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Abstract 10 

Gharif Formation is one of the most important hydrocarbon reservoirs in the Sultanate of 11 

Oman. In the oil field located in the central-west interior, the oil production occurred from 12 

1980 to 2018 from three reservoirs of the Middle Gharif (Upper Haushi Sand (UHS), 13 

Dolomite Drain (DD), Sandstone Drain (SD)) and Lower Haushi Sand (LHS) of the Lower 14 

Gharif.  15 

This study presents a modelling workflow to evaluate the porosity, permeability, oil-water 16 

contact as well as changes in water saturation due to oil production for a field whose 17 

majority of the wells were drilled and logged after production had long started. The 18 

consequence of this is that fluid saturations may have greatly changed as the encroaching 19 

water from the aquifer and/or injected water from nearby earlier drilled wells may have 20 

shifted the contacts and the fluid distribution. Similarly, reservoir pressures might have 21 
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been disrupted by the production and injection of fluid as well as by the distortion of 22 

localized vertical permeability barriers.  23 

Lithological and petrophysical factors controlling the remaining fluid distribution were 24 

studied. The portion of quartz (sand) in all reservoir units decreases from the eastern and 25 

southeastern parts toward the western and northwestern parts of the field while the portions 26 

of dolomite, calcite and shale volume increase in the opposite direction. These trends 27 

follow the transition from a more proximal setting (alluvial plain) in the southeast to a 28 

basinal setting (marginal marine) in the northwest.  29 

Petrophysical properties vary significantly in various directions. UHS shows an increasing 30 

trend of effective porosity when moving from the northwestern part of the field toward the 31 

southeastern part from poor to good porosity.  Effective porosity of DD is lowest in the 32 

central part of the field. On the contrary, SD shows an increasing trend in effective porosity 33 

when moving from the southeastern part of the field toward the northwestern part from 34 

poor to good porosity. Effective porosity values of LHS increase in the northern part of the 35 

field and decrease to the southern part. 36 

Permeability gradually follows changes of porosity in Gharif units and increases from 37 

shallower depth (UHS) to deeper depth (LHS), from (poor and moderate permeability) to 38 

(good and very good permeability).   39 

Although the LHS is the most prolific of the reservoirs due to it having the best 40 

petrophysical properties (both porosity and permeability), it, however, experienced early 41 

water breakthrough with high watercut that is in part due to the high permeability streaks 42 

which resulted in water influx from the fringes of the aquifer. There were also integrity 43 
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issues related to well casing leakage leading to dump flooding from the Khuff Formation 44 

overlying the Gharif Formation. Additionally, from the petrophysical correlation point of 45 

view, the fining upward sequence in the LHS may have resulted in early water 46 

breakthrough due to capillary effect that results in water coning. Wells that produced from 47 

the reservoir include 1, 3, 4, 5, 7 and 8. 48 

 Petrophysical properties vary significantly in various directions. UHS has higher water 49 

saturation to the north and higher oil saturation to the south. DD is mostly oil-saturated, 50 

whereas SD is mostly water-saturated to the south-east because it is located predominantly 51 

below OWC.  On the contrary, LHS demonstrates sharp change of fluid saturation from 52 

the north with oil to the south with water.  53 

By the halt in oil production, oil was fully extracted in UHS from well 14, 4 and 6 with the 54 

best porosity and permeability while overall oil recovery from the reservoir was very low 55 

because of the poor rock properties. Oil recovery was high from DD but the oil remained 56 

in two domes due to the absence of producing wells. Oil was concentrated in the elevated 57 

part of the ridge in SD, Sw reached more than 90% before abandonment. In LHS, oil 58 

remained in the ridge and in two domes.  59 

Integration of all petrophysical analysis data led to the building of a consistent 3D 60 

geological model that considers both structure and property of the reservoir, which can be 61 

used as input into a reservoir simulation model and provides a basis for a very effective 62 

reservoir management strategy.  63 

 64 

Key words: Gharif formation, petrophisical model, oil production 65 
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1. Introduction 66 

The Gharif Formation is one of the most significant oil and gas producing clastic reservoirs 67 

in the subsurface of Oman interior sedimentary basin. Exploration has to date resulted in 68 

more than 50 important hydrocarbon discoveries, of which more than 30 have been 69 

developed into producing fields. By recent estimations, the Gharif Formation contains 70 

about 23 percent of the remaining oil reserves in the Sultanate of Oman (Focke et al., 1989; 71 

Abbasi et al., 2012). 72 

During the Late Carboniferous to Early Permian, Oman was situated around 50 degrees 73 

South Latitude and gradually moved north (Konert et al. 2001, Glennie 2010). The Haushi 74 

Group deposited during the Late Carboniferous-Middle Permian time consists of the 75 

glaciogenic Al Khlata Formation and the marginal marine to fluvial Gharif formation, 76 

which were deposited across Oman from the Eastern Flank area in the south to the Ghaba 77 

and Fahud salt basins to the north (Focke et al., 1989; Abbasi et al., 2012). The Rahab 78 

Shale represents the final melt phase of the glacio-lacustrine Al Khlata formation that was 79 

deposited as localized ponded deglaciation features over a relatively wide area of Southern 80 

