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ABSTRACT 

The primary objective of this research was to model a cyclic ramp carbonate reservoir 
(Dukhan Arab-C) in an integrated fashion involving geological, petrophysical, geostatistical, 
and fluid flow studies. The resultant reservoir description model could be used to better 

predict the reservoir performance of the Dukhan Arab-C, and also be adopted as a subsurface 
analogue for similar cyclic ramp carbonate reservoirs. 

Both the depositional and diagenetic models were reviewed and the main features were 
retained. The large scale reservoir framework was refined to incorporate detailed reservoir 
layering and facies variation. In this context, emphasis was given to sequence stratigraphy. 
Sequence stratigraphic analyses dramatically improved the understanding of the spatial 
variability of the reservoir properties. Spatial analysis of porosity and permeability were 
performed by considering heterogeneity in three dimensions. Core and probe-permeameter 
data were used to assess the heterogeneity of permeability at different vertical and horizontal 
scales. Horizontal cores provided valuable spatial information at short lag distances. Lorenz 
plots have also been applied to the Arab-C and found to be a useful technique for capturing 
the heterogeneity of the reservoir and determining the main flow units. Fracture analysis was 
conducted using both horizontal cores and image logs (FMI). A fracture model was 
conceived, but since fractures do not dominate the flow in the Dukhan Arab-C (stratigraphic 
layering and associated permeability contrasts are more important) a structural (fracture) 
analogue was not developed further 

Research into the stochastic modelling techniques and methods which would best fit the 
heterogeneity of the Dukhan Arab-C reservoir was undertaken. Both stochastic and 
deterministic techniques were applied with reasonable success. Modelling guidelines were 
established. 

Flow simulation was conducted on various static models using the SURE simulator. Both 
reservoir description models validated partial hydraulic isolation between the uppermost 
progradational cycle-set of the reservoir (UAC) and the lowermost retrogradational cycle-set 
(LAC) under waterflooding. The contrast in permeability between the UAC and the LAC 
layers is the main driving force controlling the hydraulic isolation. This research revealed that 
the less cyclic zones of the LAC will have very little remaining mobile oil after 20 years of 
production, whereas the more cyclic part of the UAC will contain most of the bypassed 
mobile oil. In these models, oil production rates and recovery could be increased, and water 
cuts reduced by locating horizontal producers and injector wells in the UAC and maximizing 
injection and production through the models. 

Relationships between fluid flow, layer cyclicity, variogram models and methods of 
description were established. The result of the flow simulation indicated that the water 
breakthrough time is not severely affected by the spatial heterogeneity of the static model 
when deterministic methods are used. The difference in water breakthrough time between the 
simple deterministic model and the most detailed stochastic model is almost 10 years. This 
indicates that the use of simplified reservoir frameworks coupled with simplistic reservoir 
descriptions, overestimate the reservoir performance. 

This research also revealed that although stochastic methods are powerful, they are not a 
panacea. Water flood front behaviour was equally reproduced using a. hybrid model 
combining a stochastic with a deterministic model. A deterministic algorithm was applied 
whenever the petrophysical properties had a low Cv. In this case the layering was found to be 
more important than the spatial variability. If the petrophysical properties are characterized by 

xv 



a high Cv, then the spatial variability is as important as the layering. In this case, conditional 
stochastic simulation techniques were applied. 

This research indicates that reservoir modelling should be driven by the reservoir 
heterogeneity and the knowledge of the dynamic processes. 

In summary, the judious application of different modelling techniques (stochastic in some 
layers and deterministic in others), driven by the knowledge of the heterogeneity and the flow 
processes, is the way to go in future reservoir characterization studies. 

xvi 



CHAPTER I 
INTRODUCTION 

1. Introduction 

The Dukhan Field is a large north-south trending anticline, located on the west coast of 
Qatar, Middle East (Fig 1.1). The Arab-C reservoir, of Late Jurassic age 
(Kimmeridgian-Tithonian), is one of many cyclic ramp carbonates present in the 

structure (Fig 1.2). The Arab-C alone contains 3.9 billion barrels of oil in place, 
currently being developed by 171 wells (103 producers and 68 injectors)(Fig 1.3). 

Although the Arab C reservoir was first discovered in 1940, full scale production did 

not start until the late 1950's (Fig 1.4). Initial production was accompanied by rapid 
pressure decline due to poor aquifer response. Opake was progressively reduced to 

conserve reservoir energy. Finally, in 1959, the reservoir was shut in until 1965 when 
a pilot, dump-waterflood injection scheme was initiated. The success of the pilot 
scheme justified expansion of dump water injection to the entire reservoir. This was 
followed by a pilot Powered Water Injection (PWI) system in 1975. 

As of 1.1.1998, the cumulative production was 519 MMSTB leaving remaining 
expected reserves of 891 MMSTB or 63% of the ultimate expected recovery, mostly 
in the Upper Arab-C reservoir (UAC). Low recovery of the moveable hydrocarbons in 

the UAC, is a function of inefficient sweep caused by an incomplete knowledge of 
geologic heterogeneity and its impact on recovery programs. Although the Lower 
Arab-C (LAC) reservoir is in a mature stage of development, bypassing of zones of 
high oil saturation is the cause of high remaining hydrocarbon saturations in the UAC. 
The UAC is strongly vertically stratified -a function of high frequency, predominantly 
upward-shallowing cycles. Figure 1.5 shows a typical section of the Arab-C from a 
horizontal well. The bed boundaries that can be seen illustrate the high degree of 
variability. 

For the above reasons, the current deterministic models are not sufficient to capture 
and quantify the effects of heterogeneity in this reservoir. The current static models are 
also based on vertical wells only and do not incorporate recent horizontal well data. 
The resultant effect of these deficiencies is that there can be no true assessment of 
uncertainties in the current simulation models. 

It is known that a significant part of the uncertainty in descriptions of reservoir 
properties can be due to limited information about the nature of the spatial distribution 
of properties in inter-well regions. The major consequence of a new reservoir 
characterization exercise integrating geological/geophysical, petrophysical, 
geostatistical and reservoir-simulation studies is that the resultant model can be used to 
better predict flow characteristics in the Dukhan Arab-C reservoir and used more 
widely as an analogue subsurface reservoit. 

As computers become more powerful and new geostatistical techniques emerge, it is 
becoming increasingly feasible to generate such integrated reservoir descriptions, 
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Fig 1.1: Middle East map exhibiting the location of Qatar peninsula and Dukhan Field. 
Dukhan Field is located between the world's largest single gas accumulation (Qatar North 
Field Gas) and the world's largest oil field (Ghawar field in Saudi Arabia). 
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Fig 1.4 - Production Profile & Water Cut 
iDu 

140 

120 

100 
0 
co 

80 
a 

60 

40 

20 

0 

luu. U 

90.0 

80.0 

70.0 

60.0 

50.0 

40.0 

30.0 

20.0 

10.0 

0.0 
1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 

YEARS 

r E 
r 

tr 

i 

Fig 1.5 - Horizontal core cut sub-parallel to bedding planes (Arab-C reservoir) 



Chapter 1- Introduction 

which can capture small-scale reservoir heterogeneities. In addition to generating 
detailed reservoir descriptions, it is possible to quantify uncertainties in the reservoir 
description by simulating multiple reservoir realizations. By examining multiple 
reservoir realizations and ranking them, the uncertainties associated with the 
geological/geophysical as well as petrophysical attributes can be understood. The next 
logical step after generating a detailed reservoir description is to up-scale various 
reservoir attributes such that generated reservoir properties can be used as a direct 
input into the flow simulator. By flow simulating multiple realizations and matching the 
historical performance, it is possible to assess the uncertainties in the reservoir 
engineering parameters and therefore in future performance of the reservoir under 
different operating scenarios. 

Because of the tremendous amount of subsurface data available in Dukhan Field 
coupled with the fact that horizontal cores were taken in 7 wells (Fig 1.6), a more 
robust description is now possible. The description parameters derived from this study 
will constitute a subsurface analogue model, which can be used in other oil provinces, 
provided similar petrophysical patterns (heterogeneities) are present. 

To build an analogue model from the subsurface well information incorporating new 
data, the following tasks were performed: 

" Examination of new core and thin section data and review and/or revise, if 
necessary, the geological framework using sequence stratigraphic concepts. 

" The sequence framework was developed emphasizing the cycle and high-frequency 
sequence architecture and maintaining facies descriptions that are based on fabrics 
(Lucia et al., 1992) 

" Analyze the raw petrophysical and geological information, within each high-order 
cycle', and establish various regions of stationarity and the appropriate scales for 
modelling. 

" Estimate and model spatial relationships in various regions, and for various rock 
fabrics, using both the vertical and horizontal well data. 

" Perform the stochastic modelling of geological facies2, porosity and permeability to 
generate the petrophysical properties description. 

" Up-scale various attributes so that the estimated values are consistent with the well 
test data and fractured information. Basically, validate the distribution of static 
properties by calibration with the dynamic data. 

" Provide various up-scaled realizations so as to quantify uncertainties in future 
performance predictions. 

Or parasequence. 
z Co-simulation of geological facies was not possible. 
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Chapter 1- Introduction 

1.1 Statement of Problem 

Continuous carbonate outcrops have been studied by several researchers (Kittridge et 
a1.1990, Harris et al., 1991, Lucia et al. 1991, Senger et al. 1992, Grant et al. 1994, 
Eisenberg et al. 1994, Major et al. 1996, Jennings et al. 1998, Wang et al. 1998, and 
Dehghani et al., 1999) to determine not only the vertical distribution of static data but 

also their lateral distribution (correlation lengths) in order to improve the prediction of 
the variability of the same kind of data in the subsurface. Although the outcrops afford 
the opportunity to sample lateral and vertical variability on a scale that resembles the 
inter-well distances found in producing fields, they suffer from surface weathering 
phenomena3 and presence of recent fracturing due to unloading. Also, rocks in 
outcrops do not necessarily exhibit the diagenetic overprints and other geological 
phenomena (compaction, dissolution, fracturing etc) present in most of the subsurface 
reservoirs, especially carbonates. For instance Kerans et al., 1994, while doing a 
comparison study between San Andres Formation in the outcrop and in the subsurface, 
noticed that the subsurface reservoir contains up to 30% calcium sulfate. According to 
them, in the outcrop this solution phase has been removed by calcite replacement or 
simple dissolution. The authors claim that the petrophysical data collected during the 
outcrop study show good agreement between outcrop and subsurface in terms of the 
range of porosity and permeability values, and porosity to permeability transforms. 
This is the case in San Andres because of the and climate of the Guadalupe Mountains 
which minimizes the impact of surface weathering effects, but may not be the case in 

other carbonate outcrops. As stated by Kerans et al., 1994, similar comparisons 
between outcrop and subsurface carbonate strata should be evaluated on a case by case 
basis. 

Another limitation of outcrops is the two-dimensionality of the data. It is very difficult 
to characterize the heterogeneity in the third dimension using anisotropic variograms. 

Another important drawback of surface analogues is that outcrop data can not be 
tested against actual dynamic data. Grant et al (1994) performed flow-modelling on 
static models built from outcrops (ramp-crest deposits of the San Andres) using 
reservoir and flow parameters (dynamic data) derived from McElroy field4. According 
to the authors this extrapolation was done because the main reservoir in McElroy field 
is a carbonate (mainly dolograinstone facies of the Grayburg Formation) which is 
similar to the San Andres. Importing dynamic data from subsurface reservoirs (miles 
away) to flow-model detailed outcrop descriptions might not be appropriate. 

For all of the above reasons another approach was followed in this thesis. The mature 
Dukhan Arab-C was studied as subsurface analogue. 

The reasons behind the selection of Dukhan Field are as follows: 

Surface outcrop weathering should be considered during probe-permeameter work. Because of the volume of 
investigation of the probe-permeameter, outcrop preparation and cleaning is of paramount importance in order to 
get unbiased results. Grant et al., 1994, reported outcrop weathering (thin < 2mm tight travertine-like weathering 
rind) in the San Andres outcrop (Algerita escarpment - Guadalupe Mountains). The surface rind was removed 
using a hammer and chisel. According to them, fracturing was not induced during surface preparation. 4 Located in the eastern edge of the Central Basin platform 
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1. The field is at a mature stage of development, 
2. The field provides information for three dimensional heterogeneity through a large 

geological and engineering database (vertical and horizontals wells), and, 
3. The distribution of petrophysical properties within the field is complex (Fig 1.7). 

The subsurface analogue resultant from this research can be used as a predictive tool in 
similar cyclic ramp carbonate reservoirs in other parts of the world. The main 
advantage of using Arab-C as a subsurface analogue dataset is that all dynamic data 
(30 years of production history) can be tested against the static data. In addition to 
that, and as a result of this research, QGPC6 obtained a set of reservoir description 
parameters and models. These will be used as reservoir management tools to assisting 
the design of current wells and prediction of future reservoir performance. The 
reservoir characterization workflow established in this research may be transportable to 
other Middle East reservoirs. 

1.2 Purpose of Study 

The main purpose of this research work is to deliver the following: 

i)- A geostatistical menu or "recipe", where univariate statistics and spatial correlation 
parameters for different facies, and their associated petrophysical parameters, are 
synthesized. 
ii)- A list of algorithms and techniques which best fit and model different zones of the 
reservoir. 
iii)- Detailed stochastic/hybrid reservoir description models which can be used as 
predictive tools to guide current and future field development plans. 

In order to build a robust subsurface analogue model, which can be used elsewhere, 
provided similar petrophysical heterogeneities exist, many integrated tasks needed to 
be performed. 

The challenges which had to be solved during the course of this research were: 

1. Integration of geological, petrophysical, engineering and geostatistical studies to 
better understand and quantify uncertainties related to heterogeneity and anisotropy of 
the reservoir. 

2. Investigation of ways to improve the inter-well prediction of permeability and 
porosity from vertical wells using the small scale variability of reservoir properties derived from horizontal wells. Horizontal wells provided a unique opportunity to 
understand more fully the 3-D distribution of reservoir heterogeneity. One of the 
objectives of this research was to integrate data from recent horizontal wells to better 
capture the spatial variability at small lag distances. The data will be incorporated into 

57 horizontal cores and 11 FMI logs in horizontal wells. 6 QGPC (Qatar General Petroleum Corporation), sponsor of this project 
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Chapter 1- Introduction 

a comprehensive reservoir model based on the 3D seismic, characterisation of faulting / 
fracturing and reservoir flow units. 

3. To develop a depositional and diagenetic model for prediction of rock types (facies) 
in the inter-well region and to simulate their distribution using stochastic modelling 
techniques. 

4. To study and characterize the fracture system observed from cores and FMS/FMI 
images, and to evaluate its impact in the reservoir behaviour. 

1.3 Database 

All wells penetrating the Arab-C are available for this study (Fig 1.3). Core material 
and core analysis data is present for some wells (Fig 1.6). Wireline logs, (in particular 
LDL, CNL, FDC, GR, LLD, LLS, MSFL) are available for most of the wells, while 
RFT and MDT data were used for selected wells. Lithotype information is available in 
45 wells and FMS/FMI data has been acquired in 11 horizontal wells. There are a total 
of 55 horizontal wells in the database. From those, 5 have been cored. As far as well 
velocity control, there are a total of 12 wells with either check-shot surveys or VSPs. 

Below is a list of the support material available and used for this study: 

" slabbed core material of each cored well (ca. 234 m (767 ft) from 7 horizontal 
wells7 plus ca. 3409 m (11186 ft) from 123 vertical wells. 

" available core plugs and SCAL data of each well. 
" available thin sections of each well (ca. 1708 thin sections from 123 vertical wells, 

and 193 thin sections from 7 horizontal wells). 
" well logs of each well. Logs will include a gamma ray, porosity log, density log, 

resistivity log. A penetration rate log (mudlog) for the horizontal wells is also 
available. 

" specialized logs such as FMS/FMI, DSI, ARI and RFTs and MDTs 
" summary charts for each well showing "geological layers - log correlation". 
" petrophysical interpretation reports, listing of petrophysical data - including 

porosity, permeability (horizontal and vertical). 
" representative seismic sections (interpreted and non interpreted) 
" FMS/FMI reports prepared jointly by the author and Schlumberger-GeoQuest 
" location maps, structural contour maps and other background material for the field. 

1.4 Selection of Study Area 

The main reason for using Dukhan Field as a subsurface analogue is the following: 
"A large field (75 km long), covering different geological environments 

from shallow supratidal environments in the south to more open marine 
conditions in the north-northwest. 

" Large amount of well data (in excess of 500 wells). 

7 See Fig 1.5 (horizontal core across the Arab-C) 
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"A vast and reliable source of information from cores, thin sections, logs, 
image data, 3D seismic and production data. 

"A long production history. 
" Considerable reserves yet to be produced. 

Although the entire field was studied for the establishment of global statistics, regions 
of stationarity and regional geological trends, only a specific sector was modelled and 
studied in more detail for flow analysis and static-dynamic validation. This sector is 
Jaleha (in the south) (Fig 1.3). 

The Jaleha sector was selected because it lies towards the southern limit of the 
reservoir where a more shallow supratidal environment is present. Here the reservoir 
has poorer qualities than its equivalent in the north and the contrasts in permeability 
between the UAC and LAC are much greater than in the rest of the field. Also, in this 
sector of the field the presence of fractures are not so important. In Jaleha sector the 
reservoir is being exploited with horizontal wells. The characterization of the reservoir 
in this poorer zone of the field will assist us: 

i)- to study layer property variability perpendicular and parallel to strike, in 
order to understand better the interaction between injectors and producers. 

ii)- to evaluate various horizontal development scenarios and to aid the drilling 
of future multilateral wells. 

During this research, several deterministic and geostatistical tools were applied to 
evaluate the distribution of porosity and permeability in the Arab-C reservoir using 
logs and cores from horizontal wells and also from vertical wells. Proper quantification 
of the spatial distribution of properties, such as permeability, and the associated 
uncertainties is important for the subsurface analogue model as well as for QGPC's 
current reservoir engineering studies and well planning. 

1.5 Previous Work 

The Arab-C reservoir has been previously studied by Gosling (1968), Companie 
Francaise de Petroles (1979) and British Petroleum (1985). Gosling (1968) discussed 
the depositional history of the Arab-C reservoir and how it influenced reservoir 
behaviour. CFP (1979) produced a detailed sedimentological study of the Arab-C 
reservoir and in 1985 British Petroleum produced an extensive study of sedimentology 
and petrophysics of the reservoir. Sedimentological and petrophysical reports were 
studied. Despite the fact that the earlier studies were deterministic and were not based 
on horizontal well data, their conclusions provided a useful starting point for this 
research. 

1.6 Documentation 

The work carried out in this research is laid out in this Thesis. The methods, results 
and conclusions of this research are summarized in the conclusions section. In addition 
to the text and A4 size figures presented in this Thesis, several enclosures containing 
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large size maps, cross-sections and other material were prepared and delivered to 
QGPC. The following is a brief list of the material not included in the thesis: 

- summary data sheets for maps, histograms, pdfs and variograms. 
- stratigraphic cross-section panels showing well log correlations, and distribution of 
flow units. 
- structural cross-section panels and 3D seismic map showing wells and faults. 
- stratigraphic sections with well log correlations, distribution of flow units and 
distribution of fractures. 
- enclosure showing a synthesis of tectonic processes and fracture history 
- layer maps of cycles of deposition and diagenesis 
- layer maps of reservoir units and barriers to crossflow 

1.7 Description of Terms 

In this thesis there is reference to some technical terms with specific definitions. In 
order to avoid confusion or misunderstanding during the reading of this thesis, below is 
a detailed definition of them: 

1. Sedimentary unit - This term refers to a thickness of rock (a layer or stratum) 
within which the conditions of deposition (the energy and local direction of the 
palaeocurrent transporting the solid material) were considered uniform during the 
period of sedimentation. 

2. Reservoir flow unit, as defined in this thesis, is a stratigraphically continuous (i. e. 
correlated between wells) interval or "sedimentary unit", of similar reservoir 
process speed that honours the geologic framework and maintains similar 
characteristics (rock types). 

3. Rock types are representative reservoir units with a unique poro-perm relationship, 
capillary pressure profile and water saturation for a given height above the free 
water level. 

4. Reservoir process speed (ratio of k/phi) is a simplified form of diffusivity, ignoring 
viscosity and total compressibility. 

5. Flow capacity is the product of permeability and thickness 
6. Storage capacity is the product of porosity and thickness. 
7. LP - Lorenz Plot; k/phi data sorted in decreasing order 
8. LC - Lorenz Coefficient 
9. SMLP - Stratigraphic Modified Lorenz Plot; k/phi data sorted stratigraphically 
10. UAC - Refers to the Upper Arab-C Unit 
11. LAC - Refers to the Lower Arab-C Unit 
12. HFC - High frequency 5`h order cycles 
13. MFS - Maximum flooding surface 
14. TST - Transgressive system track 
15. HST - Highstand system track 
16. LHST - Late Highstand system track 
17. Khatiyah, Fahahil, Jaleha and Diyab are field sectors (from north to south) 
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1.8 Methodology 

The first part of the research consisted in reviewing the basic data available for the 
Dukhan Arab-C reservoir. A literature search was carried out with the aim of 
understanding the problems of reservoir description. It was noticed that a great deal of 
work had been done in the past by QGPC geologists and contractors on log correlation 
and rock-log calibration using data from vertical wells. The basic framework had been 
well defined. What was required in the initial phase of this research was: 

" To characterise stratigraphic units in terms of their overall sedimentological 
description (review of horizontal cores 8), diagenetic and tectonic history, well log 
response and reservoir properties. 

To review earlier engineering and modelling work. This reservoir has been 
subjected to flow simulation and modelling work based on a deterministic approach. 
A review of the previous reports written on this field was conducted so as to 
understand what type of adjustments were needed to match the historical 
performance. 

The above steps are summarized in Chapters 1 and 2. These Chapters are intended to 
describe the purpose of this research work (statement of the problem) and to provide a 
background (current understanding) of the reservoir. 

A detailed structural review was carried out incorporating image (FMS/FMI) and 
seismic data. This is presented in Chapter 3. 

A lithostratigraphic review was also conducted with the objective of re-defining some 
of the correlations of the Arab-C reservoir. This review is discussed in Chapter 4, 
which is devoted to the lithostratigraphy and sequence stratigraphy of the Arab-C 
reservoir with the aim of assisting the construction of the framework model. This 
Chapter presents the basic framework used in the property modelling of the reservoir. 

Chapter 5 addresses the depositional and diagenetic model of the Arab-C. 
The review of the petrophysical data was conducted post re-definition of the 
stratigraphic zones. Chapter 6 reviews the petrophysical data available and needed to 
interpolate and extrapolate the properties within the framework defined in Chapter 4. 
The last part of this Chapter discusses sample representativity, sample sufficiency and 
averaging (upscaling) issues. The data analysis in Chapter 6 is of paramount 
importance for the subsequent phases of spatial analysis and property modelling . 

After the re-definition of the lithostratigraphic zones had been conducted and 
averaging of the petrophysical properties performed, a spatial statistical analysis was 
carried out. Chapter 7 discusses the use of spatial correlation models (variograms) with 
their respective sensitivity analyses. 

8 Most of the vertical core descriptions and routine petrophysical core analysis were carried out by contractors. QGPC did the evaluation and re-interpretation of the new horizontal cores (Fig 1.5). 
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Chapter 8 addresses mapping in a deterministic sense. A set of geological and 
petrophysical maps of the main parameters (k, phi, isochores and isopachs) was 
produced prior to the stochastic modelling. The purpose of these maps was to capture 
the main geological and petrophysical trends and to define the regions of stationarity 
used in geostatistical modelling. These maps were also used as a quality control tool 
for the subsequent stochastic modelling. Chapter 8 compares the mapping procedures 
using a simple inverse distance method with kriging techniques. 

