotope data are presented in the δ notation relative to the Vienna PDB and SMOW standards with precision better than 0.05‰. Fluid inclusion microthermometric analyses of 11 samples were performed using a Linkham THMSG 600 heating-freezing stage coupled with an Olympus BX60 microscope.
Results and Discussion

The fracturing styles and occurrence in the studied carbonate succession are mainly influenced by tectonics (i.e. accentuated fracturing of outcrops in the vicinity of major faults and folds). As an example, the rocks of the Bih Formation in the vicinity of the Haqil tectonic window are more intensively fractured than the same stratigraphic intervals outcropping in the tectonically less disturbed Wadi Shah. Similarly, the outcrops of the Ghalilah Formation in Wadi Sha’am are more fractured than the same rocks exposed in Wadi Milaha. On the basis of cross-cutting relationships and structural measurements, three major fracture sets were distinguished, including: (1) NS-oriented fractures occluded by non-planar to sub-planar fine- to medium-crystalline dolomite; (2) E-W fractures filled by dolomite (Dc2) and saddle dolomite (Ds); and (3) NNW-SSE fractures cemented by calcite (C1), which precipitated also in reactivated E-W fractures (Figure 2). The Bih, Hagil and Ghail formations are completely dolomitized, although the original limestone texture can, in some cases, be recognized (Figure 3a). The Milaha and Ghalilah formations are partially dolomitized and their calcareous composition and texture are locally preserved (Figure 3b). 
Bed-parallel stylolites (BPS) postdate replacive dolomitization of the carbonate sediments. Post-BPS, syntectonic cemented fractures display a paragenesis characterized by dolomite, quartz (subordinate) and, finally, calcite cements (Figure 3c and d). Calcite cement (C2) of presumably telogenetic origin (i.e. formed during uplift and incursion of meteoric waters) is recognized.

The δ18O values of the matrix dolomite (Dm) range between -6.7‰ to -2.1‰ and δ13C from -0.6‰ to +4‰. Dolomite cements (Dc1 and Dc2) have δ18O values from -9.0‰ to -3.3‰ and δ13C values between +1.2‰ and +3.3 ‰; saddle dolomite (Ds) has δ18O values that range from -10.8‰ to -5.7 ‰ and δ13C values from +0.2‰ to +3.3‰. Calcite cement C1 has δ18O between -6.7‰ to -0.2‰ and δ13C values from -5.3‰ to -0.4‰ and the telogenetic calcite cement C2 has δ18O between -6.2‰ to -4.5‰ and δ13C values from -6.0‰ to -3.4‰ (Figure 3e). 

Isotopic measurements of samples of the Ghalilah Formation in Wadi Sha’am are similar to the ones of Wadi Bih, with a major difference: while the Dm samples of the Bih, Hagil and Ghail formations of Wadi Bih area have O, C and Sr isotope values resembling the Upper Permian–Lower Triassic seawater signature, the isotopic values of Dm and late fracture-filling carbonate cements (Ds and C1) of the Ghalilah Formation in Wadi Sha’am (δ18O values around -9‰ and 87Sr/86Sr ratio from 0.709 to 0.711), suggest either Dm recrystallization or dolomitization at higher temperatures and the circulation of “exotic”, possibly hydrothermal, fluids through late diagenetic fractures. In the Bih Formation, fluid inclusion data of Dm display homogeneization temperatures (Th) ranging from 129 to 144°C with salinity ranging from 13 to 16% NaCl eq.; Dc1 has Th values of 110–150°C and salinity of 13–19%; Dc2 has Th values of 120–200°C (mean 172°C) and salinity of 21–23%; Ds has Th values of 170–210°C (mean 188°C) and salinity of 22–23%; Q has Th values of 187–237°C (mean 209°C) and salinity of 23%; C1 has Th values of 170–227°C (mean 197°C) and salinity of 21–23%; C2 shows highly variable temperatures (Th from 60° to 217°C) and nil salinity (Figure 3f). Fluid inclusion data on Ds, Q and C1 phases of the Ghalilah Formation in Wadi Sha’am show, similarly to Bih Formation samples, a general trend of increasing temperature and salinity following the paragenetic order, but they display more scattered, and generally cooler, Th values than the ones measured in the Bih Formation, although they maintain similar salinities. This fact may reflect the progressive cooling of the diagenetic fluids while circulating, through faults and/or fractures, from deeper to more shallow portions of the basin. The latest calcite cement C2 is presumably telogenetic and it derived by infiltration of meteoric waters during uplift.

Conclusions

Fieldwork, petrographic, isotopic, and fluid inclusion investigations of the Upper Permian–Triassic carbonates of northeastern UAE, which are partly equivalent to the Khuff, suggest that the diagenetic evolution is related to the regional tectonics and is summarized as follows: 

· The carbonate platform succession is characterized by a relatively consistent diagenetic history. The carbonates were dolomitized relatively soon after deposition by modified marine fluids. Post-compactional, hot and highly saline diagenetic fluids caused the precipitation of dolomite, quartz, and calcite cements in fractures and vugs. A final calcite cement generation has been formed by percolation of meteoric fluids during uplift.
· The Ghalilah Formation is only partially dolomitized, locally hydrofractured and displays dominant bedding controlled dolostones, which are partly recrystallized. Such recrystallization has presumably occurred after Late Cretaceous (Oman ophiolites obduction), by hot (hydrothermal) fluids, which also resulted in the formation of fracture-filling carbonate and quartz cements in hydrobrecciated zones.

· The diagenetic minerals characterizing the Permian–Triassic rocks were formed in association to tectonically-linked fractures. Considering the regional/structural geology of the area, the high temperature fluid-flow and associated diagenesis are suggested to have occurred since the Late Cretaceous maximum burial conditions up to the Tertiary tectonic compression (mainly Oligocene–Miocene), along the Hagab thrust and coeval structures associated with the Zagros orogeny. 
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Figure 1: (a) Geological map of the northern UAE (modified after Ellison et al., 2006); (b) Permian–Triassic stratigraphy of the studied succession (modified from Maurer et al., 2008).
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Figure 2: (a) Intensively fractured thin beds of Hagil Formation; (b) N-S dolomite veins cross-cut by N100o fractures of dolomite/calcite, Ghalilah Formation in Wadi Sha’am; (c) Stereogram of Ghalilah Formation showing predominant N-S fractures and subordinate E-W ones; (d) Calcite cement partly filling pre-existing fractures in the Ghalilah Formation; (e) Stereogram of Bih Formation in Wadi Ghabbas showing a NNW-SSE trend of fractures and a trend of E-W oriented fractures; (f) Stereogram showing that the two dominant fracture sets in the Bih Formation have direction NNW-SSE and ENE-WSW, respectively.
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Figure 3: (a) Dolograinstone of the Bih Formation with a bed parallel stylolite (BPS); (b) Photomicrograph (XPL) showing a grainstone of the Ghalilah Formation with early, circumgranular and sparry calcite cements, which occlude the interparticle pores; (c) Fracture in the Ghalilah Formation filled by zoned saddle dolomite and calcite (red stained) cements. Notice the dolomite dissolution prior to calcite cementation; (d) Photomicrograph (XPL) showing saddle dolomite, prismatic quartz and twinned calcite fracture filling cements in the Ghalilah Formation; (e) Cross plot of O and C stable isotope values of different carbonate minerals of the Bih Formation, showing the progressive decrease in δ18O from the matrix dolomite (Dm) towards the dolomite cements (Dc1, Dc2 and Ds); (f) cross plot of fluid inclusion microthermometric data of five Bih Formation samples showing the general increase in salinity and homogenization temperature following the paragenetic order.

