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ABSTRACT  

Constructing geocellular models of carbonate rocks using standard software is challenging 

since most of modelling packages are designed, first and foremost, to represent siliciclastic 

depositional systems, where rock properties are strongly facies-controlled. The distribution 

and components of carbonate depositional facies vary drastically across the geological 

timescale as a result of paleoclimate and its effects on carbonate-producing biota. 

Furthermore, reservoir architecture is less strongly controlled by depositional environment 

than in clastic settings, and rock physical properties, including fracture networks, are 

controlled by both primary components and their subsequent diagenetic alteration.  This 

means that rock property distribution is less predictable than in siliciclastic systems, and less 

well represented by geocellular models that are designed to represent sedimentary 

architecture. In other words, in carbonate systems, the depositional and diagenetic history 

needs to be reconstructed in order to successfully model reservoir properties.  

In this study a geocellular model was created by using a well-characterised outcrop 

analogue obtained from the Hammam Faraun Fault (HFF) Block, located on the eastern coast 

of the Gulf of Suez in Sinai, Egypt. This model integrates sedimentological, petrophysical, 

diagenetic, and structural information into a single database. The workflow utilizes the 

regional tectonic history, upscaled lithological logs, and two-stage facies modelling 

(reflecting in and ex situ depositional facies) and resulted in the creation a realistic model of 

remobilized carbonates that were deposited on the slope of a carbonate platform during a 
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period of tectonic instability. Diagenetic overprinting was achieved using probability 

functions to reflect the history of burial, rifting, and the spatial relationship of stratabound 

and non-stratabound dolostone bodies. The study demonstrates a workflow for modelling 

mass-transport carbonate facies and multistage fault-related diagenesis so that flow 

controlling facies and diagenetically altered poroperm and fracture networks are accurately 

represented using commercially available modelling software, and in particular demonstrates 

how diagenetically controlled geobodies can be captured using simple algorithms. 

1. Introduction 

Although 3D geocellular-models have now been used for decades to reconstruct 

subsurface geological systems for the quantification of in place hydrocarbon reservoirs and 

well-planning, workflows have largely been driven by the need to represent the morphology 

and connectivity of flow-controlling bodies in siliciclastic systems. This in part reflects a 

better knowledge of the shape, size and morphology of sedimentary bodies in siliciclastic 

systems, from modern and ancient analogues (Jung and Aigner, 2012; Burchette, 2012). It is 

also commensurate with sedimentary facies offering a stronger influence on fluid flow in 

siliciclastic reservoirs. In carbonate reservoirs, there is significantly less data available to 

describe sedimentary body geometry. Carbonate reservoirs are heterogeneous and complex, 

owing to the changes in depositional systems through determined by what components of the 

carbonate factory are present or absent (Pomar and Hallock, 2008) and diagenetic 

overprinting, which influence the physical rock properties of carbonate faciesand fracture 

abundance (Sharp et al., 2006; Pöppelreiter et al., 2008; Pyrcz and Deutsch, 2014). In deep-

water carbonate systems, further complexity is introduced by the sparse database of mass 

carbonate transport facies may be due to lack of study, and almost certainly to the difficulty 

associated with prediction, imaging, and modelling complex carbonate facies in outcrop and 

in seismic – i.e. facies boundaries are often more transitional – and the strong stratigraphic 

control on body geometry 

A second complexity in carbonate systems is that porosity and permeability are usually not 

just controlled by sedimentary facies, but also by diagenetic and structural modification. In 

particular, dolomitization, dissolution, cementation, physical and chemical compaction 

(Humprey et al., 2020), and fracturing can strongly influence how fluids flow. Consequently, 

construction of reservoir models requires that petrophysical properties are distributed in such 

a way that post-depositional modification of the pore structure is accounted for alongside 

primary, sedimentary features. This is a grand challenge of carbonate reservoir modelling and 
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has been approached in many different ways, including 1) modification of model properties 

to account for observed patterns of fluid flow (e.g. by use of permeability multipliers, or 

modification of Kv/Kh) (Gomes et al., 2018), 2) petrophysical rock typing (Hollis et al., 2010; 

Skalinski and Kenter, 2014; Ghadami et al., 2015; Fu et al., 2018) or 3) building diagenetic 

overlays and/or fracture overlays to merge with the sedimentological model of rock 

properties (Pöppelreiter et al., 2008; Sharp et al., 2010). Option 1 is efficient and might 

permit history mapping, but has no geological constraint and therefore could lead to 

inaccurate forecasting. Option 2 utilises petrophysical and geological data, ideally alongside 

production data, but can be time consuming and it may be difficult to extrapolate the rock 

types predictively between wells. Option 3 is geologically robust, and improves our 

understanding of the impacts associated with depositional, diagenetic, and structural aspects 

of a carbonate reservoir but can increase both model construction and run times, and may be 

difficult to construct with minimal input data.  

Finally, scale is a real problem in carbonate systems. Carbonate pore networks are difficult 

to characterize due to the variability of carbonate grain types and size (controlled by the 

composition of the carbonate factory), the heterogeneity of the depositional environment, and 

multiple phases of diagenesis, which can create multi-modal pore systems. Conventional 

measurement of porosity and permeability is usually conducted on core plugs that are ~2.5 

cm diameter, but it is not unusual for pores to be 1 cm or more in diameter (e.g. fossil and 

clast molds), meaning that core plugs cannot reasonably measure total porosity and 

permeability (Sharp et al., 2010). Furthermore, fractures are present in nearly all carbonate 

systems, and often control flow but it is notoriously difficult to measure fracture 

permeability, particularly in the absence of well data and at different scales (Koehrer et al., 

2010).  

In totality, carbonate depositional facies, diagenesis, and fracture networks are all heavily 

influenced by sedimentological processes and the tectonic evolution of the basin in which 

they were deposited (Pöppelreiter et al., 2008). Although this statement is widely accepted to 

be true, it is not common to find modelling workflows that directly acknowledge the 

importance of basin evolution on sedimentary and reservoir architecture; ie. there is often a 

disconnect between geological knowledge and model construction. A key objective of this 

study was to build a 3D geocellular model that represented the shape, size and distribution of 

flow controlling geobodies on the Hammam Faraun Fault (HFF) Block by incorporating 

knowledge of each step of the region’s geological history, from pre-rift sedimentation to syn-
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rift dolomitization and fracturing. The aim of the model was to integrate spatial 

sedimentological, structural, diagenetic and petrophysical data into a single database and 

extrapolate 2D and pseudo-3D facies data fully into a 3D visualisation. As part of this 

process, it was necessary to determine a method by which both depositional geobodies and 

diagenetic overprinting could be represented in 3D space. Reservoir modelling packages have 

largely been formulated to model siliciclastic reservoirs, and therefore many of the default 

algorithms are not directly applicable to carbonate systems. Although advances are now 

being made in carbonate reservoir modelling, these often rely on bespoke geostatistical 

modelling (e.g., Beucher and Renard, 2016), prior outcrop data in order to constrain models, 

for example using multipoint statistics (e.g., Janson and Madriz, 2012), specifically consider 

only one element of the reservoir, such as fractures (e.g., Geiger and Matthai, 2014) or focus 

on cyclicity rather than discontinuous sedimentary or diagenetic geobodies (e.g., Le Blevec et 

al., 2020). In particular, there are few published examples of geocellular models that aim to 

reproduce the spatial distribution and morphology of diagenetic geobodies using commercial 

software (Pöppelreiter et al., 2008; Gomes et al., 2018). 