A comprehensive literature search was performed with the aim of evaluating several 
methods available to describe spatial distributions of properties which incorporate 
observed heterogeneity and variability due to the geologic complexities. During this 
time it was possible to screen the techniques which will fit the complexity of the 
carbonates present in the Arab-C reservoir. The literature research and the techniques 
analysed are documented in Chapter 9. This chapter focuses on the different stochastic 
methodologies to model different parts of the Arab-C reservoir. The main deliverable 
of this chapter is a geostatistical recipe in which the basic modelling parameters are 
synthesized. 

In the later phases of the study the selected techniques were applied to the Arab-C 
carbonates and sensitivity analysis was performed. During that time multiple stochastic 
realizations of porosity and permeability of the reservoir were generated. 

In the final part of the research the static descriptions were validated with actual 
dynamic data from the field. The main findings are summarized in Chapter 10. This 
Chapter synthesizes the results of flow modelling conducted on multiple reservoir 
descriptions using different techniques and methods. Deterministic, stochastic and 
hybrid models at different scales of vertical resolution and spatial heterogeneity were 
flow tested and validated against actual field performance data. The flow modelling on 
multiple descriptions allowed to; 

" assess the impact of the different model resolutions and heterogeneities on fluid 
flow. 

" rank the different reservoir descriptions based on recovery efficiency. 

During this research work published literature on carbonates was reviewed with the 
aim of studying previous carbonate analogue models. The objective of the review was 
to address the pros and cons of surface versus subsurface analogues with emphasis on 
the Arab-C reservoir. The main findings are summarized in Chapters 10 and 11, which 
provides an introduction to carbonate analogue studies with a few examples from the 
literature. 

The conclusions of the research that led to this thesis are summarized in Chapter 12. 
The main deliverable of this research is a subsurface analogue model for the Arab-C 
reservoir which is consistent with the underlying geology, static properties and 
dynamic data. Suggestions for further research are also presented. 

i The steps undertaken during this study can be summarised in three main phases as 
follows: 

9 
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Phase I. Review of Previous Geological Model 

" Reviewed the geological model and previous procedures used for generating the 
reservoir properties, which were input in the simulator. This provided an idea as to 
what has been done before, and what might be modified to improve the reservoir 
model. 

" Deterministic maps of thicknesses, porosity and permeability were generated across 
the entire field. Data analyses were performed and univariate and bivariate statistics, 
histograms and pdf plots were generated. 

" Regions of stationarity were defined during the statistical analysis and field-wide 
deterministic mapping. The regions of stationarity had to be consistent with the 
geological as well as statistical interpretations. Variograms were produced for each 
property/layer. 

" The geometry of the significant reservoir flow units were reviewed using core and 
well log data coupled with the use of Lorenz and/or k/phi ratio plots. 

Phase II - Spatial Analysis and Estimation of Properties 

During this phase the following tasks were performed: 

" Estimated and modelled spatial relationships in the various regions using both the 
vertical and horizontal well data. 

" Performed the stochastic modelling to generate the petrophysical properties 
description. 

" Investigated the origin of the fractures (tectonic, diagenetic), types (natural, 
induced), dimensions (aperture, width, length), fracture spacing and frequency with 
a view to determining the tectonic stresses which have been active on the reservoir 
rock. 

Phase III - Model Validation and Upscaling 

During this phase the following was achieved: 

" Compared the different reservoir description models (deterministic versus 
stochastic). 

" Performed the dynamic validation of the models. 

" Carried out water flow simulations on several static models and quantified 
uncertainties by comparing multiple realizations of the same static model. 

/ 
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CHAPTER 2 
BACKGROUND - CURRENT UNDERSTANDING OF THE ARAB-C 

2.1 Location and Discovery 

Dukhan field is a giant structural trap (anticline) containing three oil producing 
reservoirs with a STOIIP of 12 billion barrels. It is located in the western coast of 
Qatar (Middle East) (Fig 1.1). The field was discovered in 1940 and put on production 
in December 1949. The field has been subdivided structurally and geographically into 4 
sectors from north to south - Khatiyah, Fahahil, Jaleha and Diyab respectively (Fig 
1.3). Regionally, Dukhan lies on the eastern side of the Arabian Plate, but well to the 
west of the intense Zagros Mountains fold belt near the plate boundary in Iran (Fig 
2.1). 

2.2 General Geology and Structural Description 
2.2.1 General Geology 

The three main oil reservoirs in the Field are, from top to base, the Arab-C, Arab-D 
and Uwainat. Below Uwainat, there is also one gas producing reservoir (the KhufO. 
The Arab-C (object of this study) is of Upper Jurassic (Tithonian-Kimmeridgian) age, 
and contains 3.9 billion barrels (STOIIP) of undersaturated oil. The reservoir is very 
heterogeneous and it is the second of four main depositional cycles (Fig 1.2). Each 
cycle consists of a shallowing-upward marine carbonate sequence which is overlain by 
deposits of anhydrite. The other formations, which correspond to the above mentioned 
depositional cycles, are called Arab-A, -B, -C and -D reservoirs (from top down). The 
Arab Formation is underlain by the Jubaila Formation and overlain by the Hith 
Anhydrite (cap rock). 

2.2.2 Arab-C Reservoir (2°d Carbonate Cycle) 

The Arab C reservoir consists of a stratified sequence of limestones and dolomites. 
The reservoir is about 24 m (80 feet) thick, thinning to about 23 m (75 ft) in the south 
as anhydrite replaces carbonate facies in the upper 3m (10 ft) of the formation. The 
Arab-C carbonates are bounded above and below by anhydrites (Fig 1.2). The 
reservoir lay at depth of about 1615 m (5300 ft) subsea at the crest of the structure in 
Khatiyah sector. The structure dips generally towards the south and the difference in 
elevation between the northern culmination (Khatiyah) and the southern culmination 
(Diyab), is about 366 m (1200 feet). The datum of the reservoir is at 1707 m (5600 ft 
ss). In previous studies, the Arab C was divided into six reservoir layers for the 
purpose of flow simulation studies, and into thirteen geological layers' for correlation 
and well planning (Fig 1.7). 

The Arab C carbonates were deposited as a periodic marine transgression across an 
epicontinental shelf consisting of restrictive and evaporitic facies. A basal transgression 
was followed by alternating shoal progradation and lagoonal deposition. The best 
reservoir development occurs in the grainstones, particularly of the Lower Arab C 
1 Later referred as HFC "High Frequency Cycles" (after a sequence stratigraphic review, Chapter-4) 
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(LAC). Biostromal wackestones and packstones of geological layer IG typically form 
a vertical barrier, separating the Upper Arab C (UAC) from the LAC (Fig 1.7), that is 
fairly ubiquitous across the field. The LAC, also has less vertical flow barriers. The 
UAC is typified as an overall poorer reservoir, with more vertical flow barriers 
(comprising geological layers IIB and IID), at least on a local basis. As far as porosity- 
permeability relationship is concerned the Arab-C carbonates are characterized by a 
wide range of porosity (0.5-35.3 percent) and permeability (0.01 to 4538 mD). The 
dispersion of porosity-permeability data is such that permeabilities range over more 
than one order of magnitude for any given value of porosity (Fig 2.22). 

2.2.3 Structural Description 

Dukhan anticline is trending north-south along Qatar's western coast for 
approximately 50 kms before turning gently to run in a south-easterly direction at the 
southern extremity of the field (Fig 1.1). Dukhan is interpreted as a low amplitude, 
"banana-shaped" shear fold, convex westward, which was probably formed by right- 
lateral displacement along basement faults, and possibly enhanced by deep movement 
of salt from the Cambrian Hormuz Salt. 

The principal culmination is the Khatiyah dome on the north end of the field. The 
Khatiyah dome has a structural closure of 1500 feet to the north, with east and west 
limbs dipping at about 10 degrees. The anticline plunges towards the south-east, 
resulting in the southernmost structural element, the Diyab culmination, having about 
400 feet of closure with 4 degree dip on the flanks. The Arab C at the crest of Diyab is 
near a depth of 6400 feet subsea. 3D seismic reveals a faulting pattern trending NNW- 
SSE. The same pattern is seen on Jaleha sector (Chapter-8). The faults are normal with 
throws less than the reservoir thickness. 

2.3 Production Data 

The first three sectors (Khatiyah, Fahahil, Jaleha) comprise the continuous oil bearing 
extent of the reservoir while Diyab is water-bearing based on drilling results to date. 

During 1997 average oil production from the reservoir was about 74.4 MSTB/D with 
production available from 72 wells. Pressure support was provided through 68 PWI 
wells, the average water injection rate being about 112 Mbbls/D. 

As of 1.1.1998, cumulative production was 519 MMSTB leaving remaining expected 
reserves of 891 MMSTB or 63% of the ultimate expected recovery. At year-end 1997, 
the UAC reservoir was contributing close to 40% of the total Arab-C production. 
Increased production from the UAC is leading to a more acceptable depletion balance 
between UAC & LAC. 

Reservoir pressure has declined from the initial pressure of 2925 psig @ datum to the 
current pressure of 2340 psig3. The current pressure has remained unchanged for the 

Z Porosity-permeability plots sorted by lithofacies are exhibited in Figs 6.1-6.7 3 Bubble point pressure at 2292 psig 
13 
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last 3-4 years owing to improved pressure support stemming from increased number of 
PWI wells drilled during the previous years. The average water-cut declined from 
2.3% to 1.5% due to closing and beaning down of high water-cut wells. 

2.3.1 Production History 

Although the Arab C reservoir was first discovered in 1940, full scale production did 

not start until late 1949. Figure 1.4 exhibits the historical production profile and water 
cuts up to 1997. Initial production was accompanied by rapid pressure decline due to 

poor aquifer response. Ofake was progressively reduced to conserve reservoir 
energy. Finally, in 1959, the reservoir was closed-in until 1965 when a pilot dump- 

waterflood injection scheme was initiated. The success of the pilot scheme justified 

expansion of dump water injection to the entire reservoir. This was followed by a pilot 
powered water injection (PWI) system in 1975. The nature of the Arab C has 

presented a special problem in the location of injection wells. The shape of the 

reservoir lends itself well to peripheral injection at or close to the oil water contact 
(OWC). However permeability is low, and the required levels of injectivity could not 
be attained. The injectors have therefore been located near the base of the oil column, 
entering the reservoir at about 1935 m ss (6350 ft ss). Injection at this depth allows 
satisfactory injectivity (indices average 10 BWPD/psi) while minimising the potential 
loss of oil at the base of the column ("cellar oil"). 

After initial problems were overcome, a decision was reached to convert all dump 
injectors into PWI and support increasing offiake by future PWI wells. To date, all 
dump injectors have been successfully converted to PWI wells. 

2.3.2 Fluid Contacts 

A thorough re-evaluation of the available logs as part of the Arab-C Khatiyah Sector 
Model Study has shown an "Apparent Free Water Level" at about 1993 m ss (6540 ft 
ss) for the Khatiyah sector. This compare closely with the previous value of 1987 m ss 
(6520 ft ss) assumed for the total field. 

2.3.3 Reservoir Fluids 

The reservoir was originally undersaturated at an initial reservoir pressure of 2925 psig 
at datum 1707 m ss (5600 ft ss). The oil is approximately 39° API, containing 200-500 
ppm H2S and 1.8% sulphur. The original solution GOR was 736 SCF/STB, with an 
FVF of 1.4 BBL/STB, and initial oil viscosity at reservoir conditions was 0.5 cp, with 
Pb at 2292 psig. 

The above reservoir specifications are weighted average values as the fluid properties 
in fact vary throughout the reservoir. In particular, saturation pressure, FVF and 
solution GOR are all depth dependent. 

14 
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2.3.4 STOIIP 

The Stock Tank OR Initially In Place (STOIIP) of 3916 MMstb was derived from the 
1976 CFP study and later reviewed with the Core Lab study in 1980. The Core Lab 
result was obtained using the initialisation phase of a reservoir simulation model having 
dimensions of 55 x 25 = 1375 grid cells covering the oil column. Later on, in the 
course of the BP study, the STOIIP was recalculated using CPS mapping software. 
This calculation was based on the maps of the 13 geological layers and the integration 
was carried out for each sector, each layer and for both upper and lower reservoir 
sections. STOIIP was determined to be 3726 MMstb which compares with the Core 
Lab value. Although the new figure has been determined by a more accurate technique 
and from a larger database, it was decided to carry the higher value of 3916 MMstb 
(having 5% margin of error) for planning purposes. 

2.3.5 Reserves and Ultimate Recovery 

The expected ultimate recovery of 1175 MMstb is based on the results of the latest 
reservoir study which indicated an ultimate recovery factor of around 30% by 
waterflood. 

The high ultimate recovery of some 1333 MMstb includes an incremental 158 MMstb 
which is attributed to the development of the UAC with horizontal wells and extending 
horizontal technology to the poorly developed Jaleha sector of the field. 

2.3.6 Associated Gas 

The initial solution gas in place is equal to the STOIIP multiplied by an average initial 
solution gas oil ratio (Rsi). The average Rsi was selected as being the Rs at datum 
1707 m ss (5600 ft ss) from PVT correlations. The Rsi is equal to 689 scf/stb which 
gave GIIP of 2.7 TCF and expected ultimate recovery of 0.81 TCF. As of 1.1.95, 
0.327 TCF had been produced leaving remaining expected reserves of 0.483 TCF. 

2.3.7 Development Plan 

The revised long term development plan calls for increasing offrake from the current 
level of 55 MBOPD and reaching 85 MBOPD by 1998 to offset a cutback in the Arab 
D4 which started from 1995. The thrust of this accelerated development will 
concentrate on the UAC, currently in a significantly undrained state. The UAC will be 
developed using horizontal well technology, while continuing with the ongoing 
peripheral waterflood scheme for the LAC. An extensive reservoir characterization 
study is currently being undertaken, incorporating the results of this research. The aim 
is to integrate the main findings of this work into a reliable numerical model for flow 
simulation. The simulator will then provide the means to investigate various 
development patterns to enhance productivity, sweep efficiency, and hence the ultimate 
recovery. To secure the proposed new offlake programme over the longer term 
future, a timely large upgrading of the existing field gross handling as well as injection 

4 Deeper reservoir 
15 
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facilities will be imperative. Similarly, early attention must be paid to the increasing 
artificial lift requirements of the wells in the future as they become increasingly wet and 
cannot naturally flow to the station. The feasibility of interim measures, such as 
flowing to the LP separator to extend the life of the natural flow, is also to be studied. 

2.4 Depositional Model 

Both the lower and upper Arab-C zones record deposition in systems experiencing 
rapid initial transgression, subsequent highstand and capping lowstands of sea level 
(Chapter-5). Sequence boundaries (SB) mark the top and base of the Arab-C. A 
further SB divides the upper and lower Arab-C zones (marked by a hardground surface 
and associated Glossifungites ichnofossil assemblages). The upper and lower Arab-C 
zones differ in that the lower Arab-C (LAC) consists of deposits of ramp crest and 
middle ramp origin while deposits of middle ramp and peritidal origin comprise the 
upper zone (UAC) (Chapter-4). 

The difference between upper and lower Arab-C sequences reflects eustatic sea level 
cyclicity. The transgression initiating Arab-C deposition was profound, resulting in 
superposition of ramp crest deposits directly upon sabkha anhydrite. During the 
subsequent high stand progradation resulted in deposition of middle ramp sediments. A 
slight lowering of relative sea level resulted in formation of the hardgrounds surface 
and Glossifungites ichnofauna. This sea level lowering was much less profound than 
lowstands at the top and base of the Arab-C. The second transgression marking the 
base of the upper Arab-C zone resulted in a return to lagoonal deposition and, with 
progradation, deposition of peritidal sediments. 

The observed distribution of faciess in the Lower and Upper units of the Arab-C can 
be explained by deposition in systems experiencing a rapid initial transgression, 
subsequent high stand and capping low stand. A sequence boundary dividing the Upper 
and Lower Arab-C zones is marked by a hardground surface. 

The overall model for the two sequences (UAC and LAC) invokes a continuously- 
subsiding very shallow epeiric shelf upon which carbonate deposition was initiated by a 
transgression. It was subsequently modified by the balance between sedimentation rate 
and subsidence rate. Control on the latter was exercised by differential subsidence in 
an intra-shelf basin situated to the north of the study area whose fluctuating margin 
influenced facies development in the Dukhan area. In the LAC, sheet sands deposited 
in the transgression and subsequent progradation pass up into a complex facies mosaic 
deposited on a horizontal shelf. The retrogressive movement of a shoal and biostrome 
complex across the area marks the period of deepest water before stabilisation of 
subsidence permitted a second phase of shoal progradation from the south and 
deposition of a second grainstone sheet. Subsequently, the shelf developed a ramp- 
like morphology, shallower and hypersaline in the south, deeper and more open to the 

For modelling purposes, seven lithofacies are used in the Arab-C (Figs 2.3-2.9). Lithofacies are 
described in Chapters 4 and 5 (Fig 4.3 shows the disyribution of lithofacies within HST and TST 

' cycles). 
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north (Chapter-5). Facies were deposited in a complex interdigitating mosaic. 
Gradually, facies development equilibrated, probably by mulling of the deeper lagoon 
in the north as inter- and supra-tidal facies became dominant across the whole area at 
the end of limestone deposition. 

This model is consistent with regional considerations derived from the literature 
(Murris, 1980; Wilson, 1981; Robertson Research International, 1984) and the QPC 
exploration well Kharaib-3. These support the theory of a subsiding depocentre to the 
north and Northwest (possibly an extension of the intrashelf Basra Basin). The stable 
margins of this basin, to the Northeast, east and probably south, were characterised by 
continuous subsidence and the development of large-scale shallowing-upward 
sequences. The Dukhan and Qatif Fields (Wilson, 1981) He close to the fluctuating 
margin of the basin, a position explaining the consistent migration and differentiation of 
facies between north and south. 

2.5 Diagenetic Model 

The diagenetic model of the Arab-C can be described in three stages, as follows: 

Stage 1. Micritization and chemical stabilisation of lime mud, peloids, 
intraclasts, ooids and algal coated grains or bored grain surfaces to low magnesium 
calcite. The micritization process affected lime mudstones and packstones only. 
Probably simultaneously with the micritization, syndepositional dolomitization of 
peritidal carbonates occurred near the top of the UAC. This phase of dolomitization 
resulted from the seepage reflux of dense magnesium-rich sabkha brines through the 
peritidal sediment pile. 

Stage 2. Subsequent to the initial phase of micritization and early 
syndepositional phase of dolomitization, a marine phreatic cementation of the lime 
grainstones within the LAC and near the base of the UAC took place. The lime 
grainstones were extensively cemented by radiaxial equant to bladed, calcite cement. 
These isopachous cements, once altered to low magnesium calcite were 
mineralogically stable and immune to further diagenetic alteration. 

Stage 3. The last stage of diagenesis was developed within a meteoric 
groundwater lens. The remaining aragonite and high magnesium calcite allochems such 
as pelecypods and gastropods, not affected by the first and second stages above, were 
extensively leached (dissolved) during flushing by fresh meteoric groundwaters. This 
resulted in extensive development of secondary shell moldic dissolution porosity within 
lithofacies rich in these types of skeletal grains (lithofacies 1). Skeletal grain dissolution 
resulted in enrichment of groundwater with respect to calcium carbonate which re- 
precipitated as coarsely crystalline, blocky calcite cement. A zone of mixing of 
meteoric fresh and saline marine connate waters developed at the base of the fresh 
water lens and was the site for precipitation of dolomite cement and/or complete dolomitization of skeletal limestones at the base of the LAC (BP, 1985). 

-. 1e 
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2.6 Current Reservoir Models 

The current reservoir models of the Arab-C reservoir are deterministic and very 
simplistic in both architecture (framework) and property modelling. Also, data from 
the horizontal wells have not been incorporated in the models. Because of their 
deterministic nature, uncertainty can not be assessed and, consequently, sensitivity 
analysis on fluid flow can not be performed 

Three models have been built by QGPC and Contractors: Khatiyah Sector Model 
(KSM), Fahahil Sector Model (FSM) and Jaleha Sector Model (JSM). KSM was built 
by INTERA in 1993, FSM and JSM were built by QGPC in 1997 and 1998 
respectively. 

1)- The main objective of KSM was to construct a 3-D sector model covering the 
Khatiyah sector of the Dukhan field in order to: 

" Carry out history matching for all the injecting and producing wells implemented in 
the selected sector to refine initial reservoir description leading to a comprehensive 
representation of the reservoir. 

" Examine several patterns of development combining vertical/horizontal wells and 
waterflood processes in order to maximise oil recovery. 

Based on the results of the sector model study, a general development plan for the 
northern part of the Arab C reservoir was finalised. 

2)- The objective of the FSM was to complement the KSM study and to ascertain 
whether the Arab C development plan that will be developed from the Khatiyah study 
will be applicable to the Fahahil sector and the Arab C in general. 

3)- The objective of the JSM was the following: 

" study layer property variability perpendicular and parallel to strike, in order to 
understand better the interaction between injectors and producers. 

" to evaluate various horizontal development scenarios and for aiding the drilling of 
multilateral wells in the short term 

2.7 Summary 

The large scale reservoir structure has remained unchanged in the review. The 
reservoir depositional and diagenetic models were also validated and remained 
applicable for this work. The framework model was refined using sequence 
stratigraphic concepts. Reservoir layering and facies variations were updated based on 
5`h order high frequency cycles. Emphasis was given to the broad objectives for 
improved oil recovery and developing an analogue model in the process. 
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CHAPTER 3 
STRUCTURAL CHARACTERIZATION 

3.1 Introduction 

The Dukhan oil field has been drilled for hydrocarbon development since 1940 
(Gomes, 1990,1994). The geological and geophysical data have been collected and 
analyzed over time to understand the reservoir and structure of the Dukhan field 
(Sugden, 1962; Gosling, 1972 in Gomes, 1990; Touchard et al., 1978; Gomes, 1990, 
1994). The original concept for the evolution of the Dukhan structure was compaction 
of strata over a basement high. Sugden (1962) rejected the idea based on isochore 
mapping and proposed a methodology to predict variation in shape of the fold at 
depth. However, Sugden s (1962) technique was found not to work for deeper wells 
due to higher dips and complexity of deformation. Further studies were carried out by 
Gosling (1972 in Gomes 1990) who studied fractures on cores and Touchard (1978) 
who studied faults on dipmeter logs. 

Gosling (1972) identified that fractures exist as a longitudinal and a transverse set in 
Arab C and D without affecting the caprock seal (anhydrite). Faults with missing 
sections were recognized to exist mainly in the Cretaceous section at reservoir depths 
of 914-1524 m (3000-5000 ft), Touchard (1978). They were interpreted to form due 
to post-mid Cretaceous stress release based on their presence in the Cretaceous 
section. However, attitude of such features and how do they affect the reservoir was 
not defined at this time. Therefore, seismic data were acquired, from 19771 onwards, 
to constrain fault and structural interpretation of the Dukhan field. 

Early seismic interpretation identified faults and allowed the interpretation of a 
complex graben structure in the Paleozoic Khuff strata (Krietz & Schneider, 1982). 
Subsequently, interpretation of 2-D and 3-D seismic data helped locate and map the 
faults (Gomes, 1990; Grant Tensor 1994). Gomes (1990) and Grant Tensor (1994) 
found evidence for the presence of strike-slip faults to consider basement shearing as a 
mechanism of deformation. Wrench tectonics are also proposed as a mechanism of 
deformation for the oil fields of Abu Dhabi (Marzouk & Sattar, 1994). However, as 
basement is not seen on the seismic (0. Aboville, personal communication, 1998), it is 
not clear how the basement may play a role in the deformation. Whether the basement 
is actively involved in deformation or if it provides a buttress for decoupling of the 
overlying sedimentary strata is not clear. Deep E-W seismic reflection lines to a depth 
of about 5 to 6s (two-way travel time) would be required to resolve the problem by 
locating top of the basement, allowing analysis of basement topography and structure. 