Oman (Osterloff, 2004). The subsequent marine transgression initiated sedimentation of 81 

the Gharif Formation. The Gharif Formation deposited during Early Permian, where 82 

climate has shifted from glacial to humid due to the plate movement towards the equator, 83 

overlays Al Khlata Formation. This movement caused the development of fluvial to the 84 

marginal marine environment in the Arabian Plate (Fig.1).  85 

The Haushi Limestone in the upper interval of Lower Gharif member represents an 86 

aggregational highstand system tract of marginal marine sediments composed of 87 

wackestones and packstones. This highstand system tract extends from Lower Gharif 88 
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member up to Middle Gharif member, comprising of progradational calcareous 89 

siliciclastics. The end of this system is marked by an erosive surface. 90 

Gharif formation is divided into Lower, Middle and Upper Gharif. The Lower Gharif 91 

period is dominated by marine deposition that represents the first post-glacial Permian 92 

transgression (Slive et al., 1996; Angiolini et al., 2004; Alsop et al., 2016). However, in 93 

south Oman, a more marginal – marine to continental setting prevailed during the 94 

deposition of the Lower Gharif Member (Osterloff et al. 2004).  95 

During the Middle Gharif, the climate was semi-arid resulting in low sinuosity channels 96 

with common sheetflood deposition and minor lacustrine deposits (Alsop et al., 2016). The 97 

variety of marine deposits decreases from north to the south in the Oman basin (Forbes et 98 

al., 2010).  99 

The margin between the western distal part and the eastern proximal part stretches from 100 

the northeast to the southwest (Fig.1) (M. Alqattan and David A. Budd, 2017). The location 101 

of the reservoir relative to this margin determines the environment and facial distribution 102 

across the Gharif members. The Gharif Formation represents stratigraphic traps due to 103 

syndepositional salt movement in which greater continuity of sandstone deposits of greater 104 

reservoir quality occur downstream of the salt ridges.  105 

The depositional environment of the Gharif Formation varies both spatially as well as 106 

vertically across Oman making identification and exploration of appropriate fields highly 107 

challenging (Alsop et al., 2016). The various types of depositional environments within the 108 

Gharif Formation result in different reservoir architectures. 109 
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In the north and central Oman, the Middle Gharif Member is about 85 m thick. Widespread 110 

paleosols sediments occurred at three intervals subdividing the Middle Gharif into three 111 

Units (Alsop et al., 2016; Osterloff et al., 2004b). Middle Gharif Unit 1 corresponds to 112 

shoreface while Middle Gharif Unit 2 and 3 to the distal environment.  113 

Towards the Rub’ Al-Khali desert, Middle Gharif Unit 1 which does not exceed 10 m 114 

thickness corresponds to the Basal Sandstone. This unit is an indication of marine influence 115 

such as shoreface complexes to the west, barrier complexes in west-central areas, tidal flat 116 

and lagoonal systems in east-central areas, and mixed paralic environments to the east of 117 

Oman Basin (Alsop et al., 2016).  118 

Middle Gharif Unit 2, which does not exceed 40 m thickness, is comprised of alluvial 119 

clastics that was deposited in an episodically-dry environment. It represents a significant 120 

progradation and rapid coastal advance, with interdigitating marine/non-marine conditions. 121 

Middle Gharif Unit 3 that does not exceed 40 m thick consists of brick-red, mottled, purple-122 

green mudstones that were deposited during a dry period. (Abbasi et al. 2012 ). 123 

The petrophysical properties of rock vary in the processes of deposition, lithification, 124 

erosion, diagenesis, folding, and faulting among many others, which makes the reservoir 125 

rock nonuniform and heterogeneous (Boanevans, 2016). Therefore, a sufficient description 126 

of the vertical and lateral variations of these petrophysical properties is essential to 127 

characterize the reservoir. Modern geostatistical methods are incorporated to describe the 128 

spatial distribution of the reservoir properties for the prediction of reservoir performance 129 

within the stratigraphic layers and structural framework (Oladipo, 2011; Correia et al., 130 

2016). In addition, modelling is required to improve predictions of reservoir performance 131 
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and to guide the placement of well paths and production platforms to assess the 132 

hydrocarbon potential and economic value of subsurface formations (Beiranvand and 133 

Kamali, 2004; Anene et al., 2018; Sen et al., 2015).  134 

In view of this, geostatic models of the Middle and Lower Gharif reservoir properties in 135 

the targeted oil field are built to describe its characteristics using available core data and 136 

wireline logging data. Petrophysical evaluation has been identified as the continuing 137 

process of acquisition, integration, interpretation and calibration of all geological, 138 

petrophysical, fluid and performance data of a reservoir rock to form a unified, consistent 139 

description of reservoir properties throughout the field.  140 

Objective of the study 141 

The objective of this research is to present a geological modelling workflow in which the 142 

majority of the petrophysical data were obtained after significant production has started, 143 

leading to disruption in fluid contacts, distribution and reservoir pressure. 144 

 145 

1.1. Study Area (Field Location) 146 

The oil Field under investigation is located in the West-Central part of the Sultanate of 147 

Oman on the eastern flank of the Rub Al Khali Basin, near the international border with 148 

Saudi Arabia. The Field comprises an elongated anticline trending SW – NE of about 8 149 

Km long and two domes. The Field history begins from the oil discovery in well 1 in 1978. 150 

A total of 32 wells were drilled or recompleted in numerical order and the majority were 151 

drilled and logged after the production had started in 1980 and achieved peak production 152 

by mid-1992. 153 
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The Field is producing oil from the reservoirs of the Middle  Gharif and  Lower Gharif 154 

Formation of the Haushi group.  Since the Gharif formation in this oil field is deposited 155 

close to the marine basin, the depositional environments range from shallow marine to 156 

continental. The marine deposits are represented by the coast, lagoons, and offshore water 157 

shoals, while the continental deposits represent river channel belts, paleosols and lakes.  158 