The reservoir model presented in this study therefore provides a workflow for modelling 

carbonate facies within a mass-transport facies complex, as well as stratabound and non-

stratabound dolostone bodies. This requires that it captures the spatial distribution of both 

discontinuous sedimentary bodies and diagenetic geobodies.  Although the model is based on 

measured geobody size, and mapped geobody distribution in outcrop, the  workflow may be 

used to produce subsurface models, where the direct measurement of carbonate facies 

dimensions, diagenetic geobodies, and fractures is not possible, or where there is limited 

spatial data, but where there is prior knowledge of basin evolution. It also contributes to a 

growing database of remobilised carbonate facies dimensions and their associated 

petrophysical properties prior to and post diagenetic overprinting.  

 

2. Geological Setting 

2.1. Structure 

The HFF Block is located along the eastern coast of the Gulf of Suez, north of Abu 

Zenima, on the Sinai Peninsula (Fig. 1). Prior to rifting and formation of the Gulf of Suez, the 

Arabo-Nubian massif experienced compressional tectonism due to the convergence of the 

African and Eurasian plates and closure of the Neotethys, starting in the Late Cretaceous 
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(Bosworth et al., 1999). The area that was created by this compression is known as the Syrian 

Arc Fold Belt (SAFB) or the ‘unstable shelf’, while the ‘stable shelf’ in southern Sinai and 

Jordan, remained largely unaffected (Bosworth et al., 1999; Youssef, 2003). During closure 

of the Neotethys, anticlinal ridges formed where Permian faults were reactivated along the 

unstable shelf. These acted as platforms for shallow-water carbonate deposition whilst 

between them, deeper water deposits accumulated (Moustafa and Khalil, 1995; Youssef, 

2003; Spence and Finch, 2014). Deposition in these basins began in the Cretaceous and 

continued until the early Tertiary (Sharp et al., 2000). The Gulf of Suez developed in the Late 

Oligocene when the African Plate separated from the Arabian Plate (23 Ma), as an extension 

of the Red Sea (Patton et al., 1994; Gawthorpe et al., 2003; Jackson et al., 2006) and 

continued into the Miocene (Bosworth et al., 2012). The rift is divided into three mega blocks 

each with its own characteristic dip direction, and each block is bound on one side by a major 

listric normal fault and the other by a normal fault with minor throw (Mustafa and Abdeen, 

1992). The grabens that comprise these provinces include the Hammam Faraun block, which 

is bound on its western edge by the HFF (Robson, 1971).  

 

2.2. Stratigraphy 

The stratigraphic succession in Sinai is divided into three megasequences; two are 

considered pre-rift, and one post-rift (Fig. 1). The first megasequence comprises dominantly 

non-marine siliciclastics that directly overlie the Precambrian basement rocks. These strata 

are known collectively as the Nubian sandstones. Their depositional extent stretches from 

Northern Africa into the Middle East and they were deposited from the Cambrian to the Late 

Cretaceous (Jackson et al., 2006). Megasequence two is a Mesozoic to Tertiary age 

succession and was deposited prior to rifting when the SAFB was active. One of the anticlinal 

ridges associated with the SAFB that developed in the unstable area of the Arabo-Nubian 

massif formed through reactivation of the Wadi Araba fault. Repeated tectonism along the 

Wadi Araba fault during deposition of the Thebes Formation led to multiple stacked mass- 

transport deposits in the HFF Block study area (Corlett et al., 2018). Finally, the third syn-rift 

megasequence unconformably overlies the earlier pre-rift strata comprising siliciclastics of 

the Nukhul Formation, overlain by evaporites of the Ras Malaab Group (Sharp et al., 2000). 

 

2.3. Depositional Environment – Thebes Formation 
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Throughout much of Sinai, the Thebes Formation comprises a lower mudstone layer with 

chert bands, a middle chalky limestone layer, and an upper chalky limestone with chert bands 

grading into a marly limestone in the uppermost strata (Moustafa and Abdeen, 1992). 

Reactivation of the Wadi Araba fault during the SAFB resulted in the deposition of mass-

transport deposits south of Wadi Araba in the Galala Plateau region of the Eastern Desert 

(Scheibner et al., 2003; Höntzsch et al., 2011) and in the HFF Block study area along a NNW 

to SSE shallowly dipping ramp. The Thebes Formation at the HFF Block study site contains 

multiple mass-transport deposits that were deposited onto a middle to outer carbonate ramp 

consisting of slope to basin packstones (S-1 and B-1) to mudstones (Corlett et al., 2018). 

Mass-transport facies (R-1 to R-6) represent a history of tectonic instability during the SAFB 

along the Wadi Araba fault, currently located on the western side of the Gulf of Suez, 

northwest of the HFF Block (Schütz 1994). Full descriptions of these facies and the 

depositional history may be found in Corlett et al. (2018) and are summarized in Table 1. The 

Thebes Formation in the HFF Block is informally divided into lower and upper units with the 

lower dominated by mostly R-1 matrix supported conglomerate debrites, with sharp irregular 

base and convex upper contact, surrounded and draped by in situ slope packstones (S-1), and 

R-2 tabular, graded foraminifera grainstone turbidites beds that, when present, follow facies 

facies R-1, and overlain by facies S-1. The upper Thebes is dominated by thick basin mud- to 

wackestones with intermittent R-5 foraminiferal grainstone high-density turbidites beds. The 

R-1 facies varies in down-dip length between 3 to 267 m, along-strike between 2-64 m, and 

are between 0.3-20 m thick. The R-2 facies are 2-50 m in down-dip length, up to 100 m along 

strike, and between 0.5-6 m thick. The intermittent R-5 facies in the upper Thebes are much 

larger in their areal extent, measuring between 57 to 940 meters in down-dip and along-strike 

length, and between 0.5-10 m thick.   

 

2.4. Dolomitization 

Dolomitization occurred on the HFF Block adjacent to the HFF and along debrite and 

turbidite beds (Sharp et al., 2010; Hirani et al., 2018a and b). Field mapping, trace element 

geochemistry, stable and strontium isotopes revealed that dolomitization occurred during two 

distinct events, associated with the rift evolution of the Gulf of Suez (Hollis et al., 2017). 

Stratabound dolomitization occurred first, during rift initiation, from partially evaporated 

Oligo–Miocene sea- water descending down active faults into the basal Nubian sandstone 

aquifer before ascending into the HFF and flowing away from the fault and reacting with 
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debrites and turbidite beds (Hirani et al., 2018a). A second interval of dolomitization 

occurred during the rift climax, forming non-stratabound, dolostone bodies within the core 

and damage zone of the HFF. Convection of seawater along the HFF at this time resulted in 

multiple phases of dolomitization and recrystallization in the HFF footwall, lasting 

approximately 10 Myr (Hirani et al., 2018b; Benjakul et al., 2020). Stratabound dolostone 

bodies in the HFF are hosted within matrix-supported debrites (R-1) and grainstone turbidites 

(R-5). They are up to 15m thick and up to 300m in length and terminate 2.5 km away from 

the HFF (Hirani et al., 2018a). Non-stratabound dolostone bodies form as discrete pods 

within the damage zone of the HFF, are up to 500m wide and 80m thick and have thin 

tongues of stratabound dolostone on their outermost margin (Hirani et al., 2018b). The two 

episodes of dolomitization affected porosity and fracture spacing differently in non-

stratabound and stratabound dolostones compared to their precursor limestones (see Korneva 

et al., 2018).  