Seismic data are helpful to constrain the strike of the major faults and to evaluate 
overall structural geometry of the field. However, fine structural details on the level of 
borehole geology are beyond the resolution of the seismic data. As hydrocarbon 
production is believed to be enhanced by the presence of fractures (Gomes, 1990; 
Losh, 1998; Dholakia et al., 1998), the structural details related to the attitude of 

1 Pre-1977, only a few random lines were available. 
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fractures, density, aperture, and character of such features, as possible barrier or 
conduits for the fluids flow, are critical for reservoir development. For this reason, 
borehole dipmeter and imaging tools, which provide a continuous source of structural 
data (occurrence, distribution and classification of fractures), were acquired, processed 
and studied, to address such problems (Jadoon et al., 1999). Fracture attributes have 
been extracted from the FMS images for each of the main reservoir layers with the aim 
of determining their attitude, distribution and the effect of fractures on their 
production. 

3.2 Fracture analysis from borehole images 
3.2.1 Objective of study 

The overall objective of the image analysis within this study2 was to do the following: 

1. Extract a comprehensive set of structural dip and fracture data from the 
FMS images using a workstation and classify the fractures into major and minor 
categories. 

2. Calibrate the FMS images to a quantitative resistivity log (LLS) in order to 
compute an accurate value for fracture density, porosity and aperture at the borehole 
wall. 

3. Identify the distribution and type of fractures within each of the specified 
reservoir layers and provide detailed fracture statistics. 

4. Estimate the likely effect of these fractures on the formation's petrophysics / 
reservoir behaviour and rate each layer for the impact of fractures on their production3. 

The purpose of this Chapter is to synthesize all the main findings and 

1) Provide an overview of the fracture analysis, 
2) Characterize and classify fractures, 
3) Develop a fracture model for the field, 
4) Predict fracture enhanced permeability trends or barriers, 
5) Establish the effect of well deviation direction on the incidence of fractures 

with suggestions for future well planning, 
6) Provide guidelines for the subsequent modelling of static and dynamic data 

and evaluate the results in terms of expected reservoir behaviour. 

2 Performed jointly with GeoQuest 
3 This allows the stratigraphic impact of fracturing to be incorporated as a permeability modifier in 
the flow model. 
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/ 

3.2.2 DataBase 

Through this study, 11 image logs across wells (namely DK-150, DK-357, DK-358, 
DK-387B, DK-421, DK-437, DK-438A, DK-456, DK-457, DK 478, DK-483) were 
fully processed and analyzed for the presence and distribution of faults and fractures 
(Jadoon et al., 1999). In addition, 7 horizontal cores were studied for core-image 
calibration (Fig 1.5, example of horizontal core). 

3.2.3 Fracture Classification and Coding 

Fracture analysis in each well was divided into two main parts. Firstly, identification, 
computation, and classification of fractures. Secondly, analysis of fractures for their 
attributes such as density and aperture. The dip data extracted from the FMS images 
was obtained using a GeoFrame workstation and the Schlumberger Borview software. 
Bedding, faults, and fractures intersecting the well were manually traced and assigned 
to one of seven (color-coded) dip categories shown in Table 3.1 below and in Fig 3.1. 

TABLE 3.1 

DIP TYPE 
Structural bedding 
Deformed bedding 
Major conductive fracture 
Minor conductive fracture 
Major resistive fracture 
Minor resistive fracture 
Faults 

COLOUR CODE 
Green - solid arrows 
Green - hollow arrows 
Blue - solid arrows 
Blue - hollow arrows 
Cyan - solid arrows 
Cyan - hollow arrows 
Red - solid triangle 

As a general overview, two main categories of natural fractures have been defined, 
those with a resistive trace (mineralized fractures) which have been given a light blue 
(cyan) color coding and those with a conductive trace (open fractures) which have 
been given a dark blue color coding (Fig 3.1). These fracture categories have been 
further subdivided into high and low quality features depending on their continuity, 
position on the borehole wall and signal contrast. High quality features are 
subsequently referred to as major events and displayed as solid arrows whereas low 
quality features are referred to as minor events and are displayed as hollow arrows. 

3.2.4 Effect of Well Deviation on the Incidence and Character of Fractures 

The studied wells are distributed over the limbs and crestal part of the Dukhan field. 
Three of eleven wells are vertical. Relatively limited number of fractures are 
encountered in vertical wells. Horizontal boreholes either trend in NS or EW direction. 
It is to be expected, that NS orientated wells will fail to encounter NS fractures, and 
this is generally observed. Similarly, EW orientation wells failed to encounter EW 
fractures. As a result, the majority of fractures, parallellsubparallel to the borehole 
orientation, would not be encountered. It is clear that well deviation has a bearing on 
the incidence of fractures, therefore, orientation of horizontal wells is important for the 
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absence or presence of particular set of fractures. Generally, NE-SW and NW-SE 
oriented wells are expected to encounter multiple sets of fractures. 

Tensional fractures may be preferentially developed near the kinks between crest and 
limbs of the anticline and they may extend deeper into the water table. Such tensional 
fractures are not likely to be seen in NS oriented boreholes. 

3.2.5 Core-Image Calibration 

Before proceeding with the fracture interpretation from the image data, a core-image 
calibration was performed. Cores with fractures were revisited and compared with the 
FMI images to verify and validate image analysis interpretations. The following was 
observed: 

" Cemented fractures seen on cores are not clearly seen on the FMS images. The 
FMS fracture count probably underestimates the number of resistive fractures. 
This is probably due to a lack of resistivity contrast between cemented (calcite) 
fractures and the host rock. 

"A good match occurs between FMI images and open fractures from cores. 
Small open hole fractures, however, are very difficult to detect from FMS. 

" In general, the FMS fracture count would appear to be relatively conservative 
as compared to the core description. 

3.2.6 Natural Versus Induced Fractures 

Natural versus induced fractures were evaluated and the criteria for their distinction 
based on the following: 

" All resistive (mineralized) fractures are natural. 
" Conductive fractures can be either natural or induced. 
The induced fractures were differentiated from the natural fractures using 
information about the orientation and frequency of fractures. All fractures 
occurring with high frequency, equal spacing, and perpendicular to the horizontal 
well axis, were considered as induced. Natural fractures had an orientation parallel 
to the current stress field and did not exhibit as high density as the induced 
fractures. 

3.2.7 Fault Recognition from Borehole Images 

Faults were recognized in the borehole images based on the following general criteria: 

I. Usually intersecting the structural bedding at more than 65 degrees 
2. Strong contrast with formation, wide apparent aperture 
3. Deformation / offset of adjacent bedding and signs of brecciation 
4. Continuous across borehole 
5. Supported by at least 2 other logs 
6. Clearly seen on static / scaled images 
7. High angle contact between lithology units 
8. Log and borehole anomalies 
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9. Change in the structural dip angle / azimuth 
10. Concentration of fractures 
11. Matches regional structural orientation trend. 

3.2.8 Main Findings 

The fracture analysis and integration of electrical imaging data from eleven wells over 
Dukhan field has been carried out for distribution, orientation, classification, fracture 
enhanced permeability, to develop a fracture model. The main observations and 
interpretations are: 

1) The fractures are encountered both in horizontal and vertical wells. 
However, large number of fractures have been encountered in the horizontal 
wells4 and in wells with particular orientation suggesting a critical relationship 
between the presence of fractures and borehole azimuth. 

2) The fractures encountered are classified into two main classes based on their 
morphology. A conductive class representing open fractures and a resistive 
class representing mineralized fractures. Open and mineralized fractures 
generally may occur with similar directional trends. However, directional trend 
of mineralized fractures is dominantly NW-SE (Figs 3.2 and 3.3). 

3) The fractures are classified into three main classes based on their distribution 
and genesis. The main directional trends are (Fig 3.4): 

" NS - tensional 
" EW - extensional 
" NW-SE and NE to SW - shear 

The most numerous directional fractures appear to be of shear type. Dip of 
fractures generally varies between 60 - 90 degrees. 

4) All sets of fractures (tensional, extensional, shear) occur in Khatiyah sector 
whereas tensional and shear fractures are observed to occur dominantly in 
Fahahil and Jaleha sector. The observations are based on limited set of imaging 
data. 

5) Fractures are interpreted to develop due to folding and faulting. However, 
certain reservoir layers such as Arab C Layer IIA and IIC show best developed 
fractures and fracture enhanced permeability whereas other layers such as 
anhydrites or mud supported layers show absence of fractures (Fig 3.5). Thus, 
both deformation (structural position), and lithology play a role in rock 
fracturing, occurrence, and distribution of fractures in the field. 

Nearly half of the faults observed in all wells are located in Fahahil North. Many of 
these faults are resistive. 

4 See natural and induced fractures in horizontal core (Fig 1.5) 
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Distribution, Trend, and Type of Fractures 

FRACTURE TYPE AND TREND PERMEABILITY 
(conduits or barriers) 

Well Tensional Shear Extensional Conductive Resistive Sector 

NE-SW NW-SE J 
DK-150 NW - SE 

DK 357 N-S NE-SW NE-SW KN 
N-S 

DK 358 N-S NE-SW NE-SW FM 
N-S 

DK-387 NE - SW NE-SW NW - SE FS 

NW-SE NW-SE 

DK-421 E-W FN 

ENE-WSW ENE-WSW 

DK 437 NW - SE E-W E-W FN 

WNW - ESE WNW - ESE 

DK-438 WNW - ESE E-W WNW - ESE KS 

ENE - WSW 

DK 456 NE - SW NE - SW FS 

NW-SE NW-SE 

DK 457 E-W E-W FN 

ENE - WSW ENE - WSW 

DK 478 N-S NE-SW NE-SW KM 
N-S 

DK 483 
N-S N-S FN 

FigV[f 3.4 Orientation and classification, and character of fractures in selected wells from Dukhan. Text for details. 
gpýrqviations: FM = Fahahil Main, FN = Fahahil North, FS = Fahahil South, J= Jaleha, KM = Khatiyah Main, KN = 
Kbpliyah North, KS = Khatiyah South. 



Figure 3.5 Distribution of fracture enhanced permeability in Arab C and D reservoirs based on detailed fracture 

analysis (see Jeffreys, 1997; Jeffreys, 1998 for details). Figure shows selective distribution of fractures due 
to tectonic control on fractures. Absence of fractures in anhydrite and dominance of fractures in Arab C Layer IIA, 
IIC, Arab D Layer G is indicative of stratigraphic control on the fractures. 
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3.3 Structural Analysis 
3.3.1 Introduction 

The fracture analysis discussed above has provided a set of qualitative data on the 
fracture morphology, orientation, distribution, density and aperture (Figs 3.4 and 3.5). 
In this section, a possible mechanism for the development of fractures in Dukhan Field 
is presented and discussed. 

Regionally, natural fracturing in rocks may develop due to extension, compression, or 
strike-slip deformation along the northern margin of the Arabian Peninsula, such as 
shown in Fig 3.6. Locally, fractures may develop due to folding, faulting, and 
compaction of strata over a basement high and/or in a depocenter (Fig 3.7). Strike-slip 
deformation involves development of positive and negative flower structure (Fig 3.6). 
It occurs in narrow zones of deformation with pressure ridges, thrust faults and sag 
basin with an array of normal faults. Compressive deformation involves uplift of strata 
above its regional level due to buckling of strata above a detachment horizon during an 
early stage of collision (Jadoon et at., 1994,1997) and basement inversion during a 
relatively advanced stage of collision. Development of a fold over a 
detachment/decollement can either produce a fault-bend/fault-propagation or a 
detachment fold (Woodward et. at., 1989, Jadoon et al., 1993) similar to one shown in 
Figure 3.6c and d. Seismic data has been useful for a critical review of structural 
geometry and geological models of the Dukhan Field. 

3.3.2 Seismic Data and Geometry of the Dukhan Field 

Five seismic lines were chosen for a general overview of the structural geometry of the 
Dukhan Field. Four of five lines are oriented in EW direction perpendicular to the 
Dukhan Field and are located in Khatiyah Main, Fahahil North, Fahahil Main, and 
Jaleha sector (Figs. 3.8-3.11). The fifth line is located in NS direction along the 
eastern limb of the fold and is parallel to the strike of bedding in Khatiyah sector (Fig 
3.12). Two-way travel time data (to 2 second) is observable in four lines whereas the 
fifth one over the Fahahil Main sector (C-C' in Fig 3.10) show reflection data as deep 
as 2.5 second two-way travel time. These data allow the constraint of stratigraphy and 
gross structural geometry of Dukhan Field to that depth. 

Seismic data allowed the recognition of layer cake stratigraphy as deep as Permian 
Khuff strata, with uniform thickness of Mesozoic section, and the Mishrif 
unconformitys. It shows that all sedimentary section is buckled to develop Dukhan 
Field as a typical anticline (Figs. 3.8-3.10). Top Arab D6 is located at depth of about 1 
s two-way travel time at the crestal part of the anticline. The same strata is located at 
a depth of 1.1 to 1.2 s two-way travel time at its regional level in the adjacent 
synclines. Thus an uplift of about 0.15 seconds two-way travel time defines the 
regional uplift or structural relief in the Dukhan Field. The anticline has a flat crestal 
part and planar limbs at top Arab D level in Fahahil and Jaleha sectors (Figs. 3.10- 

$ Unconformity at the base of Laffan shales (Early Upper Cretaceous) 
6 Another carbonate reservoir, 90 ft below the Arab-C. It exhibits better seismic reflection. 
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a) Positive flower structure b) Negative flower structure 

COMPRESSION (THRUSTING) 
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Figure 3.6- Reviewed structural models for the evolution of Dukhan field. Notice strike-slip deformation involves 
development of positive flower structure and presence of thrust faults (a), and negative flower structure and presence 

of normal faults (b). Deformation due to compression involves development of detachment (c) or fault-bend/fault 
propagation folds and uplift above a detachment (d). 



FRACTURING IN ROCKS 

= Fractures 

a) Symmetrical folds (applicable to Dukhan) 

fracturing due to bending of 
brittle strata over compacted shale 

brittle strata 

Compacted Shale 

c) Facies variation/compaction (not applicable to Dukhan) 

Figure 3.7 Some mechanisms of rock fracturing in rocks. 

b) Faults/asymmetrical folds (not applicable to Dukhan) 
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Figure 3.8 Seismic reflection profile (A-A' in Fig. 3.2) from Khatiyah Main sector of the Dukhan Field. 
The line shows uplift and folding of strata to a depth of 1.8 s two-way travel time data. 
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Figure 3.9 Seismic reflection profile (B-B' in Fig. 3.2) from Fahahil North sector of the Dukhan Field. 
The line shows uplift and folding of strata to a depth of 1.8 s two-way travel time data. The normal 
faults appear across the Cretaceous section. 
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Figure 3.10 Seismic reflection profile (C-C' in Fig. 3.2) from Fahahil Main sector of the Dukhan Field. The line shows 
uplift and folding of layers to a depth of about 2.4 s two-way travel time over a deeper detachment with flat hinge zone 
and planar limbs. 
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anticline. The interpretation suggests a fault-propagation fold (text for discussion), based on interpreted thrust in 
Ordovician strata in well DKG-27 (QP665,1987). Notice planar limbs, flat crestal part of the anticline at Top 
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3.11). Such an uplift of strata above its regional level and structural geometry, in the 
absence of multiple thrust faults and complicated deformation is typical of a 
detachment or a fault-bend/fault-propagation fold as shown in Figure 3.6. In the 
absence of a thrust fault (Fig 3.6d), the Dukhan anticline can be interpreted as a 
detachment fold (Fig 3.6c). Extrapolation of kink surfaces along the fold allows to 
predict detachment surface below Permian Khuff strata, possibly in Hormuz Salt above 
the basement. Seismic reflection data to a depth of about 5 or 6 seconds two-way 
travel time would be required to constrain the structural variations at depth to evaluate 
structural models similar to the other studies (Jadoon, et al., 1994; Jadoon et al., 
1997). 

Seismic data show significant thinning of strata above Mishrif, therefore, the timing of 
the major evolution of the Dukhan field would be post-Mishrif. Strike-slip structures 
in the Dukhan Field may represent shear fractures or lateral ramps and/or onset of 
wrench tectonism (Gomes, 1990, Grant Tensor, 1994) obliterating the first order 
anticlinal structure. 

3.3.3 Fracture Classification and Model 

The Dukhan Field structure is interpreted as a NS oriented fold anticline, 75 km long 
(Fig 2.1). Fractures are interpreted to be systematically related with the folding of 
different segments of the Dukhan anticline. Orientation and occurrence of fractures 
may be related with the strain history, location of faults in the field, and position within 
layers. 

Fractures in Dukhan Field are interpreted to occur as three general sets. One set of 
clear fractures is interpreted to develop parallel/sub-parallel to the fold axis of the 
Dukhan anticline, such as fractures in wells DK-357, DK-358, DK-478, DK-483 (Fig 
3.2). Another set of fractures is observed perpendicular to the fold axis, such as 
fractures in wells DK-421, DK 437, DK 438 (Fig 3.2). Still another set of fractures is 
observed oblique to the fold axis, such as DK-150, DK-387, DK-456 (Fig 3.2). The 
above fracture sets are classified as tensional (longitudinal), extensional (transverse), 
and shear (oblique) fractures respectively (Fig 3.13), similar to geometrical 
classification of fractures (Stearns & Friedman, 1972; Nelson, 1985) and observed by 
detailed outcrop and subsurface studies at Qarn Bida Bint Saud and Jebel Hafit 
anticlines in the western Oman mountains (Akbar et al., 1995). Thus, fracturing of 
rocks in the Dukhan Arab-C reservoir is interpreted in the context of folding of the 
Dukhan anticline. 

A simple fold as a model for the development of fractures in the Dukhan Field anticline 
can adequately interpret the presence of normal faults in Cretaceous section of the 
Dukhan Field. These normal faults may be related to the extension of strata above a 
neutral surface as shown in Fig 3.14b. As normal faults dominantly disrupt Cretaceous 
and younger strata and appear to die out at Jurassic level in the seismic and well data, 
the Cretaceous Hith and Jurassic Arab anhydrite may serve as a neutral surface or 
upper detachment to accommodate displacement of the normal faults. 
Finally, a mechanism for the deformation and evolution of the Dukhan field is shown by a schematic diagram of Hormuz Salt migration below a prograding sedimentary 
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wedge (Fig 3.15), similar to the experimental modelling of salt tectonics as described 
by Ge et al. (1997). This mechanism suggests SSW directed migration of the Hormuz 
Salt due to progradation of sediments in front of the Zagros mountain system (Fig 
3.16). The SSW directed vector of compression may be resolved into an EW directed 
vector of compression and a NS directed vector of strike-slip deformation. The EW 
vector of compression may be responsible for the development of Dukhan anticline. 
Whereas, NS vector of strike slip deformation would result into shearing and strike- 
slip deformation. Seismic data to a depth of about 5-6 seconds two-way travel time is 
critical for the validation of the model. 

3.4 Fracture Prediction and Validation 
3.4.1 Fracture Prediction and Implications to Reservoir Behaviour 

Fracture analysis discussed above has provided directional trends of fracture and 
fracture aperture for fracture enhanced permeability (Figs. 3.4-3.5,3.13). Fractures 
are categorized as conductive and resistive based on morphology. Conductive 
fractures are considered to be open fractures. Open fractures may serve as channels 
for the migration of fluids. The trend of conductive fractures define the permeability 
trend. Resistive fractures are the mineralized fractures. The trend of mineralized 
fractures may define the permeability barriers. 

The fractures in Dukhan Field occur as three general sets. These are: 

" NS 
" EW (WNW - ESE / ENE - WSW) 
" NW to SE and NE to SW 

They are classified as tensional (N-S set), extensional (E-W set), and shear fractures 
(NW-SE; NW-SW sets) respectively (Figs. 3.13,3.14). EW trending fractures are not 
observed in wells from Fahahil and Jaleha sector. Open fractures are well developed in 
NE - SW direction whereas mineralized fractures are best developed in NW -SE 
direction (Fig 3.4). 

Open fractures dominantly occur in Khatiyah sector of the field. In this sector 
mineralized fractures appear not to affect the migration of fluids. So, fracture- 
enhanced permeability may follow any of the listed trends above. NE - SW trend of 
the open fractures appear to dominate in this sector which may be related with the 
regional orientation of maximum in-situ stresses in the Middle East (Akbar and Sapru, 
1994). 

Both open and closed fractures are observed to exist in Fahahil and Jaleha sectors. 
Unlike Khatiyah sector, one set of mineralized fractures and faults is observed to strike 
preferably in NW to SE direction. These fractures may serve as possible permeability 
barrier or account for lower transmissivities in Fahahil and Jaleha sectors (Figs. 3.13, 
3.4). 

Cumulative fracture aperture logs are used to predict fracture-enhanced permeability of 
the reservoir layers (Fig 3.5). The predicted fracture-enhanced permeability is observed 

27 



Khatiyah 

DK-357 

L5 

A 
l. 0 40 

V 
W 

1.5 

See layer-cake stratigraphy to a depth of about 1.9 s two-way travel time data. 
Figure 3.12 Along strike seismic section (E-E' in Fig. 3.2) from Khatiyah Main sector of the Dukhan Field. 



Figure 3.13 Two way-travel time map on top of Arab C and distribution and classification of 
fractures as tensional (NS), extensional (EW), and shear (NW - SE, NE - SW). Tensional 
fractures in Fahahil and Jaleha sectors are predicted based on DK-358 (Fig. 3.2) and DK-462 
(QTJ 11376,1996). FM = Fahahil Main, FN = Fahahil North, FS = Fahahil South, J= Jaleha, 
KM = Khatiyah Main, KS = Khatiyah North, KS = Khatiyah South. 
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and shear 

a) Tensional, extensional and shear fractures: 

trat surface of 
leformation 

b) Tension and compression related parallel/subparallel to 
bedding due to compression fractures in a fold profile 

Figure 3.14 Folding and fracturing of rocks. The gross structural geometry of Dukhan Field is of an anticline. General 
fracture sets are interpreted as tensional, extensional, and shear considering their distribution over the Dukhan anticline, 
similar to as shown in a). Model shown in b) attempts to explain the normal faults and tensional fractures in Dukhan Field. 
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to occur selectively parallel to the orientation of open fractures. General permeability 
trends are predicted in NS, EW (WNW - ESE / ENE - WSW), and NE-SW directions, 
the latter one being the most dominant permeability trend. 

Mineralized fractures are observed to be present in limited number in Khatiyah sector 
and may not influence migration of fluids as a barrier. However, mineralized fractures 
are observed to be present in considerable number in Fahahil and Jaleha sectors where 
a resistive set with NW to SE may act as a permeability barrier. 

3.4.2 Fracture Enhanced Permeability 

Predictions for fracture-enhanced permeability are based on fracture analysis for 
orientation, morphology, density, aperture, fracture, porosity, and cumulative fracture 
aperture. In this study, each of the reservoir layers has been given a fracture 
permeability rating for enhanced permeability. Figure 3.5 exhibits the results of 
selective distribution of fracture-enhanced permeability in different reservoir layers 
which is related with deformation and lithology. Certain reservoir layers such as Arab 
C (Layer IIA and IIC), are observed to show the best computed fracture enhanced 
permeability in many wells (Fig 3.5). This observation shows a stratigraphic control on 
the abundance of fractures in particular reservoir layers. Therefore, both structure and 
lithology play a role in fracture enhanced permeability in the Arab C reservoir. 