Four reservoirs of the Middle Garif have been put into production (Fig.2): 159 

 The Upper Haushi Sandstone (Middle Gharif Member) is comprised of 3 main 160 

cemented sandstone layers separated by 2 shaly intercalations. The porosity ranges 161 

from 8 to 17% and permeability above 10 mD. It corresponds to an intertidal to 162 

subtidal environment with scattered tidal channels showing the best reservoir 163 

characteristics.     164 

 The Dolomite Drain is comprised of sandy and dolomitized ooidal carbonate, it has 165 

lower permeability (10+ mD) as a result of late dolomitisation and leaching. In the 166 

later years, the Dolomite Drain was the major producer in the field.  167 

 The Sandstone Drain is composed of a basal shaly to fine/ medium sand with high 168 

permeability (100+ mD). The Sandstone Drain reservoir is more developed in the 169 

western part than in the eastern part.  170 

 The Base Sand consists of fine to coarse-grained shallow marine sandstones, 171 

intensely cemented by silica overgrowth and some chlorite coats around the grains. 172 

Reservoir characteristics are generally poor with porosity of 4 to 8% and strong 173 

aquifer support. It can be divided into Upper Drain (UD) and Lower Drain (LD) 174 

separated by the intra-formational shale and argillaceous limestone. 175 



9 

 

The main producing reservoir in the Lower Gharif is Lower Haushi Sand (LHS) of about 176 

10 m thickness, which is overlaid by the Basal Sandstone. The limestone layer in the upper 177 

part that is typical for the Lower Gharif is absent in all wells.  178 

Initial production was from Lower Haushi Sand (LHS) where there was good aquifer 179 

support. Later production was from the Upper Haushi Sand (UHS), Sandstone Drain (SD), 180 

and Dolomite Drain (DD). The Upper and Lower Haushi have different accumulations and 181 

have never been produced co-mingled, while the production from Sandstone Drain and 182 

Dolomite Drain has been produced co-mingled. The consequence of this is that the original 183 

fluid saturation, fluid contact and reservoir pressure may have changed and affected by 184 

production and water injection.  185 

 186 

1.2. Data and methodology 187 

The well logging data were obtained for 32 wells. The logging data include gamma-ray 188 

(GR), caliper (CL), neutron (NEU), density (RHOB), resistivity (LLS, LLD), sonic (DTC, 189 

DTS) for almost  all the wells, while photoelectric factor (PEF) and MSFL were logged in 190 

22 wells and Spectral GR (SGR) in 15 wells. Core data were available for 10 wells 191 

including core porosity and permeability, which were integrated with the well logs for 192 

petrophysical interpretation of the reservoir.  193 

Techlog software version 2017 and Petrel software version 2019 were employed in this 194 

project. Techlog software was used to generate petrophysical data logs (PDLs) while Petrel 195 

software was used for well correlation, map thickness, reservoir delineation, petrophysical 196 

modelling and volume calculation.  197 
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Using well-logging curves, the correlations were generated to track the general trend and 198 

lateral distribution of the reservoir units in the  Field. Subdivisions of the Gharif Formation 199 

were marked based on previously established work. Basic correlation techniques such as 200 

the general trend in log signatures; change in gamma-ray values, use of resistivity density 201 

and neutron logs, were employed first to establish key correlation markers and then an 202 

interval of interest. Isopach maps (thickness ) have been generated for all interested zones. 203 

For lithology determination, several plots were generated such as neutron versus density, 204 

photoelectric factor versus density, M versus N, Pmaa versus Umaa and potassium versus 205 

thorium cross plots. The Pickett plot was used to determine formation water resistivity 206 

(RW). Fluid contacts were then determined from the water saturation (Sw) and the 207 

hydrocarbon saturation (SH) logs.  208 

Quantitative estimation of the petrophysical properties of the rocks was performed by 209 

integrating the well logs and core data. Reservoir porosities were calculated from both 210 

density and (Neutron-Density) combination methods, and density porosity was taken as the 211 

total porosity (PhiT). Effective porosity (PhiEF) was calculated by incorporating the shale 212 

volume calculated using gamma-ray (GR) logs. The sonic log was used to compute total 213 

porosity. Secondary porosity was estimated by the difference between total and effective 214 

porosity. The Simandoux equation was used to calculate the water saturation (Sw) and 215 

subsequently the hydrocarbon saturation (SH). The permeability was computed using the 216 

Wyllie-Rose equation, the Coates equation and relationships between core permeability 217 

and core porosity. After petrophysical evaluation, a 3D geostatic model was built starting 218 

with structural modelling which involves several processes such as pillar gridding, making 219 

horizons, zones and layering. The property modelling was distributed stochastically within 220 
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the constructed 3D grid using Sequential Gaussian Simulation algorithms. After that, the 221 

spatial distribution maps of the petrophysical properties of the four reservoirs units (Upper 222 

Haushi Sand (UHS), Dolomite Drain (DD), Sandstone Drain (SD) and Lower Haushi Sand 223 

(LHS)) were generated for the most important parameters (effective porosity, water 224 

saturation, hydrocarbon saturation and permeability). Finally, the volumetric calculation 225 

(STOIIP) was carried out for all the reservoirs. 226 

 227 

2. Petrophysical evaluation 228 

2.1 Well Correlation and Zonation 229 

Correlation within Gharif Units is considered to be highly challenging and difficult to pick 230 

due to differential incision within the formation, heterogeneities, rapid lateral facies 231 

changes, faults effects and incomplete units associated with erosion and salt movement 232 

(Osterloff et al., 2016).  233 

In the NE-SW direction, the structure is an anticline with a depth difference of about 50 m 234 

between the highest and lowest tops of the structure (Fig. 2). In the NW-SE direction, the 235 

structure represents the slope descending into the sea (Fig. 3).  Isopach maps have been 236 

generated for all four reservoirs to map the distribution and variations in reservoir thickness 237 