 

3. Methodology 

3.1. Data Collection 

Data for the model was collected in the field at the HFF Block study site. Thirty-four 

lithological logs (totalling 909.69m) were recorded in the field ranging from 3.3 to 93.2 m in 

thickness. Of these 34 logs, 24 were recorded by hand and measured directly on the face of 

the exposure. The remaining ten logs were recorded as “laser logs” using a laser range finder 

(TruPulse 200L) to measure sections in inaccessible cliff faces (Corlett et al., 2018). The 

laser logs were recorded during a third field season, following facies and structural mapping, 

along with detailed facies descriptions. The weathered profile, which easily differentiated 

between mass-transport versus authochthonous slope and basinal facies, was used to 

differentiate facies in laser logs within the upper and lower Thebes. In the lower Thebes, the 

presence of absence of clasts and shape of the mass-transport facies (convex versus tabular 

upper contact, differentiated R-1 from R-2 facies.  These logs were corrected for true dip and 

used alongside the directly measured sedimentological logs as inputs in the HFF Block 

model. A total of 400 samples were collected from the HFF Block, including a sample from 

each unit recorded in the 24 lithological logs that were by hand. Each sample was classified 

as one of seven facies defined in the HFF Block (Corlett et al., 2018) and used to populate 

and inform the distribution of facies within the HFF Block. Samples that had been 
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dolomitized in the HFF Block were input to the model as their original depositional facies. In 

areas that were pervasively dolomitized, there remained sufficient remnant textural 

components (e.g., allochem or clast molds) to decipher the original depositional texture 

(Hirani et al., 2018a; 2018b). 

 

3.2. Petrophysical Analysis 

A total of 141, 25 mm diameter cores ranging in length between 13.97-74.49 mm were tested. 

112 of these were used to measure porosity and permeability. Representative samples from 

facies D1, D3, D4, R1, and B1 were analysed under hydrostatic conditions to yield results at 

pressures equivalent to reservoir depths (up to 100MPa, equivalent to 3km overburden 

pressure). Samples that were collected in the field as intact blocks were cored using a 

diamond-tipped tool in a drill press adapted for wet coring. Each core was oven-dried at 60 

°C for at least one week to remove intergranular water within the sample. After drying, cores 

were weighed (to within +0.002 g), and their dimensions measured using a digital calliper to 

+/-0.01 mm. From these measurements the dry density was calculated. All cores were stored 

in a sealed desiccation chamber with silica gel to prevent moisture re-entering the sample. 

Porosity was determined from grain volume and sample weight by helium injection using a 

ResLabTM DHP-100 digital helium porosimeter. Permeability was measured using a 

ResLabTM DGP-200 digital gas permeameter, calibrated for nitrogen gas use, and calculated 

using Darcy's Law. Each sample was measured three times to ensure that they were 

replicable, with an average value reported.  

 

3.3. Input data and gridding 

The geocellular model was constructed using Schlumberger Petrel
TM

 software with the 

following model inputs: lithological logs (Fig. 2A), digitized field photos and satellite 

imagery, field measurements, and laboratory determined petrophysical data (Korneva et al., 

2018). The base model was created using digital elevation data that was extracted from 

Google Earth. The model grid was created using corner point gridding with faults serving as 

grid boundaries where present.  

Faults were traced from Quickbird and Google Earth images and field observations, as 

well as mapped fault traces from published literature (Sharp et al., 2000; Young et al., 2003). 

Four faults were included in the model: the HFF, the Gebel Fault, the extension of the Gebel 
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Fault and the Thal Ridge Fault (Fig. 2B). Major stratigraphic breaks (formal and informal), 

defined in the model as ‘surfaces’, were created by digitizing Quickbird and Google Earth 

images that were supplemented by field photographs. The ‘make horizon’ process divided the 

grid into five major stratigraphic zones (Fig. 2C) using key surfaces (Upper Thebes 

Formation; Lower Thebes Formation; Esna; Sudr; Matulla). To capture the heterogeneity 

observed in the field, whilst maintaining a fit-for-purpose model, an aerial cell size of 25m x 

25m was used. The upper Thebes and lower Thebes Formation were subsequently divided 

into 150 layers each while the Esna, Sudr and Matulla formations were not progressed in the 

modelling process, as our study was focused on the Thebes Formation, and dolomitization of 

the HFF Block. There were no dolomites encountered in the Esna, Sudr, or Matulla 

formations. The large number of layers were incorporated into the model to bring the vertical 

resolution to 1m, considered necessary to capture small-scale vertical facies heterogeneity. 

All the layers in this project were modelled as conformable, after petrographic and field 

examination of contacts revealed no evidence for extended periods of non-deposition and 

emplacement of remobilized facies, driven by tectonism, appears to have been 

contemporaneous with deposition on the slope (Corlett et al., 2018).   

 

3.4. Upscaling 

Prior to facies modelling, the sedimentogical logs inserted into the model as pseudo-well 

logs, where depths were converted to x, y, and z positions using differential GPS co-

ordinates. The pseudo-well logs were upscaled using an averaging process that transfers 

measured rock properties represented in continuous logs into the grid. Facies from thirty-four 

pseudo-wells were upscaled utilizing a ‘most of’ averaging method that selects the facies that 

occurs with the highest frequency in each cell, to honour the facies recorded in the 

sedimentary logs.  

 

3.5. Facies model  

Pixel-based techniques and object modelling were both tested to determine the 

geostatistical method to construct a facies model that best matched field observations. Pixel-

based modelling was performed using Petrel
TM

’s Sequential Indicator Simulation (SIS) that 

uses variograms to represent the size, shape and distribution of the facies (Koehrer et al., 

2010). The inputs for the SIS variograms were derived from the measurements of carbonate 
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facies in the field and digital image analysis (Table 1). Petrel
TM

’s Stochastic Object 

Modelling was also tested in facies modelling, to determine which of the two methods 

produces mass transport geobodies that more closely resemble those observed in the field. In 

this method, the general shape of the geobody is chosen (i.e., fan, lobe, channel) and the 

dimensions of the body are input as a range, in this case, defined by the range of facies 

dimensions measured in the field. Facies modelling was divided into two key stages: (1) 

autochthonous depositional carbonate facies modelling, followed by (2) allocthonous facies 

modelling. Facies proportions, defined from stratigraphic logs, were 26.9% for the facies B-1 

and 26.1% for facies S-1 (both autochthonous facies), whereas authochthonous facies 

comprised ~40%. The allochthonous facies within the Thebes Formation were modelled 

using the pseudo-wells as seed points for facies distribution and their size and shape were 

modelled first using SIS. This variogram-based approach was used to model the S-1 facies 

(lower Thebes Fm) and facies B-1 (upper Thebes Fm) was used because they are ubiquitous 

across the field area, with poorly defined dimensions. These facies were defined as 

‘background facies’; essentially the template carbonate slope on which allochthonous facies 

with specific geometries could be object modelled. 