3.4.3 Fracture Validation with Injection PLT 

Well DK-451 provides an example* where fracture-enhanced permeability is compared 
with injection PLT results (Zeybek, 1997). The results show that zones of increased 
fluid flow rate are directly related with fracture enhanced permeability zones (Fig 
3.17). Good agreement between injection PLT results and fracture-enhanced 
permeability zones confirms the role of fractures and faults in the hydrocarbon 
exploration similar to other studies (Dholakia et. al., 1998; Losh, 1998). It is clear that 
cumulative fracture aperture profiles through this study provide a valuable source of 
information for the fracture enhanced permeability and reservoir management in 
Dukhan Field Arab-C reservoir. 

3.5 Main Findings 

Dukhan Field is a north-south oriented anticlinal structure, about 75 km long. The 
structure is divided into four segments' based on apparent stepping of the fold axis, 
structural closure, and curvature of the fold axis. These segments from north to south 
are called as Khatiyah (K), Fahahil (F), Jaleha (J), and Diyab (D). The borehole 
imaging data in discussion is distributed over the Khatiyah, Fahahil, and Jaleha sectors 
(Figs 3.2 and 3.3). The data from the 11 wells have been thoroughly processed and 
interpreted for the fracture analysis (Jadoon et al., 1999). Here, interpreted results are 
analyzed for the distribution, classification of fractures and fractures model. The main 
observations and interpretations are: 

' Sometimes referred as field sectors. 
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Figure 3.17 Composite diagram to show cumulative fracture aperture profile (yellow line on 3rd track) 
and results of injection PLT (light blue colourfill) from well DK-451 (Zeybek, 1997). Notice how fracture 
aperture profile (FCAP) in track 4 matches well with downhole flow rate of water, indicating loss of fluids 

along fracture enhanced permeability zones. See AppendixVlll for a large scale plot. 
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1) Fractures are generally observed to be present in all wells, including vertical. 
However, the fractures are abundantly encountered in the horizontal wells. 
Therefore, presence of limited number of fractures in vertical well may be 
related with the attitude of the fractures with respect to the borehole azimuth. 

2) The fractures are classified into two main classes. A conductive class 
representing open and a resistive class representing mineralized fractures. Each 
of the two classes is further divided into a major and a minor class depending 
upon their continuity and appearance across the borehole wall. The fractures 
are best traced on the FMI images, rather than the FMS images, due to 
extended borehole coverage. 

3) Open fractures are observed to be dominantly present in wells from 
Khatiyah, Fahahil North and Main sectors, whereas an abundance of 
mineralized fractures is observed in all three wells from Fahahil South and 
Jaleha. 

4) Three sets of fractures are observed in Khatiyah and Fahahil North. These 
are parallel, perpendicular, and oblique to the fold axis (Figs 3.2 and 3.3). 
These sets are interpreted as tensional (parallel to the fold axis), extensional 
(perpendicular to the fold axis), and shear (oblique to the fold axis) (Fig 3.13). 
This observation is confirmed by core studies. Figure 3.18 is a core photograph 
(from DK-421 well) exhibiting a set of conjugated shear fractures. A set of 
conjugate shear fractures can also be predicted to occur similar to those in well 
DK-483 (Figs. 3.2 and 3.13). 

5) The wells located along the southern plunging zone of the Khatiyah anticline 
show an anomalous dominant ENE trend on the western limb (DK-457 in Fig 
3.2) and WNW trend on the eastern limb (DK-437 in Fig 3.2) in Fahahil north. 
These fracture orientations may be related with the plunging geometry of the 
anticline. 

6) Two sets of fractures are observed in Fahahil and Jaleha sectors. Of these, 
one set is parallel and other is oblique to the fold axis (Figs. 3.2,3.3,3.13). 
These sets are interpreted as tensional (parallel to the fold axis) and shear 
(oblique to the fold axis) fractures. WNW - ESE striking shear fractures are 
observed to be dominantly mineralized. EW trending extensional fractures are 
not observed, possibly due to limited set of data. 

8) Mineralized fractures are interpreted not to affect the reservoir performance in Khatiyah and Fahahil North/Main sector. However, WNW - ESE trending 
mineralized fractures may have an influence on the reservoir performance in the 
Fahahil South and Jaleha sectors. 

9) Fractures are interpreted to develop due to folding and faulting. However, 
their relative abundance (i. e Arab C Layer IIA and IIC) and absence (i. e. 
anhydrite and mud supported rocks) in certain reservoir layers can be linked 
with lithological control on fracturing of strata. 
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Chapter 3- Structural Characterization 

10) Cumulative fracture aperture logs predict good to none fracture enhanced 
permeability of the reservoir layers (Fig 3.5). The predicted fractures enhanced 
permeability is observed to occur selectively based on deformation and 
lithology in the reservoir layers. 

11) Cumulative fracture aperture from well DK-451 is compared with injection 
PLT data. Excellent match between two sets of data demonstrates importance 

of fracture enhanced permeability in reservoir management (Fig 3.17). 

12) Seismic reflection lines show structure of Dukhan anticline as a detachment 
fold (Figs 3.8-3.11). On the seismic lines, layer cake stratigraphy as deep as 
Triassic Khuff strata is observed to be uplifted from its regional level. 
Therefore, buckling of strata is predicted to occur along a detachment horizon 
deeper than Khuff. 

13) Faults in Cretaceous section are interpreted to develop due to tension 
above a neutral surface of a folded strata. 

3.6 Summary 

Fractures have been appreciated in Dukhan for some time but not historically 
incorporated in the static and dynamic models. A detailed analysis has been done for 
the first time. The horizontal wells have been useful. PLTs have helped to characterise 
the contribution of fractures. Permeability modifiers by layer and region can now be 
introduced in the flow models. 

As far as faulting is concerned, there is only relatively minor faulting in this field 
leading to local modification of layer properties. The conclusions of the study are that 
for Dukhan the layer facies contrast and petrophysical distributions dominate the 
framework. The disruptions of the framework by faulting are negligible. Although 
fractures have a local influence on the field dynamics, the contrasts in the stratigraphic 
layering dominate the overall sweep of the reservoir. For this reason the fractures have 
not been input into the flow models. 
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CHAPTER 4 
ARAB-C SEQUENCE STRATIGRAPHY 

4.1 Introduction 

This chapter presents and discusses the analysis on the carbonate sequence stratigraphy 
of the Arab-C reservoir. The objective of this analysis was to evaluate the impact of 
the sequence stratigraphy work on the zonation of the Arab-C reservoir, and to 
investigate the reasons for the spatial variations of properties across the Arab-C using 
sequence stratigraphic concepts. The overall aim was therefore to establish a robust 
stratigraphic framework, the basis for the subsequent reservoir description. It assisted 
the interpolation of petrophysical attributes within the pre-defined stratigraphic 
framework and the creation of a 3D geological model suitable for reservoir simulation 
studies. 

4.2 Nomenclature used to define the reservoir 

As mentioned in previous Chapters of this thesis it has been convenient to divide the 
Arab-C reservoir into two halves in the discussion of its geological evaluation. As 
previously, the division was taken at the level of a characteristic muddy unit which can 
be defined in most wells across the reservoir at approximately the middle of the Arab- 
C reservoir. This is termed the "burrows unit" - layer IG. The portion of the reservoir 
below and including IG has traditionally been referred to as the "Lower Arab-C 
(LAC)", and that above it the "Upper Arab-C (UAC)". 

4.3 Depositional Model - Methods and Terms Employed 
4.3.1 Methods: core logging and lithology 

The principal source of data for the depositional model were the lithologs produced by 
Schofield and Brayshaw (1985) by detailed examination and logging of cores 
penetrating the Arab-C reservoir. Main core characteristics recorded on lithologs were 
lithology, the size of constituent grains and the depositional texture of the sediment, 
defined according to a modification of Dunham's classification (Dunham R. J., 1961): 

Mudstone less than 10% grains and mud supported. 
Wackestone more than 10% grains and mud supported. 
Packstone a grain-supported sediment in which more than 30% of 

intergranular voids are mud-filled. 
Grainstone a grain-supported sediment in which less than 10% of 

intergranular voids are mud-filled. 

However, previous core descriptions were not performed in a manner suitable to be 
used in sequence stratigraphic analysis. In this thesis, facies had to be reviewed with a different perspective; there was a need to flag the facies which provide relevant information regarding water depth, energy and salinity. 
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Special attention was paid to the petrographic description of the packstones. As 
suggested by Kerans et al., 1994, to describe the petrophysical characteristics of a 
packstone clearly, a distinction must be made between intergranular areas that are at 
present completely filled with mud and those that are incompletely filled. Incomplete 
filling of intergranular areas results in petrophysical characteristics similar to those of a 
grainstone, whereas complete filling results in characteristics similar to those of 
wackestones and mudstones. 
Other features and characteristics recorded included visually estimated porosity, the 
nature of bedraing planes, any sedimentary structures, the presence of identifiable 
grains, burrows, stylolites and fractures. 

4.3.2 Lithofacies Descriptions and Interpretations 

Lithofacies in the present study are defined as 3D lithologic units characterized by a set 
of distinct attributes that may include rock type, rock fabric, grain type, physical and 
biogenic sedimentary structures, grain size and sorting (Tucker and Wright, 1990). The 
utility of lithofacies in stratigraphic analysis is that they provide an objective way to 
group observational sedimentological data into genetic classes and to interpret these 
classes in terms of environments of deposition. Each lithofacies records certain 
environmental parameters, such as water depth, energy and salinity. When placed into 
the context of a particular position in the succession they can therefore be used to 
interpret evolving environments of deposition. Reservoir characterization studies may 
define rock facies that are petrophysically distinct and related (weakly or strongly) to 
lithofacies (e. g., Lucia, 1983). 

The description of lithofacies in this section of the thesis present a summary of the 
descriptive criteria by which they were recognised, a discussion of their distribution 
within the Arab-C reservoir, and an interpretation of their environments of deposition. 
These descriptions and interpretations are developed into an evolutionary depositional 
model. Figure 4.1 shows the facies progression model for the Arab-C while figure 4.2 
exhibits a north-south diagram of lithofacies descriptions and distributions within the 
reservoir. 

The reservoir properties of a given lithofacies will, in general, reflect its depositional 
texture - essentially, its mud content. Lithofacies identified as grainstone or 
packstones, therefore, ought to exhibit better reservoir qualities than lithofacies 
characterised by mudstone or wackestone textures. Although at its simplest this holds 
true for most lithofacies in the Arab-C reservoir, the influence of post-depositional 
changes (diagenesis) such as compaction and cementation cannot be ignored, as they 
account for much of the variation in porosity and permeability observed within a 
particular lithofacies. An increase in cementation downflank within a grainstone lithofacies may, for example, account for reservoir-wide variations in its reservoir 
quality. Such diagenetic overprints are described and discussed in Chapter 5. 

The lithofacies descriptions, as described by Schofield and Brayshaw (1985), are as follows: 
p 
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Chapter 4- Arab-C Sequence Stratigraphy 

Lithofacies 1: This comprises a group of coarse bioclastic (skeletal) grainstones (Fig. 
2.3). They are carbonate sands, varying in grain size from very fine to very coarse. The 
sediments are characterized by a diversity of grain-types, including shell fragments, 
foraminifera, algal debris, ooliths, reworked clasts and faecal pellets. The mean 
porosities and permeabilities are 21% and 2197 mD respectively. 

Lithofacies 2: Comprises moderately well sorted fine to medium grained carbonate 
sands which commonly occur in 5-8 feet thick coarsening-upward units. The sands 
may be wholly oolitic or bioclastic, but usually have a diverse mixture of grain-types 
including ooliths, shell fragments, foraminifera and peloids. Algae, echinoderms and 
intraclasts also occur (Fig 2.4). The mean porosities and permeabilities are 19.7% and 
168 mD respectively. 

Lithofacies 3: This lithofacies comprises a group of horizontal laminated grainstones 
and occasionally cross-laminated and show no clear grain size trends (Fig 2.5). This 
lithofacies contain a relatively limited number of grain types. Mean porosities and 
permeabilities are 17.8% and 98 mD respectively. 

ti: hofacies 4: Comprises lime-mudstones and packstones (Fig 2.6). This lithofacies has 
a very characteristic appearance in slabbed cores, comprising dark, digitate or net-like 
areas (the thrombolites'). Both components generally have a very fine grained 
packstone or lime-mudstone texture with somewhat less diverse compositions. Mean 
porosities and permeabilities are 14.9% and 11 mD. 

Lithofacies 5: Comprises the burrowed mudstones and wackestones of layer IG (Fig 
2.7). Are very fine-grained sediments, micritic and often porcellaneous. They may be 
faintly mottled, or have large individual burrows filled with coarser-grained sediment, 
and may be associated with hardgrounds, for example at the top of layer IG. The fossil 
contents are usually restricted to pellets with some ostracods, algae, foraminifera and 
bivalves, although burrow-fills may be more diverse if sourced from overlying coarser 
sediments. Mean porosities and permeabilities are 16% and 6 mD respectively. 

Lithofacies 6: This lithofacies consists of two types of crystalline dolostones: fabric 
retentive and coarsely crystalline dolomites and finely crystalline anhydritic dolomite. 
The former consists of crystalline dolostones which are very similar to the precursor 
limestones, preserving all of the textures and sedimentary structures of what were 
generally fine to medium/coarse-grained carbonate sands. Approximately 75% 
preserve microfabrics, some with grain-types and cement textures easily identifiable, 
others only preserving gross morphologies such as pore-shapes. The remainder 
comprise sub or euhedral mosaics of dolomite crystals. These crystals vary in size from 
20-80 um. The second sub-class of lithofacies 6 consists of finely crystalline anhydritic dolomite, no microfabrics are preserved, which comprise mosaics of euhedral or 
subhedral dolomite crystals 5-20 um in size (Fig 2.8). Nodular and lath-like anhydrite 
cements are a common feature in the top few feet of the Arab-C succession. Mean 
porosities and permeabilities for both sub-classes are 15% and 65 mD respectively. 

blue green algal communities within a lighter coloured matrix 
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Lithofacies 7: This corresponds to the nodular anhydrites occurring in mosaics with 
more than 80% anhydrite and less than 20% matrix sediment. Thus, it comprises 
mainly "chicken wire" anhydrite - rounded or elongate nodules surrounded by very 
thin (usually <1 mm) rims of limestone /dolomite mud or silt along the nodule 
boundaries (Fig 2.9). 

Figure 4.3 shows the distribution of these lithofacies along a single cycle (facies tract). 

4.3.3 Lithofacies Proportions 

Figure 4.4 illustrates a trend of deepening and shallowing lithofacies in concert with 
the retrogradational/progradational pattern interpreted from the cycle thickness data, 
giving additional basis for the definition of sequence boundaries. Figures 4.5a-4.5k 
exhibit a series of core photographs for the entire Arab-C with some remarks regarding 
facies and cycle tops. Figure 4.6 shows the conceptual stratigraphic model for the 
Arab-C. 

4.4 Sequence Stratigraphy - Summary and Definition of Terms 

Sequence stratigraphy is the study of genetically related sedimentary facies within a 
framework of chronostratigraphically significant surfaces (Van Wagoner et al., 1990). 
Basically, sequence stratigraphy puts sedimentary strata in a time-space context. It also 
provides a conceptual basis and methodology for placing lithostratigraphic units into a 
chronostratigraphic framework by integrating available seismic, well log, core, 
outcrop, biostratigraphic, petrographic and geochemical data. The basic 
lithostratigraphic units used in carbonate sequence stratigraphy are lithofacies, facies 
tracts, and depositional systems. In general, groups of lithofacies compose facies tracts 
and groups of facies tracts comprise depositional systems. 

Delineation and mapping of different lithostratigraphic units depend on the scale of 
inquiry; depositional systems mapping is more applicable to regional stratigraphic 
analysis, whereas lithofacies mapping is more appropriate for reservoir description. 
Lithostratigraphic units may also be important for the reservoir model if found to have 
distinct petrophysical properties. 

Lithostratigraphic units are packaged within chronostratigraphic units2, which are 
bound by hiatal stratal surfaces separating older strata from younger strata. The 
fundamental chronostratigraphic units of sequence stratigraphy used in this thesis are 
cycles3, cycle sets and high frequency sequence. Cycle sets and high frequency 
sequences are the stratal record of a cycle (rise and fall) of relative change in sea level. 
Cycles are the record of relative changes in sea level (rise, or rise and fall) or changes 
in sediment supply. Cycles are bounded by marine flooding surfaces. 

In the stratigraphic record, lithofacies are most commonly packaged into repetitive 
vertical facies successions that record an upward-shallowing of inferred depositional 

Z Lithostratigraphic units may cross chronostratigraphic boundaries 
3 High Frequency Cycles (51" order HFC) 
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Fig 4.4 - 5th order Cyclicity and Cycle Sets in the Arab-C 
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Chapter 4- Arab-C Sequence Stratigraphy 

environments. Repetitive vertical facies successions in carbonate strata have been 

referred to as upward-shallowing sequences (James, 1979), punctuated aggradational 
cycles (Goodwin and Anderson, 1985), depositional or 5`''-order cycles (Grotzinger, 
1986; Read et al., 1986; Goldhammer et al., 1990,1991), fundamental depositional 

sequences (Wanless, 1991) and parasequences (Sarg, 1988; Kerans and Tinker, 1997). 
The latter last 100 to 500 thousand years whereas sequences are associated with cycles 
which last 500 thousand to 3 million years and are primarily controlled by glacio- 
eustacy (Vail et al., 1991). These are known as third-order cycles. The other orders of 
stratigraphic cycles are described by Duval et al., (1992). First-order cycles are 
tectono-eustatic and exceed 50 million years. They are related to ocean basin volume 
changes caused by plate tectonic cycles. Second order cycles last between 3 and 50 

million years and correspond to stages of basin evolution. 

4.4.1 Cycles 

The usage of the term cycle in this thesis incorporates the TST and HST components 
as opposed to the definition of "parasequence" of Van Wagoner et al. (1988,1990), 
which incorporates the HST component only. The cycles are used in the same context 
as Kerans and Tinker's cycles (1997), and can be mapped across multiple lithofacies 
tracts and include multiple vertical lithofacies successions, and these are inferred to be 
chronostratigraphic units. A lithofacies tract is a genetically linked association of 
lithofacies and vertical lithofacies successions that records a discrete energy/water 
depth/sediment supply setting. Lithofacies tracts recognized in the carbonate ramp 
model, for example, are the middle ramp, ramp crest, outer ramp and distal outer ramp 
(basin), Fig 4.1. 

If the concept of cyclicity adopted by Kerans et al., 19944 is applied to the Dukhan 
Arab-C, three scales of cyclicity are recognized: 1)- high-frequency sequence (Arab-C 
and overlying Anhydrite), 2)- cycle sets (retrogradational and progradational cycle 
sets) and 3)- high-order cycles. In the case of the Dukhan Arab-C, nine fourth-order 
cycless (table next page) are easily correlatable across the field. On a well by well basis, 
higher order cyclicity (5`h order) is visible (Fig 4.4). 

4 Used in the Permian San Andres formation (outcrop) 
s Fourth-order is debatable. Cycles are a product of the combined effect of their individual high-order 
base level transit and the effect of the lower order cycles within which they are convolved. 
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Chapter 4- Arab-C Sequence Stratigraphy 

4.4.2 Arab-C Cycles 

The fifth-order scale of cyclicity is the focus of this research because it represents the 

scale at which rock fabric variability occurs. The Arab-C is composed of fifteen 5th- 

order cycles or shallowing upward cycles (Fig 4.4). The cycles are asymmetrical 
because the TST component is reduced when compared to the HST component. 
Figure 4.7 exhibits a model for the stratal geometry and cycle asymmetry along the 
Arab-C ramp profile. Each cycle represents one complete depositional cycle in the 

sequence stratigraphic context. Although most of the lower order cycles are laterally 

continuous across the field the higher order cycles are not equally well expressed and 
thicknesses vary. The thicker cycles typically exhibit more lateral and vertical facies 

variations. 

As far as cycle-sets are concerned (TST and HST, see table above), there is a flooding 
(deepening) component that marks the beginning of the cycle-set6 (TST), a maximum 
flooding surface (MFS) that marks the transition from deepening to shallowing, and a 
shallowing component (HST) that leads to the end of the cycle-set (Fig 4.6). In the 
case of the HST, two stages may be recognised; 

" An early HST that represents shallowing that fills the vertical accommodation 
space and, 

"A late HST (LHST) that represents the progradational (regressive) stage of the 
HST. 

6 See the contrast between the transgressive basal grainstones and the anhydrite below on Fig 4.5k 
(above plug No 74) 
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Chapter 4- Arab-C Sequence Stratigraphy 

The LHST is responsible for the deposition of the massive anhydrites above the 
reservoir (Figs 4.5a and 4.6). The factors which govern these cycles are tectonic 
subsidence, eustacy, sediment type, supply and climate. These cycles show layercake 
stacking patterns arranged in transgressive/regressive episodes which are mainly driven 
by low amplitude sea level fluctuations. 

Several exposure surfaces occur throughout the Arab-C cycles. This has been 

confirmed in horizontal cores (Fig 1.5) and has also been observed in Abu Dhabi (Azer 
& Peebles, 1995). When the cycle is incomplete, eroded crusts or surfaces occur at the 
top of the early HST, with no anhydrite caps. Other more complete cycles show 
exposure surfaces towards or at the top of early highstands, or iron stained anhydrite 
tops with undulated contacts (see photograph of horizontal core on Fig 1.5). 

Some of these surfaces are associated with extensive dissolution. These localised 
exposure surfaces can be considered as cycle boundaries. Hardgrounds occur at cycle 
tops or as bored hardgrounds representing maximum flooding surfaces (MFS) (Fig 
4.5g). 

4.4.3 Fisher Plots 

The visual appearance of cycle thickness and thinning trends of the Arab-C can be seen 
on the core photographs, on the FMI images (Fig 4.4) and visualized graphically on the 
Fisher plot (Fig. 4.8). The Fisher plot is a technique which provides a quick way to 
examine a section for cycle thickening and thinning patterns, as normalized to a 
constant subsidence amount. The driving assumption behind Fisher' plots is that the 
setting is accommodation-limited, such that cycle thickness provides a proxy for 
accommodation. If this were not the case, and instead, sea level rose and fell 
sufficiently rapidly, that cycle thickness represents only the amount of sediment that 
could be produced in a given time, then cycle thickness trends are useful, but not as a 
proxy for accommodation (Kerans and Tinker, 1997). 

In the case of the Arab-C reservoir, the Fisher plot reveals a relative rise in sea-level 
from cycle 1 to cycle 5 (Transgressive System Tract - TST), a Maximum Flooding 
Surface (MFS) in cycle 6, and a relative fall in sea-level from cycle 11 to cycle 15 
(highstand system tract - HST). The resulting effect of the sea-level changes in terms 
of thickness and thinning trends is the following: 1)- an upward-thickening trend for 
the TST (cycles 1-6) and an upward-thinning for the HST (cycles 11-15). Those trends 
define potential transgressive and highstand systems tracts of sequences for the LAC 
and UAC respectively, (Fig 4.6). The upward cycle thinning of the UAC is reflecting 
decreased accommodation space associated with relative sea-level fall. The increase 
degree of dolomitization towards the top of the sequence discussed in Chapter-5 also 
corroborates with the sea level fall. 