(Fig.4). The structures of all reservoirs, which show two elevations, one higher in the 238 

central part and one lower to the north-east, are similar. Some variations in the thicknesses, 239 

however, can be observed in the elevation in the central part.   240 

The Upper Haushi Sand (UHS) overlaid by a thick shale of the Khuff formation is marked 241 

by a general decrease in gamma-ray. It is characterized by an interbedded sequence of shale 242 
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and sandstone subdividing the Upper Haushi Sand into three units (Fig. 2, 3).  The isopach 243 

map of Upper Haushi Sand shows that the structure in the central part is divided into two 244 

domes with the thickness varying from 19 to 34m (Fig. 4a).  245 

The Dolomite Drain (DD) does not respond like a reservoir on the logs since it is marked 246 

by the general increase in gamma-ray similar to the shale intercalations of the UHS. The 247 

isopach map of the Dolomite Drain shows a general increasing thickness trend in the 248 

eastern and southern areas of the field. In central elevation, the thickness is greatest to the 249 

east reaching 11 m (Fig. 4b). 250 

The Sandstone Drain (SD) in the field is recognized by its general decrease in gamma-ray. 251 

In most of the wells, it is characterized by an interbedded sequence of shale and sandstone 252 

subdividing it into three units. Due to its position in marine slope, SD in well 1 is 253 

homogeneous with a thickness of 12 m. It overlays also a thick and homogeneous Base 254 

Sand.  The structure of SD is similar to DD (Fig. 4c). Below the Base Sand, a thick shale 255 

forms a barrier between the Lower and Middle Gharif.   256 

The Basal Sand - Lower Haushi Sand (LHS) in the field is divided into Upper Drain (UD) 257 

and Lower Drain (LD) separated by shale. The Upper Drain is more heterogeneous while 258 

the Lower Drain overlaying Al-Khlata formation is homogeneous and has better reservoir 259 

rock quality. The isopach map of LHS shows elevations similar to other upper reservoirs. 260 

In addition, the elevations are in the narrow ridge to the west (Fig. 4c).  261 

 262 

2.2. Lithology Identification 263 

  264 
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Several multiple cross-plot techniques were used to get insight into the lithology, 265 

porosity, and the possible mineral types present in the studied sections of the Middle and 266 

Lower Gharif Formation of the field.  267 

Neutron, density, sonic, photoelectric and spectral gamma-ray measurements of 32 wells 268 

were cross-plotted in different combinations to define the lithology of UHS, DD, SD and 269 

LHS reservoirs. As examples, UHS and SD are shown in the plots of Pmaa versus Umaa 270 

in Fig.5, and LHS and DD in the plots of Density versus Neutron in Fig.6. The 271 

thorium/potassium plot (Th/K) was used to the determine the clay mineralogy. The origin 272 

and morphology of clays, which inhibit quartz overgrowths, play a crucial role in porosity 273 

preservation (Shelukhina et al. 2021).  274 

 275 

2.2.1 Mineralogical composition of Upper Haushi Sandstone  276 

Upper Haushi Sandstone is interpreted to be composed of dolomitic sandstone interbedded 277 

with calcareous shale. The cross plots show that it consists of quartz, feldspar, calcite and 278 

dolomite (Fig.5a). The clay types were determined to be chlorite, kaolinite and 279 

montmorillonite (smectite). The cross plots also inferred the presence of anhydrate and salt. 280 

From the eastern and south-eastern part toward the western and north-western parts of  281 

field, the quartz (sand) fraction decreases from (80 – 100 %) to (30 – 70 %), respectively, 282 

while the dolomite fraction increases from (0 - 15 %) to (0 – 50 %) and calcite fraction 283 

increases from (0 - 20 %) to (20 – 40 %).  284 

 285 

2.2.2 Mineralogical composition of Dolomite Drain (DD) 286 
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Sandy dolomite and dolomitic limestone were interpreted as the dominant lithology in the 287 

Dolomite Drain reservoir as the cross plots show the presence of calcite, dolomite and 288 

quartz (Fig.6b). Some data point to a trend toward the secondary porosity region indicating 289 

a leaching process in this layer.  From the eastern and south-eastern part toward the western 290 

and north-western part of the field, the portion of quartz (sand) decreases from (20 – 40 %) 291 

to (0 – 30 %). On the contrary, the fractions of dolomite and calcite increase from (30- 60 292 

%) to (20 – 100 %) and from (20- 40 %) to (30- 70 %), respectively, from eastern and 293 

north-eastern part and toward the western and north-western part of the field. 294 

 295 

2.2.3 Mineralogical composition of Sandstone Drain (SD)  296 

Sandstone Drain is interpreted to be comprised of sandstone to dolomitic sandstone 297 

interbedded with calcareous shale (Fig.5b). The clay contains a high percentage of illite 298 

and chlorite. The presence of high content of salt is only in the western and north-western 299 

parts of the field.  The fraction of quartz (sand) decreases from the eastern and south-eastern 300 

parts toward the western and north-western parts of the field from (40 – 80 %) to (20– 60 301 

%), respectively. On the contrary, the dolomite fraction increases from the eastern and 302 

south-eastern parts toward the western and north-western parts of the field from (0 - 40 %) 303 

to (0 – 60 %). 304 

 305 

2.2.4 Mineralogical composition of Lower Haushi Sand (LHS): 306 

 Lower Haushi Sand is interpreted to be homogeneous sandstone lithology in the eastern 307 

and south-eastern part of the field, while it is of dolomitic sandstone lithology in the 308 
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western and north-western direction of the field (Fig. 6a). The clay types are determined to 309 

be illite with a high amount of glauconite. The cross plots also indicate the presence of salt 310 

in all directions of the field. The content of quartz, dolomite and calcite changes from 311 

eastern and south-eastern part toward the western and north-western part of  field: from 312 

(60– 80 %) to (80 – 100 %) for quartz, from (20– 40 %) (0 – 20 %) for dolomite, and from 313 

