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Summary

The Upper Permian Dalan Formation is an economically significant gas and condensate reservoir in the Fars region of southwest Iran. It is composed mainly of limestone and dolostone. Facies analyses, depositional environments and diagenetic processes of the Dalan Formation in eight wells and the reference section at the Surmeh Anticline were studied. Field and petrographic studies combined with wire-line well-logs analyses and available seismic images resulted in recognition of various carbonate facies related to tidal flat, lagoon, shoal, basinal facies tracts, siliciclastic and evaporitic facies deposited on a carbonate ramp. 
Petrographic investigations and facies analyses of the Dalan Formation, led to the recognition of aragonite mineralogy and diagenetic environments of the Dalan Formation, which resulted in recognition of controlling factors of reservoir facies. Grainstone facies deposited on paleohighs have marine cements with isopachous and fibrous fabrics, which leaching of grains created porous intervals. On the other hand, grainstone facies deposited in places with lower palaeogeographic positions, not only show limited distribution but also have been affected much more by deep burial cements and diagenetic processes, which resulted in loosing their reservoir properties. This study suggests that paleohighs had played main role in the diagenetic sequences and reservoir facies distribution. 

Introduction

The Deh Ram Group (Middle Permian–Lower Triassic) is an economically significant gas and condensate reservoir in the Fars region and the Gulf region. The petroleum system of the Deh Ram Group are: (1) the Lower Silurian hot shale as source rock, (2) Middle Permian–Lower Triassic carbonates of Dalan and Kangan formations are the reservoirs, and (3) the Lower–Middle Triassic evaporites of the Dashtak Formation provide a significant cap rock. The Dalan Formation is comprised of carbonates and evaporites, and has been subdivided into one formal and two informal members. The lower carbonates (informal), Nar Member (formal) and upper carbonates (Szabo and Kheradpir, 1978). In the Zagros fold-and-thrust belt, the upper carbonates of the Dalan Formation are producing gas except in a few wells where gas has been tested from the Nar Member and lower carbonates.
After gas exploration from Permian–Triassic sediments (Khuff Formation equivalent) in late 1975, increasing exploration and drilling activities have been done. In spite of more than thirty-five years of exploration and production activities, no comprehensive studies have been carried out regarding factors that control reservoir facies creation and distribution. 

The quantification of diagenetic processes such as dissolution, cementation, dolomitization and pressure solution and their impact on the reservoir facies are very important from hydrocarbon activities point of view. Some authors (e.g., Ehrenberg, 2006; Ehrenberg et al., 2007; Moradpour et al., 2008) believe that depositional facies and original mineralogy have effective role on reservoir, while Esrafill-Dizaji and Rahimpour-Bonab (2009) believe that late diagenetic process could reduce or enhance reservoir properties via chemical compaction and fracturing, respectively. However it should keep in mind that Upper Permian carbonates of the Dalan Formation is composed mainly of dolostone with intercrystalline porosity, which form good pay zone in the upper carbonate unit. Regarding dolomitization processes, some workers proposed dolomitization formed in evaporitic sabkha and shallow reflux setting (e.g., Talu and Abu-Ghabin, 1989; Ehrenberg, 2006), however dolomite recrystallization and cementation in deep burial diagenetic environment cannot be ruled out (e.g. Alsharhan, 2006).

The main objective of this study is to report on factors that control reservoir facies of the Upper Permian Dalan Formation by means of detailed field surveys, microscope-based microfacies and wireline well log analyses and limited seismic images along a transect that comprises the Kuh-e Surmeh outcrop section and Day, Nar, Assaluyeh, Varavi, Tabnak, Khalfani, Lavan and Kish wells.

Microfacies and Facies Tracts

Detailed field, core, facies and wireline well log analyses of the Upper Dalan Formation in the drilled wells, resulted in recognition of several genetically linked facies that assign deeper marine (outer ramp), shoal, lagoonal and tidal flat facies tracts, which deposited on a carbonate ramp.

Basinal facies tract is comprised of lime mudstone, crinoid wackestone and bioclastic packstone. Bioclasts included crinoids, bryozoa and fusulinid.

Shoal facies tract is characterized by ooid grainstone, bioclastic peloid grainstone/packstone and bioclastic grainstone/packstone, which separate the shoal and restricted lagoon facies. Shoal facies occur in thick to massive beds with lamination and cross bedding. Ooids may show diagenetic modification such as dolomitization, dissolution, distortion (Spastolith ooids) and micritization. Cross-bedding, large- to medium-scale parallel laminations, planar cross-bedding, chevron and trough cross bedding were observed. 

Lagoonal facies tract is characterized by dasyclad wackestone/packstone, bioclastic wackestone/packstone, bioclastic peloid packstone and oncoid packstone.