4.4.4 Stacking Pattern Analysis 

The analysis of systematic trends in the thickness of cycles (stacking pattern analysis), 
reveals an upward thickening of cycles for the LAC and an upward thinning for the 
UAC section (Figs 4.4 and 4.6). This indicates that the LAC was deposited during 
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Chapter 4- Arab-C Sequence Stratigraphy 

base-level rise (transgressive retrogradational deposits) while the UAC was deposited 
during base-level fall (regressive progradational deposits). 

4.5 Sequence Stratigraphic Analysis 

This section discusses some of the challenges encountered during the sequence 
stratigraphic analysis. 

4.5.1 Stratal Geometry 

The Arab-C was deposited in a shallow ramp setting that had a near-flat-lying 
stratigraphy and, consequently, the reservoir model consists of a series of thin, sub- 
seismic layers. On the seismic data (Figs 4.8a and 4.8b), the 15 high-frequency cycles 
resolved by the core-wireline study, fit between a seismic trough and a seismic peak 
(Fig 4.8a). The subdivision between the UAC and LAC coincides, roughly, with the 
zero crossing. To highlight the contrast between this good quality (50 Hz) seismic data 

and the scale at which petrophysical layering was carried out in the Arab-C, figure 4.8b 

shows the flow-unit scale within the Arab-C sequence. Figure 4.9 exhibits a 
comparison between the different vertical resolutions (scales of data) used in 

characterization of this reservoir. 

It is evident that the frequency content of the seismic does not resolve the high 
frequency cycles present in the Arab-C. It only captures the big patterns, probably the 
3`d order cycles. Seismic derived stratal geometries are therefore difficult to obtain. 
The establishment of a MFS between a TST below and a HST above is the main driver 
for a conceptual stratal geometry. Figure 4.6 exemplifies the typical Arab-C stratal 
geometries for a dip section while figure 4.6a exhibits the stratal geometry for a strike 
section. The prograding clinoforms of the HST are not recognizable in a strike 
direction. The same applies to the onlap features of the TST. 

4.5.2 Maximum Flooding Surface - Controversy over origin of "IG" layer 

The mud-rich low energy lithofacies 4 characteristic of layer IG may represent either 
very shallow restricted environments or deeper water environments, both being 
plausible settings where mud can accumulate. If deeper water is assumed, a MFS is 
estimated for layer IG. In this case the entire Arab-C falls within one high frequency 
sequence - the LAC corresponding to a TST (cycle-set) and the UAC to a HST 
(cycle-set) (Fig 4.6). If the mudstones of IG are lagoonal, shallow water sedimentation, 
then a sequence boundary is interpreted at top of IG. Two sequences are then possible 
for the Arab-C. The first sequence for the LAC and the second sequence for the UAC. 
However this is not the model proposed in this thesis. 

Although some -internal studies carried out by QGPC (Trabelsi and Gomes, 1998) 
speculate for the lagoonal origin of these mudstones, subsequent analysis and 
discussions with other experts in this field, indicate that the burrowed mudstones of 
layer IG were deposited in deep water. Evidences against their lagoonal origin are the 
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Fig 4.8a - Variable density display of seismic data between top and base of the Arab-C. 

Fig 4.8b - Wiggle trace display of seismic data between top and base of the Arab-C with flow 
unit scale zonation. 
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Chapter 4- Arab-C Sequence Stratigraphy 

large continuity of these mudstones, the presence of burrowing organisms' and deep 
water ostracods (Cardobairdia fulgens)8. In this thesis, the mudstones of layer IG are 
considered a key marker for the maximum flooding surface (MFS). 

4.5.3 Late HST Anhydrites Interpreted as Salinas 

Azer and Peebles (1998) carried out isotopic analysis on evaporites of the Jurassic 
Arab A-C cycles of Abu Dhabi. Sulphur isotope analysis conducted on seventy-seven 
samples revealed that the anhydrites above and below the Arab cycles (Arab-C 
included) support an evaporite depositional model in which a hypersaline lagoon 
matures or evolves into a hypersaline lake or ephemeral pond. According to Azer and 
Peebles (1998), as the highstand portion of the depositional cycle consumes its vertical 
accommodation space and begins to prograde seaward it leaves behind a restricted, 
"cut-off' basin that receives ever-diminishing supplies of marine recharge and becomes 
increasingly evaporative. In this depositional scenario the lagoon evolves into a 
hypersaline lake (salina) which may further evolve into a coastal sabkha before the 
marine flooding that starts the overlying cycle. When this next cycle floods the area, 
the upper portion of the underlying evaporite is diagenetically altered by the new 
oxygen-rich marine pore water. This new pore water possesses a higher S34/S32 ratio 
and produces high S34 values in the altered evaporites at the top of the interval. This 
was the result of the geochemical analysis performed by Azer and Peebles (1998). By 
analogy, the same model can be applied to the Arab-C anhydrites in Dukhan Field. 

Other authors (Ward et al., 1986), propose analogy with modern environments stating 
that the evaporites represent deposition within lagoons formed over deflation flats 
behind an old shoreline, in a manner similar to that of lake Macleod, north of Shark 
Bay, Western Australia (Logan, 1981), or the coastal lagoons along the South 
Australia coast (Burne, 1982; Warren, 1982). Most of the gypsum was thus deposited 
in standing bodies of water, though some of the evaporites are believed to be deposited 
in the displacive mode as found in coastal sabkhas (Kendal, 1969). 

4.5.4 Sequence Stratigraphy and Reservoir Quality 

In this study great emphasis was given to the sequence stratigraphic framework in 
terms of using systematic rock fabric changes within the cycle framework for guiding 
zonation and petrophysical analysis (Chapter-6) for variography modelling. Most of 
the effort was spent on the variography (Chapter-7) within each high-order cycle. This 
guaranteed meaningful spatial information for each cycle and consequently the 
assessment of reservoir variability and quality. It also allowed translation of geologic 
descriptions into engineering grids with a maximum of preservation of stratigraphic 
architecture (Lucia et al., 1992; Senger et al., 1993, Kerans et al., 1994). 

The Arab-C rocks deposited during a TST exhibit an improvement in the reservoir 
quality towards land, while rocks deposited during a HST show an improvement of 
reservoir quality towards the sea (Fig 4.6). 

Burrowing organisms can not live in high salinity (lagoonal) environments 8 Characteristic of deep water 

39 



Chapter 4- Arab-C Sequence Stratigraphy 

An interpretation for this phenomenon lies in the large scale distribution of sediments. 
During the TST, grain supported material was reworked and pushed towards land. The 
resultant effect is that the best rocks in terms of primary porosity are situated towards 
the palaeo shoreline. On the contrary, during the HST, higher energy sediments are 
pushed away from shore during the progradation phase. This is the reason for the 
improvement in the primary porosity towards the basin, in the direction of a more open 
marine environment. 

These findings are useful in subsequent geological/geostatistical modelling if the 
location of the shelf margin is known. The delineation of the Arab-C shelf margin is 
therefore important for two reasons: 

1. To understand the lateral variability of facies within a sequence stratigraphic 
framework. 

2. To be able to predict facies variations. 

A review of the literature coupled with integration of data from Qatar and Saudi 
Arabia suggests that the Arab-C shelf margin runs along the Dukhan and Ghawar fields 
(Fig 4.10). This explains the continuity of facies and thicknesses along the anticline 
axis (parallel to the ramp margin). Figure 4.11 shows a 3D sequence stratigraphic 
(conceptual) model along a dip section. 

The petrophysical data (Chapter-6) reveal that the LAC facies (deposited during the 
TST) are more homogeneous (lower Cvs) than the UAC facies (deposited during the 
HST). The progradation of the UAC gave origin to more heterogeneous facies, 
although with high strike continuity. 

This finding is in line with published work on the relationship between facies 
continuities and system tracts. HST are wave dominated systems and the facies tend to 
be more heterogeneous than the facies deposited during a TST, which are tide 
dominated. Tide dominated systems will produce greater continuity of facies 
distributions (Kerans and Ticker, personal communication). 

Variography analysis conducted on different facies tracts is discussed on Chapter-7. 

4.6 Summary 

Although we have used a basic framework from previous work, this study focussed on 
the detailed sequence stratigraphy needed to incorporate latest concepts, improve the 
lateral prediction of facies and enhance the correlation of cycles. 

The main findings of this work can be summarized below: 

The Arab-C reservoir is subdivided into two major units; the Lower Arab-C (LAC) 
and the Upper Arab-C (UAC). The LAC is characterized by transgressive 
retrogradational deposits with thickening upward cycles, while the UAC is 
characterized by regressive progradational deposits with thinning upward cycles. The 
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Chapter 4- Arab-C Sequence Stratigraphy 

progradational cycles of the UAC are dominated by evaporitic sediments. Between the 
LAC and UAC a maximum flooding surface (MFS) exists. This MFS is characterized 
by a burrowed mudstone unit designed by layer IG. The entire Arab-C is bounded by 
two sequence boundaries which separate a thick succession of evaporites from the 
reservoir rocks of the Arab-C. These evaporites (anhydrites) are interpreted to be 
deposited in large hypersaline lakes (salinas) as part of a late high-stand system track. 
The anhydrites present in the reservoir, mainly in the upper part of the UAC, are 
interpreted as coastal sabkhas (supratidal deposits). 

The sequence stratigraphic analysis applied to the Arab-C reservoir added value to the 
understanding of the spatial variability of the reservoir properties. 

" In the case of the LAC, the improvement of reservoir properties towards land, is 
the result of a WSW-ENE transgression (retrogradation) while, for the UAC, the 
improvement of reservoir quality towards sea (opposite direction), is the result of a 
progradation of sediments towards a more open marine environment, located in the 
West-Southwest. 

This asymmetrical behaviour in the reservoir property trends between the UAC and the 
LAC, is a consequence of the different sequence stratigraphic settings during the 
deposition of the Arab-C. This is translated into an improvement of the LAC towards 
Diyab Sector and an improvement of the UAC towards Khatiyah Sector. This model 
has significant implications for the spatial analysis (variograms) and subsequent 
modelling of petrophysical data. 

A 
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CHAPTER 5 
DEPOSITIONAL AND DIAGENETIC MODEL 

5.1 Depositional Model 

The lower Arab-C (LAC) zone records deposition typical of a transgressive system 
track (TST) system experiencing rapid initial transgression. The upper Arab-C (UAC) 
is characterized by a high stand system track (HST), capped by a late HST (anhydrite). 
Sequence boundaries (SB) mark the top and base of the Arab-C. The interface 
between the upper and lower Arab-C zones (marked by a hardgrounds surface and 
associated Glossifungites ichnofossil assemblages) is interpreted to be a maximum 
flooding surface (MFS), which separates the TST from the HST (Fig 4.6). The upper 
and lower Arab-C zones differ in that the lower Arab-C consists of deposits of ramp 
crest and inner ramp origin while deposits of inner ramp and peritidal origin comprise 
the upper zone (Figs 4.1 and 5.1) 

The difference between upper and lower Arab-C sequences reflects eustatic sea level 
cyclicity. The transgression initiating Arab-C deposition was profound, resulting in 
superposition of ramp crest deposits directly upon late HST anhydrite (Fig 4.5k). 
During the subsequent highstand progradation inner ramp sediments were deposited. 

Table 5.1- Facies Patterns Developed during Evolution of the Arab-C Reservoir 

STAGE FACIES RELATIVE GEOLOGICAL 
PATTERN SEA LEVEL LAYERS 

Post-carbonate Laterally extensive Late HST 
evaporites 

Re-establishment of Facies mosaic HST IIB, IIC, IID, 
ramp-lagoon IIE, IIF 
Second shoal Sheet sands HST IIA 
pro gradation 
Shoal and biostrome Ragged MFS IF (part), IG 
development blanket/mosaic 

Stable subsiding Facies mosaic HST ID, IE (part) 
ramp lagoon 

Early shoal pro gradation. Sheet sands TST IB, ID (part) 
The basal transgression Sheet sands, distal TST IA, IB, IC 

wedge 
Pre-carbonate Laterally extensive Late HST 

evaporites 
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5.1.1 Pre-carbonate deposition 

Prior to the onset of limestone deposition, evaporites were the dominant lithofacies. 
Preserved as a 24 m (80-foot) thick sequence of nodular anhydrite, the original 
components may have included dolomite and gypsum (Fig 4.5k, interval 6672.5- 
66741). In a laterally-equivalent subcrop to the northwest2 (Wilson, 1981), the thick, 
uniform anhydrites continue. To the east in El Bunduq area however, (Robertson 
Research International, 1984), there is a facies change as the anhydrite thins and splits 
to be absorbed into a continuous Arab-C/Arab-D Limestone sequence. The top 
(Arab-C equivalent) is interpreted as having been deposited in a tidal-flat/sakhha 
environment. 

The interpretation of the thick, texturally and mineralogically uniform evaporite 
sequence is difficult. The two most likely models are: 

" the product of deposition within a continuation of the sabkha noted to the east - 
the existence of a 'giant sabkhz " of this type was proposed by Leeder and Zeidan 
(1977). 

" as an evaporite deposited in a submarine environment, in a hypersaline lagoon 
or basin of considerable lateral extent isolated from the main Tethyan ocean 
by a barrier, possibly represented by the tidal flats to the east. 

No firm conclusion was reached on the basis of the data available, but it is possible 
that the massive anhydrites above and below the Arab-C (Fig 4.6) were deposited in 
hypersaline lagoons (salinas), while the small anhydrite streaks within the upper Arab- 
C were deposited in supratidal sabkha environments. 

5.1.2 The basal transgression 

The change from evaporite to carbonate deposition was rapid, with a transition from 
nodular anhydrite to dolomitized skeletal grainstones over just a few centimetres of 
core in many instances (Fig 4.5k, contact above core plug No 74). These skeletal 
grainstones of the basal Arab-C indicate an open, high energy, shallow, subtidal, 
marine depositional environment. These deposits comprise a transgressive systems 
tract (TST). Wave or tidal currents reworked sediments into broad, tabular sheets 
spread over anhydrites of the underlying late high-stand tract (LHST). The trend of 
the tabular sheet was elongated parallel to the palaeoshoreline (Figs 4.11 and 5.1). 
Variations in the thickness of the unit (consisting of lithofacies 1) may be indicative of 
the topography of the depositional surface (isochore maps in Appendix IV). 

As the transgression advanced from a WSW quadrant with the skeletal grainstones3 as 
its most proximal expression, bioclastic shoals developed on the ramp in its wake. 
Their biota imply a shallow, well aerated and active depositional environment. 

' 1.5 ft sample of this anhydrite 2 Qatif Field, Fig 4.10. 
3 See Figs 2.3 for microphotograph pertaining to these skeletal grainstones 
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Chapter 5- Depositional and Diagenetic Model 

Average water depths were probably of the order of 10-15 feet, but local shoaling and 
emergence is indicated by the abundance of leaching, attributable to meteoric water 
flushing. The occurrence of cemented and colonised hardgrounds within the 
grainstones indicate that, although the shoals were migrating, relatively long periods 
of substrate quiescence were common. 

Finer grainstones and packstones were deposited in inter-shoal areas and, ultimately, 
in the northern part of the study area as a wedge of deeper-water sediments. These, 
the most distal expression of the transgressive facies suite, are characterised by 
bioturbation and a hardground developed at their interface during a hiatus at the end 
of the transgression. There is little evidence of this facies development in the south, 
where grainstone deposition continued into the next phase of development. 

5.1.3 Episodes of shoal progradation within a TST cycle set 

The end of the transgression is marked in the south by a facies change from the 
coarsely bioelastic Lithofacies 1, to the more texturally uniform carbonate 
grainstones of the same Lithofacies. These sands, deposited as migrating shoals, 
developed in water depths of around 5 feet and were probably periodically emergent, 
as they are highly leached. Although initially deposited in the south, the facies was 
able to prograde towards WSW as the initial differentiation in depths was equalised by 
the establishment of a stable, subsiding ramp environment. During this process of 
stabilisation and shoal-sand progradation, the hardground developed on top of the 
distal transgressive facies in the north of the area was eroded, producing an irregular 
surface and abundant intraclasts. 

5.1.4 Carbonate deposition in a stable, subsiding ramp-lagoon 

At the end of the period of progradation, there was an important change in the 
character of the depositional environment. Hitherto, the deposition had been 
controlled by slight regional differences in base-level. Stabilisation of the ramp at the 
end of the period of progradation, however, resulted in the establishment of an 
essentially horizontal depositional surface subsiding at uniform rate. This in turn 
resulted in a change in the geometry of depositional units from sheet-like grainstone 
bodies to complex interfingering facies mosaics. 

Sediments deposited immediately above the gastropod/bivalve grainstones were 
predominantly oolitic and bioclastic grainstones (Lithofacies 2, Fig 2.4 and also Fig 
4.5j) interbedded and interfingering with muddier and more peloidal sediments 
(Lithofacies 2 and 3). Comparison with modern oolite-depositing environments 
suggests that the oolitic grainstones were deposited in an extensive open-water ramp- 
lagoon as a series of migrating megaripples, in water depths of 10-15 feet. Muddier, 
more bioturbated sediments were deposited in the "swales" between megaripples. 
Throughout the period of development of the ramp-lagoonal environment, with its 
complex facies mosaics, the delicate balance between sedimentation rate and 
subsidence rate appears to have been tipped in favour of subsidence, with the result 
that the ramp-lagoon became deeper. This is evidenced by the upward decrease in the 
volume of oolitic sediment in favour of more peloidal and bioclastic facies, along with 
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a number of indications of slow sedimentation rates in quiet-water environments. 
These include hardground development, the growth of columnar stromatolites up to 
10 cm in height, and abundant bioturbation of muddy sediments. 

This period of deepening of the ramp and consequent quieter-water sedimentation 
ended with a return to the deposition of well-laminated peloidal grainstones over 
most of the reservoir (Fig 4.5h, interval 6645-6647 ft). This somewhat ragged 
blanket of higher energy Lithofacies 3 (Fig 2.5) sediment may have been deposited 
simultaneously over the entire area as a result of regional tectonic uplift or local 
structural upwarping. Since, however, there is no evidence from other wells in the 
region of major tectonic activity at this time, and no evidence in the immediate area of 
structural control over sedimentation, such options are considered unlikely. The 
grainstones are, instead, interpreted as sediments deposited by a series of sand bars 
migrating across the area. The direction of approach of the shoals is equivocal, but 
given the recognised pattern of west-southwest to east-northeast differentiation 
controlled by subsidence in a depocentre to the west-southwest, migration from west- 
southwest to east-northeast is considered most likely. This episode of deposition may 
represent the lagoonward retreat of barrier sands situated along the edge of the 
deeper basin. 

5.1.5 Shoal and 'biostrome development - the 'IG unit' 

The peloidal grainstones pass vertically into a complex facies mosaic of interdigitating 
and occasionally interbedded Lithofacies 4 and 5 representing, respectively, shoal / 
intershoal sands and the sediments of complex algal biostromes (see Fig 4.5g, interval 
6640.5-6644 ft). 

The biostromes developed initially as complex floral/faunal associations dominated by 
blue-green algae. As they evolved, this association became much simpler, ultimately 
comprising simple branching micritic thrombolites in a micritic matrix with abundant 
ostracods. The digitate thrombolites probably acted as 'baffles, helping to trap the 
micritic matrix sediment within the biostromes. Although the biostrome units attain a 
maximum observed thickness of 12 feet, they probably grew as low-relief sheets, 
rather than isolated 'pinnacles'. Their maximum elevation above the surrounding sea- 
floor may have been no more than 3 feet during growth (Schofield and Brayshaw, 
1985). The interbedded sequences observed in cores, with biostrome (Lithofacies 5) 
sediments alternating with inter-biostrome (Lithofacies 4) (see Fig 4.5g, interval 
6641.1-6643.0 ft) sediments probably formed as a result of the inundation of the low 
mounds by grainstones, possibly washed over during periodic storms. The lateral 
extent of individual biostromes is not known. They apparently occur as rounded or 
elongate areas several kilometres wide - much larger than the literature analogue 
reported by Pratt and James (1982), who note Ordovician mounds of similar 
composition, but with maximum lateral dimensions of a few hundred metres. It is 
possible, of course, that individual biostromes in the Arab-C Limestone were of this 
order of size, and the areas of occurrence mapped comprise several vertically and 
laterally coalesced units. 
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Biostromes obviously developed in a specific set of environmental conditions which, 
as they evolved, became more specialised, as indicated by the decreasingly diverse 
biota. There is no evidence in the form of evaporite deposition, desiccation, flake- 
breccia development, etc., to suggest that the environmental constraints were due to 
shallowing and emergence. It is presumed, therefore, that further deepening of the 
ramp was the cause of the evolution from complex to very simple fossil assemblages 
and from abundant sediment supply to sediment starvation. This latter effect, which 
is manifest as the deposition of ostracod wackestones and mudstones over much of 
the reservoir, culminated in the formation of an extensive scalloped hardground, 
particularly prevalent in the north of the area. The literature analogues of Fischer and 
Garrison (1967) support the hypothesis of hardground formation in deep water. 
This should correspond to the MFS described in Chapter-4. 

The hardground is less well developed to the south of the field - either it was eroded 
off during subsequent grainstone deposition, or did not develop. This in turn implies 
higher energy shallower water conditions to the south, consistent with observations 
throughout the remainder of the succession (Figs 4.1 and 4.6). It is also in 
accordance with the available regional data from the Qatif Field to the northwest 
(Wilson, 1981), El Bunduq to the east (Robertson Research International, 1984) 
and Kharaib-3 to the Northeast. These demonstrate deepening and continued 
biostrome development to the west and west-southwest, and shallowing to the east- 
northeast. 

5.1.6 Initiation of the Upper Section - HST system tract 

The 'IG unit' is overlain over the entire reservoir by oolitic and bioclastic shoal 
grainstones (Lithofacies 2, Fig 4.5f, interval 6633.3-6636.1 ft) which are generally 
intraclastic at the very base (Fig 4.5g, plug No 42). Initially developed in the 
relatively shallow waters in the south, the shoals migrated west-southwest in 
response to the slowing or cessation of differential subsidence. The magnitude of the 
hiatus represented by the hardground is unknown (Schofield and Brayshaw, 1985). 
The resultant blanket of bioclastic sediment can be traced across the entire reservoir. 

5.1.7 Re-establishment of a ramp lagoon 

In the wake of shoal migration, a depositional setting similar to some of the HST 5`h 
order cycles of the mid-LAC developed, with a complex facies mosaic being 
deposited in a very widespread but shallow lagoon. However, it differed from the 5`h 
order HST cycles of the Lower Section, in that there was a notable north-south differentiation in sedimentary environments and, consequently, depositional facies. 

In Khatiyah sector (northern area), the transition to lagoonal setting and quieter-water 
sedimentation is marked by an increase in the amount of mottled packstone interbedded with the grainstones, which themselves become thinner with a much less diverse peloidal grain assemblage. To the south, a similar decrease in diversity is 
noted, but grainstones are fewer, and the predominant packstones and wackestones 
commonly have evidence of early gypsum growth. In the southern Fahahil and Jaleha 
sectors, units of 90-100% nodular anhydrite occur (Lithofacies 7, Fig 4.5e, interval 
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6622-6625). These were probably originally deposited as syn-sedimentary gypsum on 
the floor of a hypersaline lagoon. 

Thus, the depositional environment of the sediments found in the middle of the UAC 
was one of a restricted, hypersaline lagoon in the south, where abundant muddy 
sediment and synsedimentary gypsum were deposited. To the north, the lagoon 
deepened, and small pelletaUbioclastic sandwaves migrated across a muddy substrate 
which was well bioturbated with locally well-developed stromatolite growth. A similar 
depositional setting is described in the literature by Louks and Longman (1982). 