Allochthonous deposits were then modelled using two different stochastic-based 

modelling methods (Fig. 3): 

a) with SIS informed by variograms that integrated the aspect ratio and azimuth 

of geobodies derived from digital image analysis of facies R1-R6 (Figs. 3 and 4; 

Table 1). In this method, lithologies were interpolated between upscaled field and 

laser logs, where there was evidence of connectivity on the basis of field photos, and a 

NNE-SSW direction of flow measured in remobilised facies in the field, was used to 

steer geobody alignment and distribution. 

b) using object-based modelling to distribute allochthonous facies based on field-

determined geobody size and continuity, as well as a NNE-SSW direction of flow. 

This method honoured the variability in the shape and size of the remobilised 

geobodies observed in the field using specific, facies-based rules. Specifically, 

geobody dimensions were extracted from digital analysis of field photographs and 

satellite images (Fig. 4; see Corlett et al. 2018 for methodology) and these data were 

used to design object-based modelling algorithms. For example, the matrix-supported 

debrites (R-1) were considered best represented by a half-ellipse with a rounded top, 

whilst grainstone turbidite facies (R-2) were given a fan/lobe shape (Fig. 3).  
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The two facies models were compared quantitatively using percent proportions of each facies 

from the well logs and comparing to upscaled and modelled proportions and qualitatively by 

comparing the morphology and connectivity of facies compared to digital image analysis of 

field photographs as well as field measurements.  

 

3.6. Dolostone model 

Once visual assessment showed that the facies model was considered to closely resemble 

the HFF Block study area, by comparison with a) field photos, b) modelled facies volumes 

and distribution compared to field logs, and c percent proportions of each modelled facies to 

the percent proportion of the sedimentary logs, the second phase of modelling focussed upon 

construction of the stratabound and non-stratabound dolostone bodies. Stratabound dolostone 

bodies, hosted within matrix-supported debrites (R-1) and grainstone turbidites (R-5), 

terminate 2.5 km away from the HFF (Hirani et al., 2018a). Non-stratabound dolostone were 

mapped as up to 500m wide and 80m thick. The non-stratabound dolostone pods have 

stratabound dolomites terminations (Hirani et al., 2018b), but these are much smaller than the 

first phase stratabound dolomites and only extend away from these massive dolomite bodies 

up to a few tens of meters. 

Two hypotheses were considered for the formation of the dolostone bodies. The first 

(Hypothesis A) considered that the two main body types are genetically related and formed 

by the upwards flux of fluids along the HFF, followed by selective dolomitization of the 

highest permeability beds at >500m from the fault (Sharp et al., 2010; Yao et al., 2020). 

Hypothesis B considered the stratabound dolostone bodies to have formed first, followed by 

overprinting by the formation of the non-stratabound dolostone in proximity to the HFF. A 

key conclusion of this study is that Hypothesis B is the preferred conceptual model (Hollis et 

al., 2017), but the geocellular models for both hypotheses are presented here for 

completeness. 

Hypothesis A reflects the base case hypothesis for this study (Sharp et al., 2010) and 

considers dolomitization on the HFF Block to represent a ‘Christmas Tree’ type geobody 

formed by hydrothermal fluids. In order to capture this hypothesis, and thereby model the 

distribution of dolostone, two probability density functions were used to distribute the 

dolostone, with supporting ‘if’ statements. For the stratabound dolostone bodies, the 
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probability of dolomitization occurring in the lower Thebes in matrix supported debrites (R-

1) and grainstone turbidites (R-2) was set to 1, with all other facies being set to 0. This 

probability function was integrated with a statement that dolomitization could occur for up to 

2.5 km from the HFF, with a decreasing probability of dolomitization with increasing 

distance (Fig. 5). This particular dimension was used, after testing a series of measurements, 

because it resulted in termination of any stratabound dolomite bodies at the locations which 

they were observed in the field.  

Not every R-1 debris flow in the lower Thebes Formation is dolomitized, so using a 

probability function to overprint or replace any R-1 facies within 2.5 km of the HFF fault 

with dolomite resulted in overestimation of the dolomite bodies. Two methods were 

employed to reflect the natural variability in the location and volume of dolomitized debris 

flows observed in the field. The first method, following Sharp et al. (2006) used a percentage 

to populate a certain volume of the R-1 facies. The percent dolomitized bodies were 

calculated from logs (23%); however, the results were found to underestimate the number of 

dolomitized R-1 facies, based on comparison with field photographs. The second method 

employed a random function, where the result of the probability dolomite modelling was 

multiplied by a random function (Fig. 5E). The random function, populated with probabilities 

of 0 to 1, was pixelated and would produce unnatural, patchy dolomite bodies. Instead, a 

smoothed random probability function was included to ensure that not every debrite geobody 

was dolomitised within 2.5 km from the HFF. This resulted in some of the debrite bodies 

being dolomitised, partially dolomitised, or unaltered, which accurately reflects observations 

of dolomitized bodies in the field.  

For the non-stratabound dolostone body, the probability of dolomitization for all facies 

was set to 1 in proximity to the fault, decreasing to 0 at 1.25 km from the fault (Fig. 6) to 

constrain the body to the fault core, as seen in the field. The number 1.25 km was used in the 

probability after several (n=5) iterations to replicate the distribution that was observed in the 

field. In order to create a more realistic margin to the dolostone body, a normal distributed 

random value was used.  

The preferred conceptual model to explain dolomitization on the HFF Block is that the 

stratabound dolostone bodies formed during the earliest syn-rift, and were then overprinted 

by non-stratabound dolomitization in the core of the HFF at rift climax (Hollis et al., 2017). 

To capture this conceptual model, a slightly different modelling approach was adopted. 

Firstly, the stratabound dolostone bodies were modelled using the dolostone probability 
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function used for Hypothesis A (Fig. 4 A, C, D) and a smoothed random function was 

multiplied to the probability (Fig. 4E, F).  

Once the stratabound dolostone bodies had been modelled, the non-stratabound dolostone 

bodies were distributed as discrete pods (north and south bodies; Fig. 6) using a localised 

point source. In this case, the diagenetic overprint was modelled as a halo around a fault stick 

emplaced into the model, based on field observations and dimensions of non-stratabound 

dolomite bodies. This represented a localised conduit (fracture) for dolomitising fluids 

associated with the HFF damage zone with the observed field dimensions of the bodies used 

to distribute the dolostone via a probability function away from the fault stick. To capture the 

stratabound dolostone associated with the non-stratabound dolostone bodies, a second 

probability function was added. The second probability function modelled a second dolostone 

‘facies’ that over printed the original stratabound dolostones (Fig. 6).  

 

3.7. Petrophysical model 

Matrix petrophysical attributes were modelled separately from fracture-induced 

petrophysical properties. A Sequential Gaussian Simulation (SGS) algorithm (Deutsch and 

Journel, 1992) was used to model both porosity and permeability, which were conditioned to 

facies. Porosity was populated using a normal distribution while permeability was modelled 

as a lognormal distribution (Wantanabe et al., 2019). Minimum, maximum, mean and 

standard deviation statistics for every petrophysical property was derived and used to 

constrain the distribution of petrophysical properties instead of upscaled well attributes, 

because of the relative sparsity of data across the modelled area. Variograms were 

conditioned to the variance derived from each modelled facies, with sill and nugget set to 1 

and half the calculated major, minor and vertical distances used to ensure intra-facies 

variability for each property. 