(0 – 20 %) to (40– 60 %) for calcite. 314 

The available core description of the Haushi (Gharif) reservoirs in the field indicates that 315 

the matrix lithology ranges from dolomites to sandstones with intermediate mixtures of 316 

dolomitic sandstones to sandy dolomites. The decrease in quartz content and increase in 317 

dolomite and calcite content from the eastern and south-eastern parts toward the western 318 

and north-western parts of the field in all four reservoirs is consistent with the depositional 319 

environment of Gharif formation. The changes in mineralogy accompany the changes in 320 

environment and facies toward the sea location from alluvial setting to marginal marine 321 

/coastal plain. The changes of shale mineralogy type which includes chlorite, kaolinite and 322 

montmorillonite in UHS to illite in SD and LHS is consistent with the changes of the depth. 323 

 324 

2.3 Shale volume 325 

Four wells (20, 4, 5 and 1) from more distal area to the east (well 20) to more proximal 326 

area in the west (well 1) were selected to describe the distribution of shale volume vertically 327 

and laterally in all interested reservoirs. The average shale volume of the three reservoirs 328 

(Upper Haushi Sand (UHS), Sandstone Drain (SD) and Lower Haushi Sand (LHS)) 329 

decreases from the east towards the west side of the field.   330 
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In the Upper Haushi Sand reservoir rock, the shale volume decreases from east to west in 331 

wells 20, 4, 5, and 1 in the following order: 11, 6, 6, and 2%, respectively. In the Sandstone 332 

Drain, the shale volume decreases in four wells to 44, 35, 27 and 15%. In the Lower Haushi 333 

sand, the shale volume decreases to 21, 16, 15 and 5%. 334 

Vertically, the volume of shale increased from the shallowest reservoir (Upper Haushi 335 

Sand) toward the deeper reservoirs and reached the maximum value in the Sandstone Drain 336 

reservoir. The Lower Haushi Sand reservoir shows lower shale volume in all studied wells, 337 

indicating its higher reservoir rock quality.  338 

 339 

2.4 Total and effective porosity  340 

Total and effective porosity were calculated using both Density and Neutron-Density 341 

methods. The total porosity of studied reservoirs was estimated using a computed matrix 342 

density (RHO-MATRIX) derived from the Neutron and Density logs. The estimation was 343 

valid in intervals with little or no clay. Taking into account the heterogeneous nature of the 344 

reservoirs in the  field, a different matrix density (RHO-MATRIX) was determined for 345 

each reservoir: 2.68 for UHS, 2.8 for DD, 2.74 for SD and 2.68 for LHS. The effective 346 

porosity was then derived by introducing shale volume into the equation. After that, the 347 

calculated total porosities (PHIT) of Gharif reservoirs from both Density and (Neutron-348 

Density) combination methods were checked against core porosities trends and showed the 349 

best correlation with one obtained from the density log (Fig.7).  350 

 351 

2.5 Primary and secondary porosity 352 
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Primary porosity is defined as the amount of pore present in the sediment formed during 353 

deposition. Secondary porosity represents the pore space that formed after deposition due 354 

to digenetic processes (Altameemi and Alzaidy, 2018; Faydah and Nasser, 2018 and 355 

Whittaker, 1985). The sonic log was used to calculate primary porosity while secondary 356 

porosity was determined by the difference between total porosity from the density log and 357 

primary porosity from the sonic log. This procedure was applied on the 22 wells where the 358 

sonic log is available. For the Dolomite Drain reservoir, the percentage of secondary 359 

porosity is highest compared to the other reservoirs of the field, which indicates the effects 360 

of diagenesis processes such as dolomitization and dissolution. Moreover, it was clearly 361 

noted that the percentage of secondary porosity increased from a more proximal region 362 

with lower dolomite content in the southeast towards a more distal region with higher 363 

dolomite content in the northwest.  364 

 365 

2.6 Permeability Estimation 366 

The determination of permeability in heterogeneous formation is considered as one of the 367 

complex challenges for reservoir evaluation (Abed, 2014) because the data available are 368 

limited for permeability determination when compared to other properties like porosity and 369 

water saturation. Permeability calculated by the Wyllie-Rose equation using total porosity 370 

did not show a good match with the core permeability. Permeability calculated by the 371 

Coates equation using effective porosity showed a good correlation for the data of well 15. 372 

However, in other wells, the permeability calculated by the Coates equation closely 373 

followed the permeability curves but generated lower values in the intervals with lower 374 

permeability and higher values in the intervals with higher permeability. In this regard, the 375 
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relationships between core permeability and core porosity have been assessed through 376 

cross–plotting the data on a log-linear scale cross plot. When the entire data set was plotted 377 

for all zones together, there was no singular trend evident. However, when the data were 378 

plotted by stratigraphic interval then more coherent associations between permeability and 379 

porosity were obtained. The estimated permeability from core porosity and core 380 

permeability relationships was applied in permeability modelling during the static 381 

modelling process (Table 1).  382 

 383 

Table 1. Dependencies between permeability (K) and porosity (ϕ) for four reservoirs (UHS, 384 

DD, SD and LHS).  385 

Reservoir name Equation 

Upper Haushi Sandstone 𝐾𝑈𝐻𝑆 = 109.041𝜙−1.27 

Dolomite Drain 𝐾𝐷𝐷 = 1011.3077𝜙−1.678 

Sandstone Drain 𝐾𝑆𝐷 = 1019.6𝜙−1.8585 

Lower Haushi Sandstone 𝐾𝐿𝐻𝑆 = 1013.7646𝜙−0.43 

 386 

2.7 Water and hydrocarbon saturation determination 387 

A Pickett plot of Lower Haushi Sandstone from aquifer sections in wells 1, 20 and 7 have 388 

been used to determine a formation water resistivity and estimate the Archie pore geometry 389 

parameters (a, m and n): formation water resistivity (aRw) is 0.035, saturation exponent 390 