As subsidence of the ramp continued there was a return to nearer-normal salinities 
and the deposition of packstones and grainstones of Lithofacies 4 and 6 over the 
study area. Fewer grainstones were deposited in shallower waters to the south. Thin, 
sharp-based structureless grainstones (Fig 4.5d) noted at various localities were 
probably deposited as sheet sands redistributed in major storms. It is at 
approximately this level that the upper dolomitized sequence begins (Fig 4.5c, at 
6607 ft)'. The packstones which predominated in the lagoon at this time were 
generally either algally laminated or bioturbated and commonly, particularly in the 
northern sectors, interspersed with small grainstone shoals characterised by peloids 
and thin-shelled fossils. The continued deposition of gypsum laths and nodular 
anhydrite throughout these sediments, particularly in the south, indicates that the 
lagoon remained at least partially hypersaline. 

As the basin filled, the environment of migrating shoals was superseded by the 
deposition of laminated sediments with abundant nodular anhydrite (Fig 4.5b, interval 
6594.5-6597 ft), prograding from the east-northeast to cover the entire area (Fig 4.11). 
These were deposited in a very restricted environment, probably intertidal, and 
possibly supratidal at its very top where there is a transition into the overlying 
anhydrite (Fig 4.5a). 

5.1.8 Summary 

The observed distribution of facies in the LAC and UAC can be explained by 
deposition in systems experiencing a rapid initial transgression, subsequent high stand 
and capping late high stand. The separation between the UAC and LAC zones is 
marked by a maximum flooding surface (MFS). The UAC and LAC zones differ in that 
the LAC consists of deposits of ramp crest and inner ramp origin while deposits of 
inner ramp and peritidal origin comprise the UAC. 

The overall model for the two sequences (UAC and LAC) invokes a continuously- 
subsiding very shallow epeiric ramp upon which carbonate deposition was initiated by 
a transgression. It was subsequently modified by the balance between sedimentation 
rate and subsidence rate. Control on the latter was exercised by differential subsidence 
in an intra-ramp basin situated to the west-southwest of the study area whose 
fluctuating margin influenced facies development in the Dukhan area. In the LAC, 
sheet sands deposited in the transgression and subsequent minor progradation pass up 

4 Not very clear in this well 
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into a complex facies mosaic deposited on a horizontal ramp. The retrogressive 
movement of shoal and biostrome complex across the area marks the period of deepest 

water before stabilisation of subsidence permitted a second phase of shoal 
progradation (more significant) from the east-northeast and deposition of a second 
grainstone sheet. Subsequently, the ramp developed a more gentle morphology, 
shallower and hypersaline in the south of the field, deeper and more open to the west 
and west-southwest (Figs 4.1,4.6 and 4.11). Facies were deposited in a complex 
interdigitating mosaic (Fig 4.2). Gradually, facies development equilibrated, probably 
by infhling of the deeper lagoon in the north as inter- and possibly supra-tidal facies 
became dominant across the whole area at the end of limestone deposition. 

This model is consistent with regional considerations derived from the literature 
(Murris, 1980; Wilson, 1981; Robertson Research International, 1984) and the QPC 

exploration well Kharaib-3. These support a model of a subsiding depocentre to the 
west and west-southwest. The stable margins of this basin, to the northeast, east and 
even south, were characterised by continuous subsidence and the development of 
large-scale shallowing-upward sequences. The Dukhan and Qatif Fields (Wilson, 1981) 
He close to the fluctuating margin of the basin (Fig 4.10), a position explaining the 
facies continuity along the field axis. 

5.2 Diagenesis 
5.2.1 Diagenetic Processes 

The Arab-C carbonates have been subjected to extensive syndepositional and post 
depositional diagenesis, which resulted in both the creation and destruction of porosity 
and permeability (Table 5.2). The syn-depositional processes identified were 
micritization and early dolomitization associated with the seepage reflux of hypersaline 
sabkha brines through peritidal carbonates (Fig 5.2). There are also indications of early 
marine and vadose fringe cements. The post depositional diagenetic processes 
identified were: compaction, isopachous cementation, dissolution, late dolomitization, 
and replacement and/or cementation by anhydrite. Some late diagenetic features such 
as stylolitization and fracturing occur within the reservoir, but their impact on reservoir 
properties is minimal. 

Bouroullec et al., (1994) studied the cathodoluminescence of the Arab-C and -D 
dolomites (Offshore Qatar) and found evidences of recrystallization. According to the 
authors, dolomite crystals frequently contain a dirty core with a dull red luminescence 
whereas the rims are clean and present bright red to yellow luminescence. They also 
verified that anhydrite crystals contain two phases of secondary fluid inclusions 
developed along ancient and recrystallized fractures or cleavages. Unfortunately it is 
not possible to validate the findings of Bouroullec et al., (1994) because 
cathodoluminescence was not available in this research. 

Aragonite was an important constituent of Arab-C rocks at the time of deposition. 
Aragonite is chemically unstable and is susceptible to alteration to more stable low 
magnesium calcite or to dissolution. Stabilisation is generally accomplished at the 
sediment/sea interface through the activity of endolithic green and blue-green algae. 
This involves the chemical alteration of aragonite to micrite calcite (micritization). 
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Calcite cementation is, by far, the most important diagenetic feature of the Arab-C 
rocks. Calcite cement exists in nearly all Arab-C lime grainstones. Three calcite cement 
morphologies are commonly observed (Ali Trabelsi personal communication, 1998): 

l)- blocky calcite, 
2)- isopachous rims of equant calcite, 
3)- bladed (radial) calcite. 

The equant calcite cement is probably of marine phreatic origin, while the more 
coarsely crystalline, radial and bladed cement clearly had an origin as aragonite or high 
magnesium calcite precipitated as a submarine cement at, or just under, the 
sediment/sea water interface in a marine phreatic diagenetic regime. These are pre- 
burial ("beach rock") cements. Blocky pore filling calcite is much more coarsely 
crystalline and is observed within both interparticle and shell moldic dissolution pores. 
This cement is indicative of slow precipitation within the post-burial meteoric phreatic 
zone of shallow subsurface groundwater lens. 

Leaching and creation of secondary porosity is commonly observed in skeletal grains 
of gastropods and pelecypod fragments. Dissolution porosity is often observed within 
Arab-C dolostones. Dissolution of chemically unstable rock components is envisioned 
as having occurred prior to dolomitization. 

Dolomitization is common only within two portions of the Arab-C zone: 

1)- the upper few feet of the UAC (Fig 4.5b and 4.5c) 
2)- the very basal portion of the LAC (Fig 4.5k) 

Incomplete dolomitization of lime mud is also observed within tidal flat deposits of the 
UAC. 

Within the basal few feet of the lower Arab-C, dolomite occurs both as a replacement 
of the original rock groundmass and as a cementing agent. Dolomitization increases 
with depth. Dolomite fabrics are hypidiotopic to idiotopic and the rocks are 
characterized by development of both secondary moldic porosity and intercrystalline 
porosity. This results in locally high porosity and permeability. The dolomitization of 
this section is probably derived from the mixing of fresh meteoric waters and saline 
marine connate waters at the base of fresh water lens. Stable isotope element 
geochemistry analyses performed by BP (1985) confirm the mixing zone origin of the 
dolomite. 

The dolostones from the uppermost portion of the UAC (Fig 2.8) appear to have had a 
different origin. They are probably formed almost exclusively by replacement of 
original lime mudstones and wackestones by seepage reflux of hypersaline sabkha 
brines through peritidal carbonates soon after deposition. In such settings, dense brines 
enriched in magnesium due to precipitation of calcium sulphate sink down through 
underlying peritidal deposits. Because of this vertical reflux the degree of 
dolomitization decreases with depth. This also reflects the fact that rocks comprising 
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this portion of the section were deposited within a peritidal setting. Precursor rock 
fabrics are often discernible within the finely crystalline dolostones and less common 
within the more coarsely crystalline dolostones. A seepage reflux origin for the finely 
crystalline dolostones is also supported by previous geochemical studies performed by 
BP (1985) and Bouroullec et al., (1994). 

Arab-C rocks were subjected to compaction in the course of burial. Compaction 
effects include deformation of ductile grains such as peloids, ooids and intraclasts, 
interpenetration of grains, and development of sutured grains contacts. 

5.2.2 Controls on porosity and permeability 

A key issue in estimating and mapping the distribution of porosity and permeability 
within the Arab-C carbonates is how the diagenetic overprint modifies depositional 
textures and impacts the distribution of porosity and permeability. Fortunately, for the 
case of the Dukhan Arab-C, most of the diagenetic processes, including the 
dolomitization, exhibit conformance to the depositional patterns (Table 5.3). The 
modification of the pore structures and pore-size distribution due to diagenesis is 
therefore linked to the initial depositional textures. 

The Arab-C carbonates exhibit a complex fabric with varying pore structures. This 
occurs as a result of variations in the depositional environment (and depositional 
energy) coupled with diagenetic overprinting. Because diagenesis conforms to the 
depositional patterns the link between petrophysical properties and depositional 
textures is perfect. The mapping of porosity and permeability was therefore linked to 
the depositional patterns. 

The pore structures present are primary interparticle porosity, secondary dissolution 
porosity, intercrystalline porosity, microporosity and fracture porosity. 

Primary interparticle porosity is the dominant porosity type. The size and shape of the 
interparticle pores has been modified by diagenetic processes (compaction and 
cementation). Other pore types were developed as a result of the different diagenetic 
processes (Table 5.2). 

Cementation is by far the most important factor affecting the size, morphology and 
interconnection of primary interparticle porosity. Circumgranular cements substantially 
reduce the diameter of both pores and pore throats, increasing pore surface area, and 
reducing the permeability. Skeletal and ooid grainstones comprising lithofacies 1 and 2, 
and to a lesser extent deposits of lithofacies 3, are characterized by well developed 
circumgranular rims of bladed calcite cement. Cementation of blocky pore filling 
calcite and dolomite are important factors in reducing interparticle pore space within 
the basal portion of the LAC. 

Secondary dissolution porosity is also present as a porosity enhancement due to 
leaching of chemically unstable allochemical grains such as aragonitic skeletal 
components of pelecypods and gastropods. Allochemical components such as peloids, 
ooids or bored shell exteriors were altered to low magnesium calcite soon after 
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deposition and were, thus, mineralogically stabilized and immune to dissolution. 
Secondary dissolution porosity is most common within deposits of Lithofacies 1. Some 
dissolution porosity is observed within dolostones of Lithofacies 6, characterized by 
preserved skeletal fabrics. 

Intercrystalline porosity is best developed within coarsely crystalline dolostones and 
more poorly developed within finely crystalline to cryptocrystalline fabrics. 
Intercrystalline pores are better developed within dolomitized peritidal deposits near 
the top of the UAC zone than within dolomitized or dolomite cemented deposits of 
Lithofacies 1 from the basal portion of the LAC. 

Microporosity is developed within some micritized peloids and micrite lime mud. 
Because of their nature these pores contribute to the overall porosity of the reservoir. 
These rocks have also high values of irreducible water saturation. 

Fracture porosity (microfractures) is most frequently observed within lime 
mudstones/wackestones of Lithofacies 4 and 5. These microfractures are commonly 
cemented by calcite. Anhydrite cementation is also observed but is less abundant. 
Some open micro-fractures are visible in the crystalline dolostones of the UAC 
(lithofacies 6). 

5.2.3 Summary 

The diagenetic model of the Arab-C was reviewed and confirmed the original model 
proposed by other researchers. The diagenetic model can be described in three stages 
as follows: 

Stage 1. Micritization and chemical stabilisation of lime mud, peloids, intraclasts, ooids 
and algal coated grains or bored grain surfaces to low magnesium calcite. The 
micritization process affected lime mudstones and packstones only. Probably 
simultaneously with the micritization, syndepositional dolomitization of peritidal 
carbonates occurred near the top of the UAC. This phase of dolomitization resulted 
from the seepage reflux of dense magnesium-rich sabkha brines through the peritidal 
sediment pile. 

Stage 2. Subsequent to the initial phase of micritization and early syndepositional 
phase of dolomitization, a marine phreatic cementation of the lime grainstones within 
the LAC and near the base of the UAC took place. The lime grainstones were 
extensively cemented by radiaxial equant to bladed calcite cement. These isopachous 
cements once altered to low magnesium calcite were mineralogically stable and 
immune to further diagenetic alteration. 

Stage 3. The last stage of diagenesis was developed within a meteoric groundwater 
lens. The remaining aragonite and high magnesium calcite allochems such as 
pelecypods and gastropods not affected by the first and second stages above, were 
extensively leached (dissolved) during flushing by fresh meteoric groundwaters. This 
resulted in extensive development of secondary shell moldic dissolution porosity within lithofacies rich in these types of skeletal grains (lithofacies 1). Skeletal grain dissolution 
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resulted in enrichment of groundwater with respect to calcium carbonate which re- 
precipitated as coarsely crystalline, blocky calcite cement. A zone of mixing of 
meteoric fresh and saline marine connate waters developed at the base of the fresh 
water lens and was the site to precipitation of dolomite cement and/or complete 
dolomitization of skeletal limestones of the base of the LAC. 

Primary interparticle porosity is the dominant porosity type in the Arab-C carbonates. 
The size and shape of the interparticle pores has been modified by diagenetic processes 
(compaction and cementation). Cementation is by far the most important factor 
affecting the size, morphology and interconnection of primary interparticle porosity. 
Secondary dissolution porosity is also present as a porosity enhancement due to 
leaching of chemically unstable allochemical grains. 

Intercrystalline porosity is best developed within coarsely crystalline dolostones and 
more poorly developed within finely crystalline to cryptocrystalline fabrics. 

The diagenesis in the Arab-C is fabric selective, enhancing the depositional contrasts. 
The dolomitization is also fabric selective as it is confined to the top and bottom layers 
of the reservoir. 

11 
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CHAPTER 6 
PETROPHYSICAL ANALYSIS 

Mean k (md) 
Lithofacies I Bioclastic (Skeletal) Grainstone 205 
Lithofacies 2 Ooid (Peloidal) Grainstone 38 
Lithofacies 3 Laminated Grainstones 54 
Lithofacies 4 Lime Mudstones/Packstones 60 
Lithofacies 5 Burrowed Mudstones/Wackestones 16 
Lithofacies 6 Crystalline Dolostone 35 
Lithofacies 7 Anhydrite <1 

Statistical Comparison of k for different Llthofacles (Min-Max, 26th-76th%tlls, Median) 

I 

6.1 Characterization of Porosity-Permeability 

As discussed in previous chapters, primary interparticle porosity is the dominant type. 
There are fractures present but these have little (no measurable) impact on the field 

porosity. 

Arab-C carbonates have a wide range of porosity (0.5-35.3 percent) and permeability 
(0.01 to 4538 mD). The dispersion of porosity-permeability data is such that 
permeabilities range over more than one order of magnitude for any given value of 
porosity (Fig 2.2). This dispersion of porosity-permeability data reflects changes in the 
volumetric distribution of pore types within the reservoir. More coherent porosity- 
permeability relationships have been developed by identifying lithofacies and relating 
these to measured values of porosity and permeability following the work of Lucia 
published over the last 16 years (Lucia, 1983,1990,1995,1999). Figures 6.1 - 6.7 
display porosity-permeability relationships and histograms for each of the lithofacies 
identified in this study. Mean permeability is different for each of the seven dominant 
lithofacies: 
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Chapter 6- Petrophysical Analysis 

The lime and burrowed mudstones of lithofacies 4 and 5 have the lowest permeability 
and the grainstones of lithofacies 1-3 the highest permeabilities. The lithofacies 7 
(anhydrite) does not exhibit any permeability (non-reservoir). 

The most effective porosity is found in grainstone intervals which alternate with less 

porous muddy, packstone, wackestone and mudstone units. Average reservoir porosity 
is 15 to 20 % (Fig 1.7). The vertical distribution of permeability is variable, although 
the reservoir performance to date is dominated by an interval of 10-15 feet at the base 
of the formation (lower grainstone - layers IA and IB, Fig 4.5k). The average 
permeability of the basal grainstone is approximately 265 mD compared to a reservoir 
average of approximately 30 mD. Permeability and porosity are seen to show a 
decrease down flank due to increased cementation with depth. 

In the upper section of the reservoir, the best poroperm intervals are within the layers 
IIA, IIC and IIE (Fig 1.7). However, when compared to the basal grainstone of the 
lower section (IA), these intervals are considered poor. This is the reason for the 
development of the upper Arab-C with horizontal wells. 

6.2 Plug Data 

Porosity and permeability measurements from core-plugs were used for petrophysical 
calibrations, sample sufficiency analysis, scale-up investigations and spatial statistics. 
Plugs from horizontal cores provided relevant information for the spatial statistics at 
short lag distances (Chapter 7). Plug derived permeability was used for probe 
validation and calibration. 

6.3 Probe Permeameter Data 

A probe permeameter was used in this research because it is a cost-effective non- 
destructive tool for making large number of core permeability measurements. Large 
number of measurements are necessary to characterize the spatial permeability 
variations (heterogeneity) in the Arab-C reservoir required in quantitative reservoir 
description, stochastic modelling, and quantitative flow- unit architecture analysis. 

The probe permeameter technique, was first described and used without calibration by 
Dykstra and Parsons (1950). Early probe permeameters consisted of devices for 
injecting compressed air at a constant pressure through an injection tip pressed against 
a rock surface while measuring the flow rate (Morineau et al, 1965; Eijpe and Weber 
1971). A detailed history of the evolution of probe permeametry is given by Suboor et 
al., (1995). Hurst and Goggin (1995) have provided an overview of probe 
permeametry and outlined many useful areas of investigation with this data source. 
Important case studies (and research work) have been reported in the literature for 
sandstones (Thomas et al. (1996,1997) and carbonates (Grant et al., (1994); Senger et 
al., (1992); Kittridge et al., (1990). 
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Chapter 6- Petrophysical Analysis 

Prior to the work of Goggin and co-workers (Goggin 1988,1991; Goggin et at., 1988, 
1992), permeability was determined by calibrating the flow rate, at a fixed injection 

pressure, against measurements made on core plugs of known (Hassler Cell) 
permeability. 

Goggin (1988), presented a theoretical and - experimental analysis of probe- 
permeameter response and introduced a geometrical factor that could be substituted 
into a modified form of Darcy's law to allow computation of permeability from steady- 
state measurements of flow rate and injection pressure. This geometrical factor was 
found to be a function of seal-tip size. In most cases (e. g., outcrops, core slabs, and 
large plugs), the flow geometry was easily modelled as half-space flow. This approach 
required no calibration to core-plug Hassler Cell standards and allowed flexibility in 

adjusting seal-tip size as well as flow rate and pressure to avoid non-Darcy flow. The 
measurements could be corrected for gas-slippage and high-velocity effects, if so 
desired. This Darcy's law approach could be used with either constant-pressure or 
constant flow-rate permeameters. Advanced probe-permeameter devices, using high- 
precision, steady-state electronic flow rates, are now available, and are being used in 
research and routine reservoir characterization projects (Garrison et al., 1996). 
Unsteady-state pressure decay devices are in use in some research laboratories. 

The probe permeameter used in this research is a much simpler device and works by 
maintaining a constant injection pressure (steady state) at the injection face. It includes 
a computer interface for data logging and real-time interpretation. Several injection 
probe seal tips were available and studied for their suitability prior to carrying the 
routine measurements in the Arab-C cores. Because the Arab-C carbonates do not 
exhibit large amounts of moldic and vuggy porosity, the problems of permeability 
support and stationarity due to small changes of probe location and/or tip dimensions 
have not been addressed. This issue is reported by Corbett et al. (1999), for the Arab- 
D carbonates of the Dukhan Field. Probe-permeameter inaccuracies in presence of 
vuggy carbonates is addressed by Grant et al. 1994. Probe permeabilities are computed 
on the basis of a regular gas flow-path geometry around the rubber tip seal, and this 
regular flow geometry is violated in vuggy pore systems. In a similar manner, the 
regular gas flow-path geometry is violated in carbonates with abundant micro-fractures 
and with significant amounts of mouldic porosity (Grant et al., 1994). 

Tests were conducted in synthetic samples and near the core-plugs where Hassler 
measurements were also available. Probe pressures were investigated. Leakage of 
injected gas around the tip seal was obtained in the initial tests. Subsequent trials 
indicated that gas leakage is minimized when higher pressure is applied to the probe. 
This problem was also reported by other researchers doing measurements in similar 
carbonates (Eisenberg et al., 1994). 

After all the preparatory/calibration work done, the cores were cleaned with 
compressed air to remove any dust or particles which may affect the readings'. The 
measurements were then carried out on slabbed surfaces of the core. 

' The use of water as a cleaning agent was avoided as it affects the probe readings. 
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Chapter 6- Petrophysical Analysis 

The aim of this research was not to determine very accurate values of the absolute 
value of the permeability but, instead, to fulfil two objectives. 1)- to identify small scale 
permeability heterogeneities (barriers and "thief' zones within the Arab-C layering) and 
2)- to quantify the spatial correlation necessary for the detailed permeability 
characterization. It also allowed a comparison between the Coefficient of Variation 
(Cv) and sample representativity (No) derived from probe and core-plug data 
(discussed in section 6.8 below). To illustrate these points, probe-permeameter profiles 
were made along three slabbed cores (total of 76.3 m (250.4 ft)) retrieved from three 
wells as shown in figures 6.8-6.8b (sampled at 3 cm (0.1 ft) intervals). The 
permeability profiles inferred from core plugs taken in each 30 cm (1 ft) interval is also 
shown. In most cases, especially in the LAC, the core-plug permeabilities are 
consistently higher than the probe values (Figs 6.9-6.9a). The only exception is for the 
sucrosic dolomites of the UAC where this phenomenon is reversed. In the case of low 
porosity sucrosic dolomites, core-plug permeabilities are always lower than the probe 
values. These higher permeabilities are interpreted to result from the presence of very 
small micro-fractures2 which affect the regular gas flow-path geometry around the 
rubber tip seal. As mentioned before, if the regular flow geometry is violated due to the 
presence of micro-fractures (in vuggy pore systems also), then probe-permeameter 
readings are affected. 

Another conclusion of this work is that the core-plug profiles do not appear to capture 
the true complexity and heterogeneity of the Arab-C carbonates. Although the 
statistics of the data sets between core-plug and probe measurements are different 
(regression coefficients of 0.82 for DK-371 and 0.68 for DK-367 (Figs 6.10-6.10a)), 
similar permeability patterns are displayed by both measurement techniques when 
plotted against" depth. In addition, the probe profile provides a level of detail not 
traditionally available with core-plug evaluations that is useful for estimating effective 
reservoir properties during up-scaling. Evenly-spaced probe profiles may provide 
close-spaced, unbiased sampling rarely available with conventional permeability 
analysis. 

