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Numerous studies and publications have shown that the Khuff reservoirs in the Middle East consist of carbonates that were deposited on shallow, hypersaline epeiric platforms. Hypersaline deposits are represented by evaporites, whilst carbonates correspond to the more open-marine conditions. The availability of diagenetic hypersaline brines favoured dolomitization and precipitation of anhydrite cements. Thus, a significant percentage of the Khuff Formation contains dolostones, which were formed during early diagenetic stages (sabkha and/or reflux dolomitization) and during burial (burial dolomitization and fault/fracture-related dolomitization).  

The prediction of the distribution of dolostones and their rock properties is of relevance to optimally produce Khuff hydrocarbon accumulations and to explore for Khuff reservoirs at significant depths (< 4,000 m). Seismic information is of limited use in this case, as dolostones are commonly too thin to be detected. Genetic models are required to help establishing areas with porous dolostones. This contribution will discuss the dolomitization processes (with associated by-products) that have been proposed/recorded in the Khuff Formation, as well as their impact on the lateral extension and the reservoir properties of the dolomitized reservoir units.

Dolostone Types in Khuff Formation

Genetically, the dolostone types observed in the Khuff Formation include:  (1) early, mud- and anhydrite-rich, fine-grained dolostones that formed in sabkha or lagoonal environments, with poor reservoir quality; (2) early, mud-lean and anhydrite-poor, dolomitized shoal grainstones of good reservoir quality; and (3) iron-rich burial (to fault-related dolostones), of variable reservoir quality, which have mostly excellent properties if associated to late leaching. Each dolomite type has different characteristics such as stratigraphic position, textural and cathodoluminescence patterns, isotopic compositions and well-log signatures. 

Diagenetic Environments and Impact on Reservoir Quality
The depositional and early diagenetic characteristics of the Khuff Formation, and the presence of early dolomites at parasequence level, support a depositional template resulting from the stacking of salinity increase parasequences. This is evidenced in the vertical rock record as follows: subaerial exposure followed by peloidal-oolitic limestones at the bottom, followed by early diagenetic dolomites and ending in evaporites (originally subaqueous selenitic gypsum and sabkha anhydrites). 

These parasequences show early diagenetic products that record the oscillations of free and interstitial waters, from marine to hypersaline conditions, with fresh water inflows. The distribution of the early diagenetic products mostly followed the depositional template. Late diagenesis (burial and fault/fracture-related) modified the depositional/early diagenetic template of porosity/permeability distribution, increasing the lateral and vertical heterogeneity as a result of (1) burial and/or fault/fracture-related dolomitization, (2) leaching, and (3) dissolution-reprecipitation of anhydrite.

The early dolomitized intervals are mostly non-reservoir in the region, whilst the ooid grainstones commonly exhibit good reservoir quality. Net increase and/or redistribution of porosity of Khuff reservoirs at burial stages are mostly related to dolomitization (including fault- and fracture-related dolomitization) and late leaching. Associated to these processes, late calcite and late anhydrite precipitation locally degraded reservoir properties of ooid grainstones and burial dolomites. Understanding the successive diagenetic stages and their impact on the rock properties has been proven of relevance for the prediction and distribution of rock types away from the well bore.

Learnings from Diagenetic and Geochemical Studies

This paper will present an overview of: (1) overall diagenetic changes in hypersaline carbonate settings, their impact on reservoir properties and the applicability to the Khuff reservoirs; (2) the diagenetic trends recorded in Khuff reservoirs in the region; (3) the use of isotopic composition and fluid inclusions to unravel the fluid evolution during diagenesis and its impact on reservoir properties;  (4) the role of residual hypersaline brines derived from evaporite precipitation in both, early and burial diagenetic patterns observed in Khuff reservoirs; and (5) the modification of reservoir properties due to the inflow of deep-seated brines, associated fault-related dolomitization and  dissolution/re-precipitation of anhydrite. 

The overall diagenetic evolution and the different scenarios of diagenetic changes occurring in open versus closed systems are of relevance for the property distribution and dimensions of dolostone reservoirs (Figure 1). The source of Mg2+ will impact the volumes of dolomitized rock, the export of solutes from the reservoir units will favour porosity (and most likely permeability enhancement), and the inflow of external fluids (e.g. deep seated hydrothermal fluids) may cause leaching fronts, overdolomitization close to faults and fractures, and dissolution-reprecipitation of anhydrite. All these products contribute to the increase of the reservoir heterogeneity with local improvement or deterioration of the rock properties.

Dolostones, both, early or burial in origin, follow a primary depositional-stratigraphic-structural template. Mapping of grainstone belts of third-order sequences and basement-rooted faults are key strategies to predict the distribution of the dolostone reservoirs.
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Figure 1:  Summary table compiling the recognized dolomitization processes and their impact on the reservoir properties.