 

3.8. Fracture model 

The fracture model was built by generating a distinct stochastic fracture network for each 

facies (including two dolostone ‘facies’). Each fracture network may have had more than one 

fracture set. Fracture orientations from scanline data collected in the field (Eker, 2013; 

Korneva et al., 2018) were converted to azimuth (strike + 90), and input as dip/azimuth data 

to Petrel. (Figs. 7 and 8) 
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3.8.1. Fracture intensity  

Fracture intensity was input on a per facies basis using a P10 = number of fractures/length 

of scanlines = N/L*[L
-1

] (Mauldon et al., 2000). P10 measures abundance in a specified 

orientation, and so is converted into a direction independent P32, equivalent to fracture area 

per unit volume (P32=C31P10; Mouldon et al., 2000; Wang et al., 2005). Consequently, the 

number of fractures measured in the field was dependent upon the orientation of the scanline, 

such that only fractures perpendicular to the scanline were sampled. The C31 function 

accounts for this (Terzaghi weighting factor; Wang et al., 2005) and was calculated by 

C31=cosec(90-) or 1/cos where  is the acute angle between the axis of the scanline and the 

resultant fracture pole (Fig. 9). As the resultant acute angle approaches 90
o
, the correction 

factor approaches infinity, and therefore a maximum cut of correction of C31=6 was applied. 

Where the angle  is zero, the fracture pole and the axis of the scan line coincide, giving a 

correction of 1 (i.e. P32=P10). The dip and azimuth data for each facies was visualised in 

Petrel using a lower hemisphere stereonet plot, and then exported to calculate the Fisher K 

value, mean dip and azimuth for all fracture sets. The Fisher distribution required the 

fractures to be represented by their unit vectors, and was used to populate cells according to 

the calculated distribution and the P32 density value (Warden, 2014) (Fig. 10).  

 

3.8.2. Fracture Length  

No fracture lengths were available from field data, and therefore it was assumed that all 

fractures were mechanically constrained to bed thickness and an elongation ratio of 2:1 

(horizontal length = 2*vertical length) was used (Table 2). A power law probability density 

function was used to reflect the probability of generating a fracture that is inversely related to 

the fracture length; i.e. it is less likely that longer fractures will be generated than shorter 

ones. The majority of fractures generated therefore tended towards the minimum length, 

leading to long processing times for the model. Consequently, the smaller fractures were 

modelled implicitly by using averaged permeability, dip, azimuth and aperture per cell (IFM 

model) whilst the larger fractures were modelled as a discrete fracture network (DFM) (Fig. 

11). This was considered appropriate in this study, as the longer fractures appear to have 

controlled flow more than localised fractures, hence preserving flow direction during flow 

simulation. It also led to faster, more efficient run times. The maximum cut off for the IFM 

was set at half of the maximum fracture length. 
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3.8.3. Fracture aperture and permeability 

There was only limited field data available to constrain fracture aperture, which is an 

unreliable measurement in outcrop because of uplift and weathering effects. A default mean 

aperture of 0.075mm was therefore used, using a log-normal distribution. These apertures 

were then related to permeability using a cubic law (Klimczak et al. 2010). Cubic law 

assumes laminar flow, and allows integration of the Navier Stokes equation and the Darcy 

equation (Hubbert 1957), permeability such that: 

Q= - (PL-Pi)/L*KA/ = -(PL-Pi/L)*Kwa/ = (PL-Pi)/L*wa3/12 

Where Q is flow rate, PL-Pi is the pressure differential, K is permeability, A is area, a is 

aperture, w is width, L is length and  is viscosity, such that: 

K=a
2
/12 = aperture/12 = 0.000075

2
/12 * 4.6875 x 10

-10
m = 474960mD 

In total, 14 fracture sets were created in the DFN, using the upscaled grid in order to 

maintain viable model run times. A sector of the permeability model is shown in Figure 12, 

for the massive dolomite body. 

 

4. Results 

4.1 Facies Model 

An aerial cell size of 25m x 25m and 150 layers (1 layer = 1 m), representing the total 

thickness Thebes Formation, resulted in a model size of 2, 491, 145 cells. Two different 

facies models were created using upscaled sedimentary pseudo-well logs, one using SIS, and 

the other using object-based stochastic facies. Qualitative assessment of these two techniques 

to well logs and field photos favours the object-based modelling since the boundaries of these 

facies were known from field measurements, and are accurately represented by the object-

based modelling (Fig. 13A). A quantitative comparison of the original and upscaled logs 

revealed that upscaling resulted in an overestimation of the R-1 debris flow facies (> 5%), but 

all other upscaled facies were predicted within 5%. Both the SIS and object-based facies 

modelling approaches resulted in similar values (within 5%) to the upscaled logs, with the 

exception of the B-1 wackestone facies, which estimates over 10% more of this 

autochthonous facies compared to the original and upscaled logs (Fig. 13B).    
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4.2 Dolomite Model 

The results of modelling Hypothesis A resulted in a classic “Christmas tree” style of 

dolomitization where, in proximity of the fault, large non-stratabound dolomites that 

transition into stratabound dolomites that extend away from the fault. In Hypothesis B, the 

stratabound dolomites are emplaced first and then overprinted by a second non-stratabound 

phase that follows fracture conduits associated with the HFF footwall damaged zone (Fig. 

14). Hypothesis A overestimates the degree of dolomitization observed in proximity to the 

HFF and did not allow for differentiation of petrophysical properties and fracture 

characteristics between different generations of dolomite (Hollis et al., 2017; Korneva et al., 

2018). All of the petrophysical and fracture models were constructed using the model for 

Hypothesis B.  

 

4.3 Fracture and Petrophysical Models 

The porosity and the permeability models are shown in Figure 15 and comparison of the 

input and modelled data (Table 3) shows that although the mean values varied slightly 

between measured and modelled data, the standard deviation and range was consistent 

between input and output data. 

The results of fracture modelling (Figs. 10-12) honour the trends observed in the field and 

on digital outcrop photographs, which showed that there was no clear relationship between 

fracture density and facies within the stratabound dolostone, but that there was a facies 

control on fracture spacing within the non-stratabound dolostone in the damage zone of the 

HFF (Korneva et al., 2018).  

 

5. Discussion 

5.1. Facies models 

Comparison of volumetric statistics from both models show that they both apparently 

over-represent certain facies, in particular the background wackestone facies (Fig. 13). 

Nevertheless, the volume of mass-transport deposits is reasonably preserved by both SIS and 

object modelling methods. The size of the model included a large volume of the HFF Block 

that had not been logged sedimentologically, particularly within the Upper Thebes member 

but which had been mapped and viewed using satellite imagery. These data show that a 
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greater proportion of mass-transport deposits were spatially restricted to the Lower Thebes 

member. By modelling the entire Thebes Formation, including areas which had been less 

well described sedimentologically, the volume of authocthonous facies in the upper Thebes 

was necessarily increased in the model compared to the input data. 

Although both of the facies models created for this study honoured the log data of the 

remobilised facies to within 5% of the total proportion, visual comparison of the SIS model 

with digitized field photos and satellite images that were calibrated using direct field 

measurements indicated that it did not sufficiently capture geobody size and morphology 

(Fig. 4). In particular, the bodies do not reflect the upper convex geometry of the debrites, nor 

the slightly lobate geometry of the grainstone turbidite facies. This is not surprising, since 

mass-transport facies are not as laterally extensive as slope or basinal facies, and they 

generally travel as cohesive units resulting in lens or fan-shaped deposits that are not 

accurately represented by the variogram-based SIS modelling technique.  