Tidal flat facies tract is composed of lime mudstone, dolomudstone/dolomitized lime mudstone, gypsum/anhydrite nodules/layers, flat laminated stromatolite boundstones and peloid grainstone. Lime mudstone display fenestral/birds-eye fabrics and sparse microbial filaments.

Diagenesis
The Dalan Formation ooids with leached nuclei have completely been dolomitized, while ghosts of spherical shapes characterize ooid grains (Fig. 1b-d). This can be attributed to their aragonitic primary mineralogy. Early marine cementation of ooid grainstone is evidenced by weak compaction and remaining large interagranular spaces (Fig.1c-d), whilst at some succession of studied wells, pore spaces were filled with blocky, drusy mosaic and poikilotopic cements. Early cementation phase of grainstone facies especially ooids in the marine diagenetic environment is indicated by presence of isopachous and fibrous cements (Fig. 1a, 1c-d) and polygonal fabrics. Fibrous and isopachous cements are characteristic of aragonitic mineralogy and early marine diagenetic environment (Inden and Moore, 1983; Tucker and Wright, 1990; El-Saiy and Jordan, 2007; Kavoosi et al., 2009). Aragonitic cements can form under most environmental conditions, but generally aragonite is favored under higher-energy conditions (Morse, 2005), which indicate cementation in permeable deposits during low sedimentation rate under arid conditions (Tucker, 1993).

However, Late Permian was an overall period of icehouse climate and a time of aragonite seas, presence of leached ooids, which evidenced by half-moon ooids, vadose silt, meniscus cement and dissolute metastable aragonitic cements, is consistent with subaerial exposure of ooid and bioclastic shoals (Fig. 1) during relative sea-level fall. This study indicate the Upper Dalan Formation carbonates which located on the basement paleohighs and salt dome like Kish that had a pulse of salt activity during early Palaeozoic (as evidenced from seismic images), aggredation of ooid and bioclastic grainstone facies with marine cements are dominated by mouldic porosity. In contrast, the Khalafani well that had lower paleogeography position and were not situated above paleohigh, in spite of similar facies and tectonic setting, marine cements have the least distribution, which have been followed by deep burial cements. This fact is consistently supported by considerable and widespread pressure solution, stylolites and poikilotopic anhydritic cements that sealed thin reservoir zones in Khalafani and Day wells. In the mentioned wells thin grain-supported facies are underlain by keystone peloid ooid grainstone/packstone and dolomitized lime mudstone and anhydrite. The peloid and grainstone texture with keystone fabric and its vertical association with lagoonal and upper intertidal/supratidal facies indicate deposition in a lower intertidal sub-environment.

The tidal flat facies tract progradation seal reservoir facies laterally and vertically. This interpretation is supported by several lines of evidence such as widespread distribution of dolomitized mudstone with birds-eye and discontinuous lamina with calcite pseudomorphs after gypsum/anhydrite above the carbonate cycles in the Khalafani and Day wells, which signify deposition on upper intertidal to supratidal environment (e.g., Shinn, 1983a, 1983b). 

Considerable facies tracts aggradation and progradation/migration, most likely could be contributed to higher paleogeography position, which show considerable porosity. This could be related to the combined effect of paleohighs and orbitally controlled cyclicity, which played main role in reservoir distribution. This indicates that paleohighs induced diagenetic process and their subsequent trends (Kavoosi, 2007). Depositional facies have main role in creation of reservoir zones and subsequent diagenetic processes such as dolomitization, dissolution and fracturing (Kavoosi et al., 2009b). These findings are in agreement with the results from petrographic investigations that dolomitized facies such as sucrosic dolomites have resulted from packstone and grainstone facies tracts. Taking into account that the Late Permian was a time of high-frequency sea-level fluctuations, the reservoir facies tracts with considerable thickness and intergranular, vuggy and intercrystalline porosity had higher distribution on paleohighs in comparison with wells that had lower paleogeographic position. 

Conclusions
Petrographic investigations and facies analyses of the Dalan Formation, led to the recognition of diagenetic environments of the Dalan Formation, which resulted in recognition of reservoir facies. This study suggests that paleohighs had played main role in the diagenetic sequences and reservoir facies distribution by creation of porous zones. Taking into account that Late Permian was a time of high-frequency sea-level fluctuations, ooid and bioclastic grainstone/packstone facies tracts with considerable thickness, while show lateral continuity with intergranular, vuggy and intercrystalline porosity had higher development on paleohighs in comparison with wells that had lower paleogeographic position. 
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Figure 1: (a) Bioclastic grainstone with isopachous cement and dissolution porosity, Varavi well, PPL. (b) Dolomitized ooid grainstone with dissolution and intercrystalline porosity, PPL. (c) Ooid grainstone with vuggy porosity resulted from fresh-water percolation, Nar well, XPL. (d) Porous ooid grainstone with equant calcite cement, PPL. Blue dye shows porosity in Figures b and d.