(n) is 2, and cementation exponent (m) is 1.66. Using Archie’s equation in shaly sand as 391 
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Gharif Formation results in overestimating the water saturation value due to extra 392 

conductivity contribution from clays and shale and that may lead to potentially 393 

hydrocarbon-bearing zones being missed. In this study, water saturation has been 394 

calculated using the Simandoux equation.  It is applied when a significant fraction of clay 395 

minerals are present and where finely laminated sand and shale occur (Miah and Tamim, 396 

2015), which is relevant to some intervals of Gharif Formation in this field.  397 

 398 

2.8 Fluid Contact 399 

The Oil-Water-Contact (OWC) in the field is highly uncertain due to many reasons. One 400 

of the main reasons is that the majority of the wells were drilled and logged much after 401 

production had started in 1980. The consequence of this are that fluid saturations may have 402 

greatly changed as the contacts are displaced due to aquifer or injected water sweeping the 403 

zones. Similarly, reservoir pressures might have been affected by the production and 404 

injection of fluid as well as by the distortion of localized vertical permeability barriers.  405 

The RFT data confirms this pressure distortion as there are no two wells with the same 406 

reservoir pressure and there were no coherent fluid gradients from any well, from which 407 

free-water levels can be determined. Estimates of Oil-Down-To (ODT) and Water-Up-To 408 

depths (WUT) in the Upper Haushi reservoirs were picked from the logs and computed 409 

reservoir properties (lithology and porosity). This subjective process focused on intervals 410 

where matrix permeabilities were expected to exceed 1 mD and the resistivities were 411 

consistent with indications of moveable fluids. 412 

 413 
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Table 2. Fluid contacts in different wells.  414 

 415 

 416 

Three wells (2,18 and SW1) appear to have indications of water in the Upper Haushi 417 

reservoirs (UHS, DD,  and SD). However, well 18 has been largely swept by water by the 418 

time it was logged and therefore no original aquifer section can be deduced. Well-2 was 419 

drilled before production started while well SW1 was logged 9 years after the first 420 

production, however, both wells are compromised by lack of density and neutron density 421 

logging data from which porosity and in consequence saturations can be deduced. 422 

Contact 

Depth 

Well Name Reason 

3186.2 m Well 19 Definitive ODT in SD. The interval beneath has an 

increasing Sw due to reducing porosity, increasing clay, 

post-production water encroachment, or proximity to the 

original OWC 

3194.4 m Well 18 Lowest indicated oil from logs in DD. High saturation in 

intervals above and below could be attributed to water 

encroachment, suggesting DD may be at least partially 

isolated 

3203.2 m Well 18 and 2 Top of lowest resistivity intervals in SD. A subtle step 

change in resistivity interpreted to reflect the original 

OWC. Note that in well 1 this depth equates to the top of 

a low resistivity unit separated from the main low 

resistivity interval used to define the deeper possible 

contact. 

3207.8 m Well 1 Depth below which resistivities are consistently low 
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However, all three wells are structurally low relative to other wells and in comparison to 423 

positions relative to any contact.  424 

In well 18, the resistivities measured in SD are well below 1 ohm and consistent with those 425 

found in a 100% water-bearing interval. Sweeping of zones by formation or injected water 426 

would be expected to leave some residual levels of hydrocarbon which would increase 427 

measured resistivities. Comparable low resistivities, below 1 ohm were also evident in well 428 

2 and well SW-1 but do not quite attain the low values measured in well 18. These low 429 

resistivities form the basis for establishing likely contacts in upper Haushi whilst also a 430 

lowest definitive ODT provides some shallower limits as summarized in Table 2. 431 

 432 

3.  3D Geological (Static) Modeling 433 

The model was constructed using Petrel software and utilizing available seismic and 434 

wireline logging data. Static modelling generally involves bringing together the 435 

stratigraphic, structural and property models into one single model. The resultant basic 436 

structural framework of the Gharif model covers an area of 136.53 km2 and the total 437 

thickness of the reservoirs is more than 90 m in the almost entire area. It is composed of 3 438 

horizons (from seismic) starting from the base of LHS (Lower Gharif Member) up to the 439 

top of UHS (Middle Gharif Member) and it contains 6 stratigraphic zones. A cell size of 440 

100m x 100m was selected in building the 3D Grid with 122 vertical layers, enough to 441 

capture all the details of the reservoir. The total number of 3D grid cells was (111 * 123 * 442 

122= 1680672). The structural framework is relatively simple as it is completed without a 443 

fault model. The presence of faults is well reflected in the geometry of horizons. The faults 444 

were not modelled due to 2D Seismic data having good coverage but poor quality over 445 
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much of the area of study. The apparent discontinuities in seismic were blurred by 446 

processing artefact making it difficult to attribute these features to faults even though they 447 

appear to be faults.  448 

 449 

3.1 Property Modeling:   450 

This is the process whereby the cells of the grid are filled with continuous petrophysical 451 

properties including effective porosity, permeability, water saturation and oil saturation. 452 

The property modelling was distributed stochastically within the constructed 3D grid using 453 

Sequential Gaussian Simulation algorithms. The dataset was imported from Techlog 454 

software into Petrel software with all the property logs (after validation with core data). 455 

These logs were then calibrated and scaled up by sampling the various property values 456 

from the well logs into the three-dimensional grid, in such a way that each grid cell will be 457 

assigned a single value for each property to be modelled. The results of structural and 458 

property modelling were finally presented as maps of average parameters of effective 459 

porosity, permeability, water saturation and oil saturation. For the petroleum industry, the 460 

effective porosity is the most significant petrophysical parameter in the evaluation of 461 

hydrocarbon potentiality, while the determination of hydrocarbon saturation is the main 462 

target. 463 

 464 

3.2 Property model of Upper Haushi Sand (UHS) 465 

The property model of Upper Haushi Sand is shown for porosity, permeability, water 466 

saturation at the beginning of oil production per 1980 and water saturation per 2018 before 467 
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the field abandonment in Fig. 8. All the wells (1 to 6) at some point were producing or 468 

injecting into UHS with the exception of well 3. 469 

The effective porosity of (UHS) reservoir rock shows variation from 6% to 16 % while the 470 

average permeability ranges between 1 mD to 15 mD across the entire reservoir. The 471 

pattern of the permeability distribution follows the pattern of porosity distribution. The 472 

areas of higher and lower porosity and permeability are distributed unevenly across the 473 