6.4 Log Analysis 

Log analysis was carried in a consistent manner and special attention was devoted to 
the reconciliation of different logging suites. Particular attention was paid to the 
apparent mismatch between log and core porosities in higher porosity intervals. The 
petrophysical exponents "m" and "a" were calculated by layer using log readings 
across 100% water bearing intervals and checked against SCAL. Since the same core 
analysis contractor was used in the study, consistency of measurements is therefore 
expected. Although the methods of conventional core analysis are industry-standard, 
the ability of the laboratory (Geoservices) to measure in-situ3 porosities and 
permeabilities in highly porous zones (LAC) is questionable. Sedimentological and 
petrographic core descriptions relating to poroperm typing were done prior to routine 
plugging of cores to assure good plug representation and a good core-log porosity 
agreement. Log depth shifts were conducted by a Contractor and borehole corrections 

2 Fracture length less than plug diameter/length 
under overburden conditions 
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Fig 6.8 - DK371 well (Arab-C Reservoir) 
Plot showing a continuous probe-permeameter profile along 

with core-plug measurements 
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Fig 6.8a - DK367 well 
Plot showing a continuous probe-permeameter profile 
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Fig 6.8b - DK415 well (Arab-C Reservoir) 
Plot showing a continuous probe-permeameter profile along 

with core-plug measurements 
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Fig 6.9a - DK367 well 
Comparison of probe and core-plug measurements 

(Samples measured at the same depth) 

Cate-FýIýiý 
j 

; robe ". 
1 

10000.00 

1000.00 

100.00 

10.00 
ö 
E 

1.00 

0.10 

0.01 

0.00 

1000 0 

1000 

10.0 

1.0 

0.1 

00 

00 

iýI. Výý In 
L 1 

Ui 

Suc maký 

-ý_ý 

, 
Daemý" 

I1I 

4 UAC LAC 

m 

"m 

mmmg.... 

o 
ýýöö 

Depth In R 

6595.9 6611.8 6632.5 6647.3 6660.3 
Depth in ft 



Fig 6.10 - DK371 well 
Comparison of probe and core-plug permeability measurements 
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Fig 6.10a - DK367 well 
Comparison of probe and core-plug permeability measurements 
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Chapter 6- Petrophysical Analysis 

conducted by BP petrophysicists. A pre-interpretation analysis was carried out to 
identify: 

" Appropriate porosity and saturation methods, 
" Matrix parameters, 
" Electrical properties (a, m, n), 
" Borehole/formation fluid properties (hydrocarbon densities, Rw) 

" Temperature gradient. 

Overburden corrected values (phi and k) as well as capillary pressure measurements 
were taken into consideration. All deviated wells required for the computation of Sw 

vs height relationships were corrected to TVD. 

A neutron-density cross-plot method was used to derive porosity from the FDC/CNL 
logs. Log/core porosity agreement was difficult for the basal reservoir section. The 
core porosity was higher than the log porosity even after applying the overburden 
correction. This is probably due to the incompetence of the basal grainstone units when 
subject to coring, plugging and subsequent analysis4. 

The saturation model was based on the simple Archie equation. Cation exchange 
capacity tests and gamma ray (GR) analysis indicate that the clay content is negligible 
(BP, 1985, see also the GR response in Fig 6.17). The resistivity suite employed within 
the oil bearing interval was the DLL-MSFL combination. In water bearing wells, the 
induction log was used for the Rt derivation. 

As far as matrix properties are concerned grain densities were derived from the core 
analysis reports. The PEF curve from the LDT tool provided also a useful semi- 
quantitative matrix identifier. The lithologies determined from logs are limestone, 
dolomite and anhydrite. Dolomite dominates in the Upper section of the UAC (Fig 
6.17). The contrast between maximum and minimum conductivity (from FMI data) is 

greater in the LAC (Fig 6.17). This is a function of the contrast in rock fabric and fluid 
contents between the LAC and UAC5. The MSFL response across the Arab-C 
reservoir (continuous blue curve in the 3`d track of Fig 6.17), indicates that the UAC is 
more stratified than the LAC. This is in agreement with our findings as far as sequence 
stratigraphy is concerned (Chapter-4)6. 

The zonation of the reservoir was based, primarily, on the neutron/density logs. The 
micro-resistivity logs were used to fine-tune the picks and the photoelectric curve of 
the litho-density tool used to better differentiate the dolomite from the limestone. 
Although all the cycles (layers) are laterally continuous across the field they are not 
equally well expressed, and thicknesses vary. 

Core-plug permeability measurements were also higher than probe-permeameter measurements in 
high porous intervals of the basal grainstone unit (see interval 6192-6198 of Fig 6.4) 
s For a synthesis of the permeability contrasts between the UAC and LAC refer to Fig 2.2 
6 TST deposits for the LAC and HST deposits for the UAC 
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Chapter 6- Petrophysical Analysis 

6.5 k/phi Plots 

In order to capture the flow units in this reservoir, a similar technique to the one 
applied by Chopra et al., 1989, using the contrast in k/phi with depth was applied. This 
petrophysical contrast or ratio between permeability and porosity assisted in dividing 
the Arab-C reservoir into flow units. According to Chopra, dividing a reservoir into 
layers, if it has intervals with different values of k/phi, is critical in making realistic 
predictions of reservoir performance. Also, the k/phi value is an indicator of the speed 
at which fluid flows through the reservoir. The k/phi plot was constructed for the 
reservoir by plotting, on a foot-by-foot basis, the ratio of k to porosity versus depth for 
each of the wells in the model study area. The k/phi ratio was also interpolated and a 
3D model displayed to facilitate the visualization of the flow units. The 3D model 
allowed the visualization of flow units within the reservoir. The 3D model was used to 
inspect the reservoir in different directions and was the basis for the zonation of the 
reservoir for flow simulation (Chapter 10). 

6.6 Lorenz Plots 

Lorenz plots have been applied to the Arab-C reservoir with two objectives in mind. 
First of all, to find out whether the variation shown by Lorenz plots could capture the 
degree of heterogeneity present in this reservoir and, secondly, whether flow units 
could be established (and validate the k/phi plots). 

6.6.1 Terminology 

" Reservoir process speed (ratio of k/phi) is a simplified form of difusivity, ignoring 
viscosity and total compressibility. 

" Flow capacity is the product of permeability and thickness 
" Storage capacity is the product of porosity and thickness. 
" LP - Lorenz Plot; k/phi data sorted in decreasing order 
" LC - Lorenz Coefficient 
" SMLP - Stratigraphic Modified Lorenz Plot; k/phi data sorted stratigraphically 

6.6.2 Technique 

To compute the Lorenz Plot (LP), continuous (foot-by-foot) core porosity and 
permeability were arranged in decreasing order of k/phi. Subsequently, the products of 
k*h and phi*h were calculated, the partial sums were computed and, subsequently, a 
normalization to 100% was carried out (Jciser et al., 1996). Table 6.3 is self 
explanatory for a3 layer model. As mentioned above, the products of phi*h and k*h 
are referred as storage capacity andllow capacity respectively. The next step was then 
to plot both values (phi*h and k*h) on a linear graph and connect the points to form 
the Lorenz curve. The curve must pass through (0,0) and (1,1). If A is the area between the curve and the diagonal (shaded region in Fig 6.11), a coefficient of heterogeneity (Lorenz coefficient) can be computed. The computation of the Lorenz 
coefficient (Jensen et al., 1997) is outside the scope of this work. 
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Table 6.1: Coefficient of variation (Cv) and optimum number of samples (No) for a range of lithologies 
Based on Probe-Permeameter and Plug Data 

Probe-Permeameter Plug s 
Layer Main Lithoto ies # stations avg k Cv No (20%) No 50% # lu s avg k Cv No (20%) No 50% 

IIF sucrosic dolomites 26 20.3 1.3 161 27 4 22.9 0.9 81 13 
IIE sucrosic dolomites 18 16.7 1.6 243 41 2 2.7 1.4 199 31 
IID mudstones & anhydrites 29 0.25 2.9 870 135 3 0.16 1.1 118 19 

C wackstoneslpackstones 35 0.51 3.5 1251 196 5 0.47 1.3 170 27 
B3 mudstones & anhydrites 27 0.21 3.1 971 154 3 0.87 0.3 7 1 
B2 ackstones/grainstones 11 0.47 1.8 324 52 3 7.48 1.6 246 41 

1161 mudstones & anhydrites 18 0.15 2.9 856 135 3 1.01 0.8 68 10 
A grainstones 34 0.09 3.7 1350 219 6 4.1 1.5 234 36 
G burrowed mudstones 35 0.04 4.6 2106, 339 1 0.01 0 
F grainstones 15 0.01 0 0 0 2 2.35 0.5 20 4 
E mudstones & packstones 10 0.15 2.9 867 135 2 0.46 0.1 1 0 
D3 grainstones 34 5.34 3.5 1237 196 4 1.97 0.8 57 10 
D2 mudst. packst & grainst 42 4.4 2.7 722 117 5 16.7 2 392 64 
D1 grainstones 12 13.9 3.4 1176 185 2 0.32 1.3 176 27 

IC laminated grainstones 38 0.28 1.1 130 19 4 0.64 0.9 88 13 
B skelletal grainstones 15 44 1.8 337 52 2 177 0.4 13 3 
IA skelletal grainstones 16 6.7 1.9 357 58 2 45.5 0.9 84 13 

Table 6.2: Samples sorted by the Coefficient of variation (Cv) computed from the probe-permeameter 

Probe-Permeameter Plug s 
Layer Main Lttholo les # stations ak Cv No (20%) No (50%) # plugs avg k Cv No (20%) No (50%) 

IF grainstones 15 0.01 0 0 0 2 2.35 0.5 20 4 
IC laminated grainstones 38 0.28 1.1 130 19 4 0.64 0.9 88 13 
IF sucrosic dolomites 26 20.3 1.3 161 27 4 22.9 0.9 81 13 
HE sucrosic dolomites 18 16.7 1.6 243 41 ,2 2.7 1.4 199 31 

B2 packstonestgrainstones 11 0.47 1.8 324 52 3 7.48 1.6 246 41 
B skelletal grainstones 15 44 1.8 337 52 2 177 0.4 13 3 
A skelietal grainstones 16 6.7 1.9 357 58 2 45.5 0.9 84 13 
D2 mudst. packst & grainst 42 4.4 2.7 722 117 5 16.7 2 392 64 
D mudstones & anhydrites 29 0.25 2.9 870 135 3 0.16 1.1 118 19 
B1 mudstones & anhydrites 18 0.15 2.9 856 135 3 1.01 0.8 68 10 
E mudstones & packstones 10 0.15 2.9 867 135 2 0.46 0.1 1 0 
B3 mudstones & anh drites 27 0.21 3.1 971 154 3 0.87 0.3 7 1 

D1 grainstones 12 13.9 3.4 1176 185 2 0.32 1.3 176 27 
C wackstones/packstones 35 0.51 3.5 1251 196 5 0.47 1.3 170 27 

ID3 grainstones 34 5.34 3.5 1237 
, 196 4 1.97 0.8 57 10 

IIA grainstones 34 0.09 3.7 1350 219 6 4.1 1.5 234 36 
IG burrowed mudstones 35 0.041 

_ 
4.6 2106 339 1 0.01 0 



Chapter 6- Petrophysical Analysis 

6.6.3 Case Study - Arab-C Reservoir 

In the case of the Arab-C reservoir we computed the standard Lorenz Plot (LP) and 
also the Stratigraphic Modified Lorenz Plot (SMLP), Gunter et al., 1997. In this latter 
case, the k/phi ratio was ordered stratigraphically, i. e. from base to top (Fig 6.11 in 
Table 6.4). The advantage of a SMLP, when applied to a single well (Fig 6.14), is that 
it resembles the gradients of a PLT profile versus depth, whereby the shape of the 
SMLP curve is indicative of the flow performance of the reservoir. The main flow units 
are therefore captured in their correct stratigraphic order. Segments with steep slopes 
have a greater percentage of reservoir flow capacity relative to storage capacity, and 
by definition, have a high reservoir process speed. They are referred in the literature as 
"speed zones" (Chopra et al., 1998). Segments with flat behaviour have storage 
capacity but little flow capacity and are typically tight zones (usually stylolitic) within 
the Arab-C reservoir. Segments with neither flow nor storage capacity are seals, if 
laterally extensive. Preliminary flow units (speed zones, tight zones and seals) are 
interpreted by selecting changes in slope or inflection points. Note: Since there is a 
spatial connotation associated with the word "baffle zone" in this text we prefer to use 
the expression "tight zone". 

6.6.3.1 LP Applied to Layers 

When Lorenz Plots (LP) are made for the Arab-C reservoir, in particular for the 
Khatiyah sector, the importance of layers IA, IB and ID is evident (Fig 6.11, Table 
6.4). These layers have the highest k/phi ratio and the LP clearly shows they account 
for 83% of the flow capacity while they have only 33% of the storage capacity. These 
layers are composed primarily of rock types 1,4B and 2C (packstone/grainstones). It 
is important to identify and map these layers to predict performance of the Arab-C 
reservoir. Layers IC, IF, IIE and IIA all have the same flow unit speed (same slope in 
the MLP graph) and collectively contribute 14% of the flow capacity and 38% of the 
storage capacity. Layers IIB, IIC, IIF, IID, IG and IE are tight zones accounting for 
over 29% of the storage capacity and less than 3% of the flow capacity. These layers 
correspond to more mud-supported rocks. 

6.6.3.2 LP Applied to Lithofacies 

Similar Lorenz Plots (LP) have been applied to the different lithofacies present in the 
Arab-C reservoir. A total of one thousand eight hundred (1800) poro-perm pairs have 
been used to compute average values of porosity and permeability per lithofacies. The 
computation was carried out in the same fashion and Lorenz Plots were produced 
(Table 6.5). From the analysis of the LP plot (Fig 6.12) the importance of lithofacies 1 
and 4B, which account for 60% of the flow capacity while they have only 20% of the 
storage capacity, is clear. These lithofacies are mainly lime skeletal grainstones and 
thrombolitic packstones/grainstones (Trabelsi and Gomes 1998). It is critical to 
identify and map with the Sequential Indicator Simulation (SIS) the distribution of 
these lithofacies because of their importance in terms of flow performance. Lithofacies 
2C, 6 and 4 have similar dynamic behaviour - same slope in the LP graph - Fig 6.12) 
and collectively contribute 29% of the flow capacity and 38% of the storage capacity. 
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Flg 6.11 - Stratlgraphlc Lorenz Plot 
(ArabC Khatlyah) 
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Fig 6.12 Lorenz Plot by Litlhofacies 
(Arab-C entire field) 
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Fig 6.14 - Lorenz Plot - DK415 
(Probe Permeameter Data) 

Fig 6.14a - Lorenz Plot - DK415 (LAC only) 
(Probe Permeameter Data) 
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Fig 6.14b - Lorenz Plot - DK415 (LAC only) 
(Probe-Permeameter Data) 
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Chapter 6- Petrophysical Analysis 

Lithofacies 9,3,8,2 and 5 are very poor in terms of reservoir potential. They account 
for 37% of the storage capacity and less than 11% of the flow capacity. Lithofacies 10 
is very poor with 1% storage capacity without any flow capacity. Lithofacies 7 is 

anhydrite, contributing neither flow nor storage capacity. 

6.6.4 Capturing Flow Units 

The merit of the Lorenz plot as a flow unit7 indicator was investigated by computing 
phi*h and k*h on a well basis and using permeability data with different sampling 
resolutions. Poro-perm pairs were taken every foot, from core-plug measurements, and 
permeability data alone measured on a much finer scale using the probe permeameter. 
Since there were no porosity measurements at the same scale as the probe- 

permeameter, the porosity values for the same sample interval were averaged using 
core-plug data. 

The results of both Lorenz plots can be visualized in figures 6.13 and 6.14 for plug and 
probe-permeameter data respectively. 

The main finding of this comparison can be summarized as follows: 

" Lorenz plots derived from plug data can only capture the major flow units (Fig 
6.13). Minor breaks on the Lorenz plot are smoothed by the way the data is 

sampled. The analysis conducted on DK-415 revealed the presence of only three 
major flow units IA-IB, IC-IID, and IIE-IIF. 

" The same kind of plot performed with probe permeameter data (Fig 6.14) revealed 
much more detail. 

" By comparing figures 6.13 and 6.14 it can be seen that the combined flow capacity 
of layers IA and IB is not 75% as depicted in figure 6.13 (core-plug data only), but 
28% as shown in figure 6.14 (probe-permeameter data). 

" Lorenz plots derived from probe-permeameter data gives a different picture from 

core-plug data. Vertical resolution of permeability is therefore an important issue in 
this reservoir. 

For the sake of completeness, additional Lorenz plots filtered by reservoir zone (Upper 
and Lower) are also exhibited in figures 6.13a-6.13b, and 6.14a-6.14b for core-plug 
and probe-permeameter respectively. 

6.6.5 Spatial Heterogeneity 

The Lorenz plots also revealed to be a powerful tool to map and quantify the lateral 
heterogeneity of the reservoir in terms of flow units and their corresponding 
flow/storage capacities. 

Flow unit is defined as a stratigraphically continuous (i. e. correlated between wells) interval or 
"sedimentary unit", of similar reservoir process speed that honours the geologic framework and 
maintains similar characteristics (rock types). 
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Chapter 6- Petrophysical Analysis 

The exercise was performed in the Jaleha sector, where a good data set was available. 
The aim was to assess the effectiveness of the Lorenz method in pinpointing 
petrophysical variations from crestal locations to downflank areas. These variations, 
known to exist in the field by conventional poro-perm mapping, have never been 
quantified and mapped in terms of flow/storage capacity. The use of this method, never 
previously applied in the industry for mapping purposes, is yet to be assessed for its 
application in reservoir description and production geology. 

Lorenz plots were made for the following wells: DK-314 (crestal location), DK-52 
(mid-flank location) and DK-90 (downflank area). All three wells had a good set of 
cores with poro-perm data. Figure 6.15 shows a cross-section and the respective 
Lorenz plots. The plots show that the area between the Lorenz curve and the diagonal 
(Lorenz Coefficient8) increases downflank. 

The Lorenz plot of DK-314 shows a zig-zag line very close to the unity slope line, 
which represents a more homogeneous reservoir, with less flow unit contrasts between 
the upper and lower part of the reservoir. We can see that 60% of flow capacity is 
delivered from 50% of the storage capacity. The plot of DK-90, a downflank well, 
exhibits a much greater contrast between the upper and lower part of the reservoir. In 
this case 75% of the flow capacity comes from the lower part of the reservoir with 
only 22% of the storage capacity. The plot of DK-52 exhibits an intermediate 
behaviour. 

A north-south cross-section was also built to assess the spatial heterogeneity from 
Khatiyah to Diyab. This section can be seen in figure 6.16. 

6.6.6 Conclusions 

The Lorenz plot technique, though simple, is quite powerful and can be used in almost 
every reservoir type. In the case of the Dukhan Arab-C reservoir it was possible to 
capture the heterogeneity of the reservoir and determine the main flow units. The 
degree of heterogeneity captured by the Lorenz plot is a function of the vertical 
resolution of the poro-perm data. Sensitivity analysis carried out on poro-perm pairs 
from core-plug and probe-permeameter data, indicate that the heterogeneity seen on 
the LP and SMLP increases significantly when probe data is used9. 

Lorenz plots are a very useful qualitative tool to assess and visualize the distribution of 
flow capacity and storage capacity of the different geological layers. For instance, 
when applied to Khatiyah sector, the plot revealed that Layers IA, IB and ID account 
for 83% of the- flow capacity while they have only 33% of the storage capacity. The 
same technique when applied to lithotypes for the entire field revealed that lithofacies 1 
and 4B account for 60% of the flow capacity while they have only 20% of the storage 
capacity. 

S An indication of heterogeneity 
' This does not invalidate the use of core plugs, provided the number of plug samples satisfy No 
(50%), see section 6.8. 
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Chapter 6- Petrophysical Analysis 

6.6.7 Recommendations 

Since this technique is simple to use, we generated Lorenz Plots per sector to 
investigate heterogeneity problems in the Arab-C reservoir and, therefore, to assist in 

the design of the horizontal wells. The criteria for layer displacements within the Arab- 

C reservoir can probably be fine-tuned with the assistance of these plots. 

In Chapter 8, maps of Lorenz Coefficient (Lc) are used to show the spatial distribution 

of variability. It is important to emphasize that the Lorenz Coefficient integrates three 
important parameters (phi, k and h). This map, when studied together with the results 
of the numerical simulator, can assist in solving reservoir management issues. 

6.7 Sample representativity and sufficiency 

Sample representativity and sufficiency is of paramount importance, especially when 
dealing with permeability values. In order to study the adequate sample interval to 

capture the mean values of permeability in the Arab-C, core plug measurements were 
compared with probe-permeameter data. 

In this study we investigated the minimum number of samples required to characterize 
a rock unit or a lithofacies. We used a rule-of-thumb method based on the coefficient 
of variation (Cv), a measure of variability10. The No method, as described by Hurst and 
Rosvoll (1991), was used to estimate the required number of samples to give an 
estimate of the mean within +- 20%" of the true value (Corbett and Jensen 1992a). 
Values are displayed in Table 6.1. 

In low-variability lithologies (0.0 < Cv < 1), the mean permeability can be estimated by 
the arithmetic average of the sample values and a few samples will suffice to 
characterize the lithologies. This is the case for the grainstones of layer IF. Highly 

variable lithologies, however, will have zones of very high and very low permeability. 
The upper extremes will govern the horizontal permeability of the reservoir unit 
because the bulk of the horizontal fluid flow takes place along the most permeable 
layers. The lower extremes will govern the vertical permeability because the rate of 
vertical fluid flow will predominantly be limited by the least permeable layers (Archer 
and Wall 1986). Lithofacies that are highly variable require many samples to ensure 
that the extremes are identified. This is the case for most of the grainstones present in 
layers IIA, ID3 and ID1 (Table 6.2). For most of the cases, Cv (probe) > 1.6, more 
than 300 samples are required to estimate the mean permeability within +- 20% 
margin. The optimum number of samples predicted using a margin of +- 20%, becomes 
impractical for the case of heterogeneous carbonates. It would appear to be more 
feasible to accept a greater tolerance. A tolerance +- 50 % might be appropriate, 
requiring: 

No = (4. Cv)2 

10 Applicable for samples that can be characterized by an arithmetic average P This criteria for the optimum sampling of clastic reservoirs should be "relaxed" for heterogeneous 
carbonate reservoirs where the Cv is often higher than 1.5. 
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Figure 6.17- Heterogeneity analysis from FMI images using BorTex program. 



Chapter 6- Petrophysical Analysis 

For a tolerance of 50% and a Cv of 1.6, the optimum number of samples (No) would 
be 41 instead of 243 samples computed using a +- 20% tolerance (Table 6.1). The 

choice of the tolerance level involves the application of which the data were acquired. 
For example, estimating the arithmetic and harmonic means requires more data or a 
larger tolerance than estimating the geometric mean (Jensen, 1998). The fmal decision 

on which tolerance is most appropriate would lie with the geoscientist or engineer, 
knowing the use to which the estimated value was to be assigned and the cost of 
acquiring the data. 

The initial estimate of Cv based on core plug data underestimates the real variability of 
the Arab-C samples. Cv (plugs) range from 0.1 and 1.6 while Cv (probe) ranges 
between 0 and 4.6. The Cv of 4.6 is mainly due to a single sample of 1.18 mD within a 
population of samples with 0.01 mD. This Cv is, therefore, not representative. 

According to published work in clastic reservoirs, low Cv values are associated with 
lithofacies of higher energy, better sorted facies, while high Cv values are found where 
mixed lithofacies or pore types are present (Corbett and Jensen, 1992b). With Cv < 
0.5, the permeability distributions are normally or approximately normally distributed 
(Goggin et al. 1988; Corbett and Jensen 1992a), and are considered to be effectively 
homogeneous (i. e. the level of heterogeneity will not have a significant impact on flow 
performance). When Cv > 0.5, permeability distributions tend to be progressively more 
skewed and the rock unit more heterogeneous (Corbett and Jensen, 1992b). 

In the Arab-C carbonates we noticed that Cv are very high and therefore No (20%) is 
also very high. If No (20%) is considered representative, it means that the core plugs 
taken are insufficient in number to estimate the mean permeability of the Arab-C 
layers. Our experience indicates that No (50%) is appropriate for the Arab-C 
maintaining sampling numbers at a reasonable level. We also noticed that Cv changes 
with additional sampling. 