In comparison, the object-based model produced geobodies comparable to those geobody 

dimensions collected in the field. In particular, Facies R-1 debrites are much thicker, and less 

laterally extensive, than the other most common remobilised R-5 turbidite facies (Fig. 13B) 

and this is captured by the object-based facies model. In order to honour the proportion of 

each mass-transport facies, the SIS model includes more frequent, thinner facies when 

compared to the object-based facies model (e.g. Facies R-1 in Figure 13A). The object 

modelling also reflected the different dimensions of the debrites in the dip-parallel, versus 

perpendicular dimensions, since the object modelling allows for more precise shape 

descriptors. In totality, the object model reasonably matched the volume and distribution of 

facies, and on comparison with digital analysis of outcrop photos, better matched the shape 

and distribution of the facies as they were observed in the field. 

When detailed geobody shape and dimensional data are not available, for example when 

building subsurface models, SIS could be considered an adequate representation of 

remobilised facies embedded in autochthonous facies. Borehole image logs and drill core 

data may be used to differentiate remobilized mass transport carbonate facies (Asmus and 

Grammer, 2013), but in most cases would only capture their thickness. Where outcrop data is 

available, variogram descriptors may be modified to reflect the shape and size of mass 

transport facies and their orientation if there is knowledge of the paleogeographic setting and 

transport direction (e.g., from paleocurrent data). In this study, confidence in the morphology, 

boundaries, size and distribution of mass transport facies from field data meant that object 
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modelling could optimally reproduce the data collected in the field and using digital image 

analysis (Corlett et al., 2018). 

 

5.2. Dolostone model  

The dolostone model that was based on Hypothesis A reflected the concept of reactive 

fluid flux up and along faults and into the surrounding Thebes Formation. In this model, 

dolomitization took place principally in proximity to the HFF, to form a non-stratabound 

dolostone body, with continued reaction within distinct beds as fluids moved away from the 

fault to form stratabound dolostone. This created a geometry that was consistent with the 

conceptual model, but not with field observations. In particular, it created a thick, laterally 

extensive, non-stratabound dolostone body that extended along the plane of the HFF (Fig. 14 

– Hypothesis A). Instead, field data shows that non-stratabound dolostone occurs in discrete 

pods within the damage zone of the HFF. These pods could have formed as a result of 

erosional truncation of the non-stratabound dolostone body, and therefore the geometry of the 

non-stratabound dolostone in outcrop could have been reproduced by truncation of its 

modelled form. However, field observations showed no evidence for such a process, with a 

distinct absence of non-stratabound dolostone along fault strike, away from the two bodies 

that were described by Hirani et al (2018b).   

Secondly, the Hypothesis A model created a large number of stratabound dolostone bodies 

in close proximity to, and geometrically connected to, the non-stratabound dolostone body, 

consistent with the classic “Christmas tree” model of dolomitization (e.g., Beckert et al., 

2015; Yao et al., 2020) Again, this is consistent with the conceptual model that fluids flowed 

away from the HFF, and reacted with specific, allochthonous, facies to form stratabound 

dolostone. Structural relationships and geochemical data unequivocally demonstrate, 

however, that stratabound dolostone bodies formed prior to the non-stratabound dolostone 

bodies from fluids that were vented from the proto-HFF (Hollis et al., 2017; Hirani et al., 

2018a). Although stratabound dolostone bodies are observed, connected to the non-

stratabound dolostone (so-called ‘dolostone-tongues’ of Hirani et al., 2018b), they are limited 

in lateral and vertical extent. Conversely, the Hypothesis A model results in formation of a 

large number of dolostone tongues that are connected to the non-stratabound dolostone body 

(Fig. 14 – Hypothesis A). 
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Taken together, this means that Hypothesis B is the preferred conceptual model since it 

best represents the conceptual geological model of fluid flow and reaction. Stratabound 

dolostone bodies are hosted within matrix-supported debrites (R-1) and grainstone turbidites 

(R-2) in the lower Thebes and are up to 15m thick, up to 300m in length and terminate 2.5km 

away from the HFF. In the model, the probability density function allows the dimensions and 

distribution, to be faithfully reproduced in three dimensions (Burnham and Hodgetts, 2019). 

The use of a probability density function permitted stratabound dolostone to be realistically 

populated within the model, tied to specific, allochthonous facies as observed in the field, 

which might be reasonably hypothesised in a subsurface model. Probability modelling also 

ensured localisation of the non-stratabound dolostone bodies at distinct points on the HFF, 

which had been identified in the field and interpreted to represent focused, vertical fluid flow 

at a point of structural complexity (a transfer zone) in the Suez Rift (Hollis et al., 2017). For 

this reason, even without field data, it would be feasible to model localised, non-stratabound 

dolostone at this location based on the predicted pattern of basin-scale fluid flow. For 

example, during exploration, when datasets are limited, a number of assumptions would need 

to be made and multiple realizations of the model using varying parameters run. In a data-rich 

field, with sufficient structural and diagenetic data, a more refined set of models could be 

built to capture dolomite body size, shape and rock properties in order to optimize reservoir 

development; for example, to target ‘sweet spots’ on the margins of dolostone bodies 

between zones of overdolomitization and dolostone – limestone contacts (Saller and 

Henderson, 1998; Sharp et al., 2010; Yapparova et al., 2017; Koeshidayaullah et al., 2020).  

Finally, although the termination of the non-stratabound dolostone in the model was 

directly constrained by field data – which showed each body was < 500 m wide – the genetic 

relationship between the extent of dolomitization and the width of the fault damage zone 

(Hirani et al., 2018b) means that this body size could have been reasonably predicted from 

the structural model for the platform. There are numerous outcrop studies that document the 

size and shape of fault damaged zones and associated fracturing (e.g., Cianfarra and Salvini, 

2016; Balsamo et al., 2019). In subsurface models it is difficult to be certain of fault damage 

zone geometries although the size may be estimated from width-to-throw ratios, at different 

stages of fault evolution (Ma et al., 2019). This means that if the width of the damage zone 

can be predicted, then methods outlined in this study can be used to model non-stratabound 

dolomite body size. 
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5.3. Rock property models 

Analysis of the statistical variability in porosity and permeability by facies honoured the 

input data by retaining the highest permeabilities in grainstone turbidites and basinal 

wackestone facies, with lower porosity and permeability in dolostone, compared to limestone, 

facies (Fig. 15) (Korneva et al., 2018). Although these relationships seem counter-intuitive, 

they are consistent with measured porosity and permeability and reflect a) a high volume of 

solution-enhanced microporosity in the basinal wackestones and lime mudstones and b) 

pervasive (‘over’) dolomitization that resulted in occlusion of the intercrystalline pore 

network.  

The results of fracture modelling (Figs. 10-12) were the most difficult to quality control 

because the input data was derived from a small number of local scan lines (n > 50). Despite 

a limited dataset, impacted by access restrictions to the field site during the latter stages of the 

study, it was possible to produce a model that reflected field observations. No relationship 

exists between fracture density and facies in stratabound dolomites but there is a facies 

control on fracture spacing in non-stratabound dolomites (Korneva et al., 2018). A particular 

challenge in the construction of the fracture model was determination of fracture length. 