UHS reservoir. Higher porosity and permeability are concentrated along the black dotted 474 

line corresponding to the elevated section of the structure (ridge) and two spots shown in 475 

black ovals. 476 

A belt of poor porosity and permeability is shown with the white dash curve. The upper 477 

half of this curve bends around the lowered section of the structure, while the lower curve 478 

lies along the raised section. Thus, these areas of porosity and permeability distribution do 479 

not follow the geological structure.   480 

Oil deposits per 1980 were located at the high position of the reservoir predominantly along 481 

the ridge (black dotted line) ending with a spot with the highest oil saturation (red) and 482 

along the horseshoe-shaped ridge (black curve) (Fig. 8c).  The section above the white dash 483 

curved line corresponds to the structurally low portion of the reservoir with high water 484 

saturation e.g. wells 4 and 6. This also explains the high water production from wells in 485 

the northern part of the reservoir compared to the wells in the southern part.  486 

The oil saturation change unsubstantially around wells 1 and 3 because they fall in the 487 

region with poor petrophysical properties. Oil was recovered from well 14 located at the 488 

red spot, which was completely depleted. The upper oval shows a spot with better RQ but 489 
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the well is absent in there. The overall oil recovery from UHS was very low because of the 490 

poor rock properties. 491 

 492 

3.3 Property model of Dolomite Drain (DD):  493 

Dolomite Drain (DD) shows similar values of effective porosity and permeability as Upper 494 

Haushi Sand (UHS).  The effective porosity distribution map of the Dolomite Drain (DD) 495 

reservoir rock shows the value of the effective porosity percentage graded from a minimum 496 

value of 7% in the central side of the field to a maximum value of 17% in the northern and 497 

southern sides of the field (Fig. 7a, b). This indicates that the porosity in this reservoir falls 498 

within poor to moderate porosity. Besides, the permeability values in the reservoir fall 499 

mostly within poor to moderate permeability of 5 to 65 mD (Fig. 7b).       500 

The water saturation map illustrates that the oil saturation varies from 75.5% in the central 501 

part of the field to above 90% in the southern part (Fig. 9c). The water saturation in the 502 

area is generally low with the water saturation cut off value of 70%.     503 

Oil saturation decreased significantly in the period before the abandonment compared to 504 

the beginning of production (Fig.9d). The south-eastern part of the field was completely 505 

depleted due to the large number of the producing wells.  506 

Oil recovery from DD was high. However, there is a substantial amount of oil remaining 507 

in two domes at the time of abandonment indicated by circles and could be considered for 508 

further infill drilling. 509 

 510 

3.4 Property model of the Sandstone Drain (SD): 511 
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The effective porosity distribution map of the SD reservoir unit shows variation of the 512 

effective porosity values from 4% to 16 %, which increases in the northwestern (NW) part 513 

of the field and decreases to the southeastern (SE) part (Fig.10a). This reveals that the 514 

effective porosity of the field generally falls within poor porosity in the southeastern part 515 

and fall within fair to good porosity in northwestern directions.  516 

In addition, this reservoir shows a sharp increase in permeability compared to shallower 517 

reservoirs units UHS and DD. The permeability values in the reservoir fall mostly within 518 

poor to good permeability (0.1 mD to 300 mD).  519 

There is a sharp change in the porosity and permeability along the line stretching from the 520 

northeast to the southwest (dashed line). The north-western part is represented by good 521 

reservoir quality rocks and the south-eastern part by poor RQ. Correspondingly, the ridge 522 

in the western part (black dotted line) shows  higher oil saturation due to the elevation and 523 

position above OWC. The SD wells were characterized by high initial production rates 524 

with steep declines and influxing water. The Sandstone drain appears to have been swept 525 

effectively with primary depletion from all wells. 526 

However, the Sandstone Drain is the smallest resource of the four reservoirs since it is 527 

mostly located below the oil-water contact (OWC). The water saturation varied from 47% 528 

to 96% at the beginning of production along the ridge (Fig.10c).  529 

 530 

3.5 Property model of Lower Haushi Sand  531 

 Among all of the Gharif reservoirs, the (LHS) reservoir shows the best reservoir quality 532 

compared to other reservoirs, where both effective porosity and permeability in this 533 

reservoir unit fall mostly within good to very good. The effective porosity varies from 18% 534 
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to 22% (Fig.11a) while the permeability ranges between 10 mD to 800 mD across the entire 535 

reservoir (Fig.11b). Porosity and permeability are higher in the northern part of the field 536 

and considerably lower in the southern part (Fig.11a). The areas of the highest porosity and 537 

permeability in the northern part are shown with the black solid circles.  538 

The oil saturation was very high in 1980 along the ridge and the central part. The Lower 539 

Haushi Sandstone has the largest resource base and was initially the most productive of the 540 

reservoirs with only 8 wells (wells 1, 3,4,5,7,8,19 and 20) completed in the reservoir. 541 

Although the LHS is the most prolific of the reservoirs due to it having the best 542 

petrophysical properties (both porosity and permeability), it however, experienced early 543 

water breakthrough with high watercut that is in part due to the high permeability streaks 544 

which resulted in water influx from the fringes of the aquifer. There were also integrity 545 

issues related to well casing leakage leading to dump flooding from the Khuff Formation. 546 

Additionally, from the petrophysical correlation point of view, the fining upward sequence 547 

in the LHS may have resulted in early water breakthrough due to capillary effect that results 548 

in water coning.  549 

In the northern part of the filed from the areas of high RQ indicated by black ovals, the oil 550 

is drained completely (wells 4 and 20). In the southern part, the oil recovery is low due to 551 

poo RQ (wells 1, 3, 5, 7). Around well 8, the oil saturation reduced in the upper part but 552 

remained high in the lower part due to poor RQ (white oval). The oil was not yet fulli 553 

recovered in the vicinity of well 19.   554 

 555 
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Conclusions   556 

1. Lithological and mineralogical analysis indicate that the Upper Haushi Sand (UHS) and 557 

Sandstone Drain (SD) are composed of dolomitic sandstone interbedded with calcareous 558 

shale, Dolomite Drain (DD) consists of sandy dolomite and dolomitic limestone, whereas 559 

Lower Haushi Sand (UHS) is composed of homogeneous sandstone in the eastern and 560 

north-eastern part of  field. The fractions of quartz (sand) in all reservoir units increases 561 

while the fractions of dolomite, calcite and shale volume decrease from the western and 562 

south-western parts toward the eastern and north-eastern part of  field, the western and 563 

south-western parts as deposition environment of Gharif Formation changes from more 564 

proximal setting (coastal/alluvial plain) to more basinal setting (marine).  565 

2. Best match between core and log data for porosity is obtained using density log.  566 

Permeability is estimated by establishing an empirical relationship between core 567 

laboratory-measured porosity and permeability. Water saturation is calculated using the 568 

Simandoux equation with the water resistivity (Rw) of 0.035 Ohm, tortuosity factor (a) of 569 

1; saturation exponent (n) of 2; and cementation exponent (m) of 1.66.  570 

3. The highest oil recovery was obtained from the Dolomite drain, Sandstone Drain and 571 

northern part of Lower Haushi Sandstone due to higher reservoir quality. In the Upper 572 

Haushi Sandstone, the oil was fully depleted around well 19, which was located in the spot 573 

with the highest RQ, but the oil saturation did not change substantially because of 574 

predominantly poor RQ across the formation. In LHS, oil was recovered in the northern 575 

part from the areas having the highest reservoir quality. However, oil remained in the 576 

sourthern part in the area with moderate RQ and around well 19.  577 
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4. The reservoir compartmentalization in the field is essentially stratigraphic in nature, 578 

being controlled by the lithological factors deposition of a laterally extensive shale package 579 

during a major regional change in paleoenvironmental conditions. Consequently, 580 

stratigraphic barriers in the form of transmissibility baffles were required to 581 

compartmentalize the reservoir for the purpose of history matching the model with 582 

production history data. 583 
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 623 

 624 

 625 

Fig.1. Paleogeographic map of the Arabian plate during the Permian with the location of 626 

Sahma field, as adapted from (Alqattan MA and Budd D, 2017).   627 
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 633 
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 634 

 635 

Fig.2. Structural Well Log Correlation (NE-SW) for Middle and Lower Gharif formations 636 

in the investigate oil field. 637 
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 663 

Fig.3. Structural Well Log Correlation (SE-NW) for Middle and Lower Gharif formations 664 

in the investigate oil field. 665 
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 691 

 692 

Fig.4. Structural (isopach) maps of the Gharif members in the investigated oil filed: a) 693 

Upper Haushi Sand; b) Dolomite Drain; c) Sandstone Drain; c) Lower Haushi Sandstone.  694 
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 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

Fig. 5.  Pmaa versus Umaa (color of dots indicate specific well): a) Upper Haushi 708 

Sandstone (UHS) mineralogy shows  high percentage of quartz and lower content of 709 

dolomite and calcite; b) Sandstone Drain (SD) reservoir shows the mineralogy composed 710 

of mix of quartz, feldspar, and higher content of calcite and dolomite. Colors indicate 711 

different wells. 712 

 713 
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 720 

 721 

a) UHS b) SD 
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 722 

Fig. 6. Cross plots of density versus Neutron (colour of dots indicate specific well): a) LHS 723 

indicates a predominance of sandstone mixed with shale, most points fall in the quartz 724 

region, less in the calcite and few in dolomite. The points spotted on the limestone region 725 

possibly indicate the presence of calcareous shale; b) Dolomite Drain (DD): the data are 726 

clustered from dolomite to limestone area. The composition indicates a predominance of 727 

sandy dolomite mixed with limestone as the main lithology. Colors indicate different wells. 728 
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a) LHS b) DD 
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 740 

 741 

Fig. 7. Comparison between calculated porosity from both density and Neutron-Density 742 

methods and core porosity, showing a good fit with one obtained from Density method for 743 

UH in well 3 and LH in well 15. 744 
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 757 
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 759 

 760 

 761 

 762 

 763 

Fig. 8. Property model of Upper Haushi Sand (UHS): a) porosity, b) permeability, c) 764 

water saturation per 1980, d)  water saturation per 2018.  765 
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 789 

Fig. 9. Property model of Dolomite Drain (DD): a) porosity, b) permeability, c) water 790 

saturation per 1980, d)  water saturation per 2018.  791 
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 815 

Fig. 10. Property model of Sandstone Drain (SD): a) porosity, b) permeability, c) water 816 

saturation per 1980, d)  water saturation per 2018.  817 
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 828 

 829 

 830 

Fig. 11. Property model of Lower Haushi Sandstone (LHS): a) porosity, b) permeability, 831 

c) water saturation per 1980, d)  water saturation per 2018. Black ovals show the area 832 

from which the oil was recovered. White circles show the areas in which the oil yet 833 

remained. 834 
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