Fractures are typically observed in only 1 or 2 dimensions in outcrop. Therefore, although 

scanlines allow an effective way of systematically collecting data on fracture orientation, 

present day aperture, fill and spacing, true fracture length is not observed because data is 

collected along a vertical face – essentially a cross-section (Bisdom et al., 2014). All 

scanlines were included in the model to reduce potential fracture orientation bias; however, 

truncation and censoring bias, in addition to the true fracture length bias associated with 

scanline sampling led to some uncertainty in the final fracture model. This uncertainty is 

further complicated when creating fracture models in the subsurface where well logs and drill 

cores allow a single scanline (Zeeb et al., 2013). In subsurface models, a deviated or 

horizontal log would result in more accurate fracture model inputs, but as in all subsurface 

models, the uncertainty would be much higher than in outcrop studies where fractures may be 

directly measured at various orientations. Where fractures can be observed on limestone 

pavements, then horizontal fracture length is more easily measured but the tip points of the 

fracture cannot often be observed and so vertical length cannot be determined. In essence, 

determination of the length, aperture and density of small fractures from field data carries a 

low level of confidence, and coupled with the long run times results in models that are 

potentially unstable. The more pragmatic approach was adopted in this study of modelling 
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background fracture density to account for smaller, closely spaced fractures that will 

contribute to the overall permeability of the rock, therefore allows more scope to focus on the 

larger fractures, which in this study, have had a stronger influence on flow behaviour by 

creating a secondary pore network.  

 

5.4. Simple but geologically realistic geocellular models 

A challenge often faced by geoscientists is that they have to construct 3D reservoir models 

that represent a complex, multi-scale and multi-modal pore network in a short space of time, 

with incomplete data that might not be of an appropriate scale or extent. Often, the simplest 

approach is to average reservoir properties and create layer-based models, perhaps with 

reservoir property distribution guided by variograms. However, not only are many carbonate 

systems not truly layered, because of complex facies geometries and diagenetic overprint, 

there is also a real lack of data pertaining to the frequency of variance, with most studies 

focusing on dolomitized reservoirs (e.g. Jennings et al., 2000; Pranter et al., 2005; Budd et 

al., 2006).  

In this paper, we propose a workflow that can easily be adopted to represent a layer-bound 

sedimentary sequence with stratabound diagenetic overprint tied to specific depositional 

elements. The facies model has been constructed using stochastic, pixel- and object-based 

methods calibrated to outcrop data. The stratabound diagenetic overprint is accounted for by 

training dolostone distribution to particular facies and distance from fault using a probability 

function. Such an approach has been successfully used in a few other subsurface studies (e.g. 

Warrlich et al., 2011; Lapponi et al., 2011). To account for the non-stratabound 

dolomitization, we have then superimposed a further diagenetic overlay using a discrete, 

object-modelling method. In a subsurface study, these bodies could be distributed 

deterministically, based on well and/or seismic evidence, or stochastically based on an 

interpreted frequency, guided by knowledge of the basin evolution or outcrop analogue 

studies. The utility of outcrop-based studies is immeasurable in areas of production or 

exploration where datasets are limited. In our study, modelling was conducted after a robust 

sedimentological, structural, and diagenetic study had established the basin scale and local 

tectonic controls on facies architecture and distribution, and the timing and style of 

structurally-related dolomitization and subsequent fracturing. Many studies do not have this 

luxury, but a careful and thoughtful evaluation of how the tectono-stratigraphic evolution of 
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the basin-controlled sedimentation and fluid flow should allow a series of deterministic 

scenarios to be modelled within a realistic timeframe. Where there is uncertainty as to which 

processes have a significant control on reservoir performance, and / or there is limited 

information on the connectivity of flow controlling bodies, scenario modelling might be 

effectively captured through experimental design (e.g. Hollis et al., 2011). 

There are very few studies that show the importance of capturing geological heterogeneity 

on fluid flow behaviour in subsurface reservoirs, but where robust geological models have 

been simulated then the effect on confident prediction of reservoir sweep and recovery 

efficiency is well demonstrated (e.g. Adams et al., 2011; Hollis et al., 2011). Porosity and 

permeability in carbonates are closely tied to not only the primary depositional facies but also 

to diagenetic overprinting and fracturing (Pöppelreiter et al., 2008; Gomes et al., 2018), 

therefore there is a long-term cost, time and resource benefit to capturing geological 

heterogeneity as accurately as possible. Process-driven modelling workflows create effective 

representations of geology within a manageable timeframe. These models will inevitably 

reduce risk and benefit production forecasting. 

 

6. Conclusions 

This principal result of this study is a geologically realistic geocellular model of a 

carbonate outcrop comprising both depositional and diagenetic geobodies, using a 

commercial software package. Such a process is important, because many field development 

plans of subsurface reservoirs require a simple, easy-to-use workflow by which carbonate 

reservoir architecture can be confidently modelled. A geologically-realistic representation of 

reservoir architecture is critical to subsequent flow simulation, well planning and investment 

in capital projects. The creation of such a 3D geocelluar model of an outcrop of the Thebes 

Formation in the HFF Block has resulted in several outcomes and learnings:  

1. The geocelluar models created for this study of the HFF Block accurately reflect the 

proportion and spatial distribution of complex depositional and diagenetic facies. 

2. Two, two-step processes were used to model remobilized slope carbonates in the 

Thebes Formation. Both methods of facies modelling reflect the volume of remobilised facies 

in the HFF Block, but object modelling results in a more accurate representation of carbonate 

mass-transport facies. Both methods overestimated background basinal facies in the upper 

Thebes Formation, likely due to a lack of “well” control. 
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3. Probability functions may be used to guide the spatial distribution of structurally-

controlled diagenetic geobodies and to associate diagenetic overprinting with facies that have 

been disproportionately affected by diagenesis (i.e. stratabound dolostones).  

4. Multiple stages of diagenesis will result in modification of porosity, permeability, and 

fracture networks in dolostone bodies that have formed at different times. Dolostones formed 

over several stages of fault evolution should be characterized and modelled separately to 

ensure heterogeneity is accurately represented in the model.  

5. Modelling steps that represent different stages of the tectonic and platform evolution 

will result in a more accurate model that may be used for reservoir characterization or 

exploration purposes.  
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Fig. 1. Location map (inset) and stratigraphy of the study area. The Thebes Formation facies 

are differentiated in the larger map.  

Fig. 2. A) Location of sedimentary and laser logs used in the model (Google Earth V.E. 3x); 

B) i – Gebel Fault, ii – Gebel Fault branch, iii - Hammam Faraun Fault, iv – Thal Fault; and 

C) basic stratigraphic model. 

Fig. 3. Two methods of facies modelling and resultant lower and upper Thebes facies models.  

Fig. 4. A) Field photo of R-1 debrite (outlined); and B) facies B-1 and R-5 in the upper 

Thebes Fm. Facies R-5 are found at the top of 20-30m thick B-1 basinal wackestones. C) A 

crossplot showing the horizontal distance, along depositional dip versus thickness of the R-1 

versus R-5 facies and the R-1 geobodies, both parallel and perpendicular to depositional 

strike (inset). These measurements were calibrated with a laser range finder in the field. 

Fig. 5. Dolostone ‘facies’ overprint workflow. A) Stratabound dolostone probability. B) Non-

stratabound dolostone probability. C) IF statement restricting dolostone to facies R-1. D) 

Combination of probability modelling and IF statement. E) Introduction of smooth random 

function. F) Final probability model for Hypothesis A.  

Fig. 6. Probability modelling for Hypothesis B non-stratabound dolostone. A) Fault sticks 

used to model probability of dolostone occurring up to 500 meters from the fault sticks. Fault 

sticks represent a possible fluid pathway for dolomitizing fluid associated with the HF fault. 

B) Stratabound dolostone associated with non-stratabound dolostone in facies R-1. C) 

Combined non-stratabound and stratabound dolostone associated with non-stratabound 

dolostone probability model. D) Results of modelling Hypothesis B (see Figure 3 for thee 

facies legend).  

Fig. 7. Fisher K distribution factor, mean dip and azimuth and P32 for all fractures within 

principal facies in the Thebes Formation. 

Fig. 8. Fisher K distribution factor, mean dip and azimuth and P32 for all fractures within the 

dolostone bodies.  

Fig. 9. Plan view of a scanline with each fracture representing a different fracture set. All 

fractures are equally spaced. The scanline intersects all fractures of the blue fracture set so 

P10=P32 and C31=1 as =0
o
. The scanline only intersects 4 fractures of the green set, so the 

apparent intensity is inaccurate, and requires a correction of C31=1.5 giving the correct 

intensity of 6m
-1

. The red fracture set is not intersected so C31= infinity. 

Fig. 10. A) and B) comparison of facies model for the HFF Block and fracture intensity. The 

highest fracture densities are modelled within the non-stratabound dolostone (37.5m
-1

), in the 

core of the HFF, and within the thin-bedded wackestone facies (also ~37m
-1

), consistent with 

field observations. Stratabound dolostone bodies have an average intensity of 32m
-1

 and 

packstones 22m
-1

, with the grainstones and conglomeratic facies exhibiting the lowest 

intensities (17.m
-1

), also consistent with field observations. C) and D) average fracture dip 

and azimuth for fractures in the HFF Block. The majority of fractures are steeply dipping (50-

80
o
). Fracture orientations largely parallel the Gebel Fault, reflecting the dominance of 
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scanlines in this locality. However, the non-stratabound dolostone bodies show a different 

azimuth, reflecting the trend of the HFF. 

Fig. 11. Discrete Fracture Network model of the HFF Block. 

Fig. 12. Fracture permeability for the IFM (A) and DFN (B), non-stratabound dolostone body 

only. Since the same fracture aperture was used throughout, the values are mostly 

~474,960mD with variation resulting from the outlying ‘tail’ of the log normal distribution. 

Fig. 13. A) Qualitative assessment of two facies modelling methods compared to field 

photos; and B) Quantitative comparison of well log input, upscaling, and modelled facies 

(SIS and Object Modelling). 

Fig. 14. Result of modelling Hypothesis A and Hypothesis B. 

Fig. 15. A) Porosity (m
3
/m

3
) model for the HFF Block. Note the northward increase in 

porosity associated with the highly microporous Basinal wackestone and mudstone (Facies 

B-1) of the upper Thebes Formation; B) Permeability (mD) model for the HFF Block. 
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Figure 1
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506677&guid=e7df1538-ad2f-4c44-a0f5-8067a9801e6a&scheme=1
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Figure 2
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506678&guid=2d72d895-8ce3-46ab-b293-aabdf01897c3&scheme=1
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Figure 3
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506657&guid=db72fa2a-8347-40d6-bc6e-bc81487eaec1&scheme=1


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure 4
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506658&guid=e9a250c7-6f6d-43da-85b4-8890740d5ef7&scheme=1
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Figure 5
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506659&guid=e6517ab6-c55a-4af2-a7e9-34f8b55bd718&scheme=1
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Figure 6
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506660&guid=dd022e2e-59c8-42d3-b5bd-1e582bcb87d0&scheme=1
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Figure 7
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506661&guid=be16307e-7fb1-40b3-aa72-29a609bc99b3&scheme=1
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Figure 9
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506663&guid=3a51f23c-d73f-47b3-90c4-9231dfa17e99&scheme=1
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Figure 10
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506664&guid=64bd9b79-6565-493c-84ca-ccb32ec2f200&scheme=1
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Figure 11
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506665&guid=b3ac4021-db73-4f4f-995c-ce0ae15b0904&scheme=1


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure 13
Click here to download high resolution image

http://ees.elsevier.com/jmpg/download.aspx?id=506679&guid=a61cbe2e-bddc-49a4-b947-01c1f2337f58&scheme=1
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Figure 12
Click here to download high resolution image
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Figure 14
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Facies Geobody 
shape and 
contacts 

Dimensions Field Photo Interpretation (see 
Corlett et al. 2018 for 
more detailed 
interpretations) 

R-1: Matrix-
rich debrite 

Lens-shaped; 
irregular basal 

contact, 
concave upper 

contact 
 

Down-dip length: 
3-267 m 

Along-strike 
length: 2-64 m 

Thickness: 0.3-20 
m  

Viscous debrite 

R-2: Graded 
grainstone 
turbidite 

Sheet-like: 
sharp irregular 
basal contact, 

flat upper 
contact 

Down-dip length: 
2-50 m 

Along-strike 
length: up to 100 

m 
Thickness: 0.5-6 

m 
  

Turbidite flow  

R-3: Matrix-
free debris 
sheet flow 

Sheet-like: 
scoured base, 

sharp flat 
upper contact 

Down-dip length: 
up to 1000 m, 
Along-strike 
length:  up to 

1500 m 
Thickness: 0.3-2 

m 
 

Collapse debris sheet 
flow 

R-4: 
Slumped 

grainstone 

Lens-shaped 
bodies; sharp 

upper and 
lower convex 

contact 

Down-dip length: 
1-5 m, 

Along-strike 
length: up to 10 m 
Thickness: 1-3 m  

Plastic flow slump 

R-5: High-
density 

turbidite 
grainstone 

Sheet-like; 
sharp, flat 
upper and 

lower contact 

Down-dip length 
and along-strike 
length: between 

57-940 m 
Thickness: 0.5-10 

m  

High density 
turbidite flow 

R-6: 
Channelized 
grainstone 

Lens-shaped; 
scoured base, 
convex upper 

contact 

Down-dip length: 
unknown 

Along-strike: 3-5 
m 

Thickness: 8-20 
m 
 

 

Channelized flow 

Table 1. Remobilized facies in the Thebes Formation at HFF BLOCK (modified from Corlett 
et al., 2018).  
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Facies Max Bed Thickness Maximum Fracture 

Length 

Conglomerate 49.3m 98.6m 

Packstone 68.3m 136.4m 

Wackestone 39.7m 79.4m 

Grainstone 34.1m 68.2m 

Stratabound dolostone 49.3m 98.6m 

Non-stratabound Dolostone 157.2m 314.4m 

Table 2. Maximum fracture length per facies. 
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Porosity (frac.) 

 Minimum Maximum Mean Std Variance 

Data 0.00 0.39 0.10 0.08 0.01 

Model 0.00 0.39 0.18 0.08 0.01 

Permeability (md) 

 Minimum Maximum Mean Std Variance 

Data 0.00 3.49 0.37 0.67 0.45 

Model 0.00 3.49 0.72 0.65 0.42 

Table 3. Comparison of average, range, standard deviation and variance of modelled porosity 
and permeability, compared to input data. 
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