The following heterogeneity classes were identified: 

0< Cv <1 Homogeneous carbonates 
1.0 < Cy <2 Heterogeneous carbonates 

2.0 < Cv Very heterogeneous carbonates 

Anisotropy, as measured by differences between the arithmetic and harmonic averages, 
tends to be significant for all lithofacies. 

The main conclusion of this work is that neither the standard 0.3 m (1 ft) spacing of 
core plugs nor the close spacing of the probe-permeameter captures the permeability 
heterogeneity of the Arab-C reservoir. In all cases both methods and procedures 
under-samples the heterogeneous lithofacies present in the Arab-C reservoir. This leads 
to biased estimates of "average" properties with unknown variability. 

I. 
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Chapter 6- Petrophysical Analysis 

6.8 Summary 

The Lorenz plot has been useful in identifying the relative reservoir importance of the 
various layers. The important layers in each well varies across the field - speed zones 
do not correlate. This suggests that the reservoir is not a simple layered system and the 
reservoir modelling will need to capture these zones effectively. Also a large part of 
the storage is in "slow zones" and this needs to be considered in the assessment of 
sweep efficiency. Using a relaxed tolerance (50%) keeps the sampling requirements in 
these variable systems within practical limits. This study will demonstrate that No 
(50%) is appropriate for the Arab-C maintaining sampling numbers at a reasonable 
level. 
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CHAPTER 7 
SPATIAL ANALYSIS 

7.1 Introduction 

Since geological features or bodies can not be explicitly delineated, object based 

modelling techniques were not considered in this study. The work done on previous 
Chapters (namely Chapter-5) indicates that the best way to model the cyclicity and 
petrophysical heterogeneity of the Dukhan Arab-C is by using a pixel based modelling 
approach. 

Variography is therefore used to analyse the spatial continuity of the properties within 
the high frequency cycles. 

7.2 Variogram 

The ultimate goal of collecting property data at various locations in the well is to 
estimate the value of a given property at unsampled locations. To reach that objective, 
one will have to go through several steps, consisting of defining a region of 
stationarity, modelling the spatial continuity of the property and then the estimation at 
unsampled location. All these processes are well documented in the literature (Journel 
and Huijbregts, 1978; Davis 1986; Isaaks and Srivastava, 1990; Jensen et al., 1996) 
and for that reason they are not described here. In this section, and for this particular 
research, it is discussed the geostatistical tool (variogram) for modelling the spatial 
continuity of a particular petrophysical property with a few examples from the Arab-C 
reservoir. 

A variogram measures the similarities of a property at various lag distances. Many 
rigorous mathematical descriptions and geological examples have been published in the 
literature (e. g. Goggin 1988; Corbett and Jensen 1992; Senger et al., 1992; Grant et 
al., 1994). It is common to use two terms for the variograms ("experimental" and 
"theoretical"). The term "experimental" refers to points on a variogram plot computed 
from data according to a procedure that acknowledges the spatial arrangement of the 
data. The phrase "theoretical variogram model" refers to the mathematical formula of a 
curve with statistical parameters', much like slope and intercept in linear regression 
used to mimic the character of experimental points on a semi-variogram (Eisenberg et 
al., 1994). The three main parameters of a theoretical variogram model are the nugget 
(a measure of local-scale variability of the data), the sill (overall variance of the data) 
and the range (a measure of the correlation distance of the data). In this context, 
correlation structure refers to the shape of a fitted model, and it represents the 
character and degree of a measured property's spatial continuity. This section presents 
and discusses the use of horizontal and vertical variograms in the Arab-C reservoir, in 
order to capture the spatial correlation of a property in both x-y plane and z-direction. 

1 The most common mathematical models are Gaussian, Spherical and Exponential 
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7.2.1 Experimental Variograms 

As defined in the literature, the variogram at a given distance can be defined as: 

2 

Y ýhý = in Vý: r+h 
r=ý 

where Y(h) is the variogram at a lag distance h; n is the number of sample pairs at a lag 
distance h; and V(xi) and V(xi+h) are the sample values at location xi and (xi+h) 
respectively. Before calculating the experimental variogram, it is necessary to calculate 
all the pairs located at different h distances apart. 

For statistical significance, several pairs are required at each lag distance. In real life, 
however, sufficient pairs may not be available at a given distance. An example would 
be to build a variogram for areal reservoir data using vertical wells far apart. In a 
practical situation, it is difficult to have exact well spacing, so that for a given distance, 
only one pair2 is available. The use of horizontal wells, will eliminate this problem, 
especially the pairs at smaller lag distances. 

It is known that variograms built from vertical well data are not reliable at small lag 
distances. This problem is now solved by calculating variograms along the horizontal 
wells. Table 7.1 lists a series of variogram models, by layer, generated from horizontal 
cores. Appendix-1 shows the location and trajectory of the horizontal wells with the 
cored intervals. 

The global solution for small and large lag distances resides in the combination of two 
different variogram models (nested variograms): a variogram from the horizontal wells 
to capture the small lag distances, and a variogram from the vertical wells to capture 
the larger lag distances. 

7.3 Case Study (Dukhan Arab-C) 

In this research vertical and horizontal variograms of porosity and permeability were 
studied, using data from: 

DK-404, vertical well in Jaleha sector, data across the entire reservoir section 
DK-150a, horizontal well in Jaleha sector, data across Layer IIA 
DK-415, vertical well in Fahahil south, data across the entire reservoir section 

and also horizontal variograms (omnidirectional and anisotropic) using a multi-well 
dataset. The first study (on a well basis) is discussed in sections 7.3.1-7.3.4, while the 
results of the multi-well study are presented in sections 7.3.5-7.3.6. 

2 this limitation can be overcome by adding a search tolerance in x and y directions. 
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Chapter 7- Spatial Analysis 

7.3.1 Vertical variogram of porosity 

The experimental porosity variogram of a vertical well (DK-404) is exhibited in figure 
7.1, while the Gaussian model fit is exhibited in figure 7.2. The experimental variogram 
was constructed from open-hole derived porosities acquired across the entire reservoir 
section (see Fig 7.1a). The experimental variogram shows a marked decrease in the 
calculated semi variogram function at regular multiples of a positive lag spacing. These 
periodicities (hole effects) result in the variogram displaying a marked sinusoidal form 
about the sill. The Gaussian model fit to the experimental variogram (Fig 7.2) suggests 
a correlation length of approximately 1.15 m (3.8 ft), with a strong periodicity at 3.66 
m (12 ft). This 1.15 m (3.8 ft) correlation length is approximately equivalent to the 
average thickness of the UAC layers3 (Fig 7.1 a). 

The 3.66 m (12 ft) periodicity appears to approximate to the 5`h order high frequency 
cycles in this well. These cycles are defined by an overall shallowing upward trend in 
the environment (see Chapter 4). Similar periodicities on the semivariograms have been 
reported in the literature (Corbett & Jensen, 1991, Eisenberg et al., 1'994, Prosser et al, 
1995) and have been shown to be important in fluid flow prediction (Jensen et al, 
1996). Another interesting feature of the experimental semivariogram is the presence 
of high magnitude values at lag distances in excess of 18.2 m (60 ft) (Fig 7.1). This 
porosity correlation structure appears to reflect the presence of higher porosity 
heterogeneities which occur as a result of the interdigitation (mixed sampling) of the 
UAC and LAC units of the Arab-C reservoir. 

7.3.2 Horizontal variogram of porosity (from horizontal core) 

The experimental porosity variogram of an horizontal core (DK150a) is exhibited in 
figure 7.3. It is clear from the shape of the experimental variogram, which is a measure 
of the degree of relative variability of the spatial distribution of a property, that the 
porosity along the horizontal core shows a completely uncorrelated distribution 
(constant variogram with magnitude approximately equal to the sample variance) and a 
distribution consisting of a constant value (variogram equal to zero) between 0-5.18 m 
(0-17 ft) of lag distance. The porosity variogram in this case is completely uncorrelated 
(Fig 7.3a). The lack of correlation is due to a biased sampling of porosity data; the 
horizontal core was not taken exactly parallel to the bedding plane. The plugs have 
been taken across small layers with different porosity values. 

7.3.3 Vertical variogram of permeability 

Experimental vertical permeability variograms were constructed using both core-plug 
and probe-permeameter data (figures 7.4 and 7.6). The best fit mathematical 
(exponential) models are shown in figures 7.5 and 7.7. 

The analysis of both variograms reveals the following features: 

' Equate to a fluid-flow unit in the Arab-C reservoir. 
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Chapter 7- Spatial Analysis 

1. The permeability variogram derived from core-plug data exhibits a sine-wave 
pattern at lag distances less than 15.24 m (50 ft) (Fig 7.4). The "hole effects" or 
periodicities observed at certain lag distances (9 It, 18 ft, 25 ft and 41 ft) results 
from the in- and out-of-phase correlation of the permeability trends within each of 
the different cycles. Low permeability cycles become increasingly uncorrelated with 
the more permeable, grain rich parts until a point is reached, where the poor facies 
from one cycle is correlated with that of other. Similar conclusions were published 
by Eisenberg et al., 1994. The variogram derived from probe-permeameter data 
shows much less periodicity for lag distances less than 15.24 m (50 ft). This 
behaviour can be explained by 1)- lack of resolution of the probe-permeameter for 
permeabilities lower than 1 mD and 2) -core ageing effect, which might have 
altered the initial matrix permeabilities. 

2. Also, the nugget effect is more pronounced in the variogram derived from probe- 
permeameter data. This is in line with the expectations because the heterogeneity is 

scale dependent. It was also noted that, the correlation length of the variogram 
derived from probe-permeameter data is much shorter than the one derived from 

core-plug data, i. e. 0.56 m versus 1.52 m (1.9 ft versus 5 ft). 
3. However, both variogram models (Figs 7.5 and 7.7) exhibit similar periodicities at 

lag distances less than 3.66 m (12 ft). The periodicity in both cases is around 2.74- 
3.05 m (9-10 ft), which is similar to the periodicities found in the porosity 
variograms (3.66 m= 12 It). This difference is reasonable bearing in mind we are 
dealing with two different wells (permeability from DK-415 and porosity from DK- 
404). 

7.3.4 Horizontal variogram of permeability (horizontal core) 

An experimental permeability variogram was created from core-plug data taken along 
an horizontal core from well DK-150a. The experimental variogram and the respective 
model are exhibited in figures 7.8 and 7.9 respectively. The permeability variograms 
seem to have a better correlation structure than the porosity variograms for the same 
well. 

7.3.5 Anisotropic variograms using a multi-well dataset 

Anisotropic variograms (variograms as a function of distance as well as direction) can 
capture different spatial structures in different directions. Variograms of porosity for 
the two lowermost grainstone layers (IA and IB) were defined at 0,45,90 and 135 
degrees. The experimental variograms created from a multi-well dataset are displayed 
in the upper part of figures 7.10 and 7.114. 

Analysis of variograms at different azimuths, enabled to study the anisotropy of the 
dataset and, consequently, to establish the direction of the main correlation lengths of 
the transgressive grainstones. During this analysis it was found that layers IA and IB 
have different ranges and sills at different azimuths. The maximum range was along 
N45E degrees for both layers. Anisotropic variograms models for layers IA and IB at 

° For layers IIA, IIC and IIE see Figs 7.12-7.14 respectively 
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Chapter 7- Spatial Analysis 

45 and 135 degrees are exhibited in the lower part of figures 7.10 and 7.11 

respectively. 

7.3.6 Application of anisotropic variograms 

The main application of anisotropic variograms is to build more-realistic models in 

presence of geological trends. However, those trends should be in-line with the current 

understanding of the geological/sedimentological model. In this regard, and in order to 

understand the trends associated with the lower part of the Arab-C reservoir (Layers 
IA and IB) a background on the sedimentological model of the initial deposition of the 
Arab-C is described below. 

The deposition of the Arab-C reservoir was initiated by a marine transgression which 
deposited high energy skeletal grainstones. These grainstone deposits comprise a 
transgressive system tract (TST) which overlies the anhydrites of the late highstand 

system track (LHST). Since TST systems are tide dominated, the deposition of the 

grainstones is affected by the direction of the tide (from the basin towards the 

platform). Therefore the grainstone sheets should have a tabular form with maximum 
elongation perpendicular to the palaeoshorelines. Anisotropic variograms of porosity 
for the grainstone sheets of Layers IA and IB indicate an anisotropic behaviour, 

whereby the maximum correlation length (range) is along N45 (Figs 7.10-7.11). The 

shelf margin had therefore an orientation perpendicular to the maximum elongation of 
these grainstones (N135). This is in line with the current sedimentological model 
(Chapters 4-5) and the interpretation of the ramp margin (Figs 4.10,4.11 and 5.1). 

The grainstones of the HST system have a different attitude. Since HST are wave 
dominated systems, the grainstones of the HST have a maximum correlation length 

perpendicular to the grainstones of the TST. This phenomena is visible on the 
anisotropic variograms of porosity for the grainstones of Layer IIA (deposited during 
the HST), where the maximum correlation length corresponds to an azimuth of N135 
(Figs 7.12,4.10,4.11 and 5.1). 

7.4 Summary 

The analysis of horizontal variograms in horizontal cores is that the porosity and 
permeability variograms exhibit different correlation structures. This is interpreted as a 
consequence of the poor correlation between log k and porosity. If these two 
parameters are strongly correlated, their variogram structures would be similar. 

Another finding of this research is that the maximum correlation length (range) of the 
variograms is in line with the system tracks. TST grainstones of Layers IA and IB (tide 
dominated systems) exhibit maximum correlation lengths perpendicular to the shelf, 
while the HST grainstones of Layer IIA (wave dominated system) exhibit maximum 
correlation lengths parallel to the shelf. This conclusion was reached while studying the 

s Abrupt variations in thickness and lateral extent of grainstones within individual carbonate cycles 
matches observations from modern grainstone depositional sites and corroborates observations from 
San Andres and Grayburg reservoirs in USA (see Section 11.2). 
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Chapter 7- Spatial Analysis 

variograms of porosity for layers IA, IB and IIA at different orientations. It was 
noticed that the grainstones of the TST6 have a maximum correlation length along N45 
(direction of the tides), while the grainstones of the HST7 (wave dominated system) 
have a maximum correlation length along N135 degrees. 

This fact indicates that the direction of approach of the transgressive grainstone shoals 
of the Lower Arab-C is perpendicular to the shoreline, along an azimuth of N45 
degrees. The grainstones of the HST are more correlated along an azimuth of N135 
degrees which was probably the dominant wave direction. This interpretation is in line 
with the sedimentological model and our interpretation of the shelf margin. 

6 grainstones of layers IA and IB 
7 grainstone of layer IIA 
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CHAPTER 8 
DETERMINISTIC MAPPING 

8.1 Introduction 

Deterministic mapping was conducted first with two objectives in mind: 

1. Build a deterministic reservoir framework using 3D seismic and well data 
2. Create the basis (groundwork) to understand the spatial and vertical trends in 

reservoir properties (thickness, porosity and permeability) before embarking in 
advance stochastic modelling algorithms (Chapter-9). The approach for this step 
was the following: 

" Quick-look overview of the spatial and vertical trends and other heterogeneities in 
the reservoir using well known deterministic methods (inverse distance square and 
kriging methods). 

" Verify areas of heterogeneity which can not be modelled properly with 
conventional deterministic algorithms. 

" Based on the evaluation of the deterministic model and univariate statistics of the 
data decide on the stochastic modelling algorithms, which best fit the heterogeneity 
of the reservoir. 

Other important objectives of the deterministic mapping were: 

" Establish stationarity regions for future stochastic modelling 
" Recognition of common mapping misconceptions and pitfalls usually hidden during 

stochastic modelling studies. 

8.2 3D seismic interpretation 

Early 2D seismic data, acquired by Prakla Seismos in 1977, was designed to get good 
reflections from deeper events, below the Jurassic. Dynamite was used as a source of 
energy and the reflection data allowed the interpretation of horizons close to the 
Permian (Khufu. It also allowed the identification of deeper faults and, as a result, a 
complex graben system was mapped, for the first time, in the Palaeozoic Khuff strata 
sequence (Krietz & Schneider, 1982). The 1977 data failed to provide good data 
(structural mapping and fault recognition) at the Jurassic level. In 1990, a 3D seismic 
survey was acquired. The aim was to focus on the Jurassic events, namely the Arab 
reservoirs, in order to improve the structural and fault mapping of the main oil 
reservoirs. The acquisition, processing, and the initial interpretation was done by Grant 
Tensor. Subsequent in-house analysis and integration of well data with the 3D seismic 
revealed that the 3D dataset was full of processing artefacts. There was no good 
agreement between faults detected in wells (hard data) and the 3D seismic. The seismic 
data was subjected to further re-processing using pre-stack time migration and more 
advanced processing algorithms. The seismic data improved substantially and, as a 
result, small faults were identified and a better match between well data and seismic 
was achieved. The basal part of the Arab-C was mapped in Two-Way Time (TWT) 
and used as a basis for the structural framework model. Figure 8.1 displays the top of 

71 



Chapter 8- Deterministic Mapping 

Arab-C reservoir over Jaleha sector as a result of the new 3D seismic interpretation. 
Unfortunately, the intra-reservoir layers (high frequency cycles) were not visible on 
seismic. The following section discusses the process involved in the construction of the 
structural framework. 

8.3 Construction of a deterministic reservoir framework 

In this research a deterministic reservoir framework' was created. Because of the 
deterministic nature2 special attention was devoted to the methodology to ensure that 
errors were minimized in the process. Perhaps the most costly error made by 
interpreters is in the construction of reservoir frameworks with implications in 
volumetric calculations. Below is a detailed discussion of the methodology adopted in 
this research. 

Since seismic does not always allow the mapping of the intra-reservoir cycles (layers) 
required for model building and volumetrics (especially when they are thin), and since 
geology is commonly conformable, isochore stacking is an important concept. Also the 
details of shallow geologic structures mapped from seismic can be "copied" to deeper 
horizons through the process of stacking. Usually this is done downwards from a 
known depth converted seismic horizon above or close to the reservoir top. In the case 
of this study the stacking was done upwards because the best seismic event was at the 
base of the Arab-C. The problem with this approach is not with the isochore stacking 
itself but on the manner the isochore maps are produced in the first place. Isochore 
maps should not be prepared from the direct interpolation of the true vertical 
thicknesses (TVT) measured at the wells (Fig 8.2). In certain situations (low dips and 
sufficient well control) it is feasible, with caution, to do that but, as a standard practice, 
this technique is not recommended. In the case of reservoirs with steeply dipping 
structures, coupled with sparse well control, the errors can be significant. In this study 
the isochore data was interpolated after being transformed from the isopachs. The 
process of correcting isochore maps is discussed below. 

8.3.1 Proper Multi-Layer Stacking of Isochores 

Since the isochore value depends on the structural dip and on the true stratigraphic 
thickness (TST = isopach value) (Fig 8.2), it can not be interpolated as an independent 
variable. This means that isochore maps should not'be prepared by direct interpolation 
of the true vertical thicknesses (TVT = isochores), measured at the wells. A true 
stratigraphic thickness (isopach) map should be created first. Since it is neither 
technically correct nor geologically feasible to stack isopachs to generate a reservoir 
framework (see nl and n2 nodes in Fig 8.2), a transformation back to isochore is, 
therefore, required. 

It is important to understand that performing the back-transformation of isopach into 
isochore, prior to layer stacking, improves the construction of the reservoir 

1 By reservoir framework we mean the construction of surfaces (grids) for the different 
reservoir layers. 
2 One realization of one scenario (an anticline with some minor faulting) 
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framework, and minimizes the errors associated with the estimation of reservoir 
volumes. This was the approach adopted in this study. 

8.3.2 Transformation of Isopach into Isochore 

The transformation of the isopach map to the isochore map can be performed using 
two methods. The choice depends, basically, on the user's preference and on the data 

quality. 

If a depth converted seismic horizon is available3, then it is probably easier to map the 
structural dip across the reservoir and, subsequently, divide the isopach map by the 
cosine of the dip. This was the approach adopted in this study. 

If seismic data is not available or is of poor quality, the use of co-kriging is a very good 
alternative. With this approach, the isochore can be estimated as a dependent variable. 
The requirements are a reliable isopach map and a strong linear relationship between 
isochore and isopach. The complexity of co-kriging resides in the construction of a 
cross-variogram between isochore and isopach, which has to satisfy some 
mathematical conditions. With this method the isopach is modelled as a secondary 
variable4 and the isochore as a primary variable. The large number of samples required 
for the second variable can be obtained easily by converting the isopach grid into a 
large dataset using grid-to-data operations. Also, a simpler version of the co-kriging 
(collocated co-kriging) can be applied. This method minimizes the influence of the 
secondary variable, by restricting the use of secondary variable to only one value 
measured at the unsampled location. This is probably a preferable technique if the data 

shows spatial anisotropy. 

8.3.3 Computation of Gross Rock Volumes 

The next step after the construction of the reservoir framework was the computation 
of the bulk rock volume above the original fluid levels (OOWC). Although the 
reconstruction of the intra-reservoir layers has already been improved, the use of 
improper techniques in this step can induce severe errors in the computation of the 
reservoir volumes. It is important that the intersection of the original fluid contact with 
the top and base surfaces (reservoir edge) are modelled properly. One of the most 
common pitfalls is to clip the grids at the fluid level interface during the computation of 
the gross rock thicknesses (GRT). This creates difficulties in the definition of the zero 
line and this practice should be avoided. Figure 8.3 shows, in a graphical form, the 
concept behind this misconception. Since grid nodes with zero values are present 
everywhere, outside the zero line, this contour wobbles unrealistically and, for this 
reason, can not define the outer edge of the reservoir correctly. The best way to 
overcome this problem is to compute positive and negative volumes (above and below 
the original fluid levels respectively) (Fig. 8.4). This figure illustrates the technique 
adopted in this study using grid-to-grid operations. As can be seen in this example, the 

3 The depth conversion was performed by computing the interval velocities at the wells and then 
interpolate the average velocities using least squares algorithm. The time grid (OWT) was 
subsequently multiplied by the velocity grid to produce a depth grid. 4 Continuous isopach information can be extracted from the isopach grid 
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/ 

zero lines can be defined properly because positive and negative grid nodes are 
available in the grid. This method allows the proper definition of the reservoir edge 
and, consequently, its volume. In contrast to the isochore errors previously discussed, 
where the errors are most significant in steep sectors of the Field, here the errors are 
greatest when dealing with very gentle dips (north and south sectors of the Field). 

8.4 Porosity Extractions 

In order to map porosity, petrophysical extractions were required. Extracting porosity 
data for mapping is straightforward provided some basic reservoir knowledge is 
understood prior to the extractions. The process of porosity extractions depends on 
the data availability and on the distributions of porosities in the reservoir. In this 
context, there is one issue that should be addressed here, namely porosity extractions 
with depth constraints (fluid levels, for instance). This is a basic issue, but one with 
great significance in pore volume computations of the pay zone, if not handled 
properly. 
Since the pay is above the original fluid levels, one might think that porosity 
extractions should only be conducted above the fluid contacts. This approach, although 
feasible in limited cases (discussed later), has drawbacks in most situations: 

1. Extracting porosity data above the fluid contact for the purpose of interpolation 
and mapping will bias the overall porosity trend of the reservoir (Figs 8.5a and 
8.5b). Fig 8.5a exhibits an example of porosity extraction and interpolation without 
a depth cut-off and Fig 8.5b shows the same dataset with a depth cut-off. Although 
the porosity spatial distribution is better defined in the reservoir edge for the case 
of a depth cut-off (Fig 8.5b), the volume of the remainder reservoir rock (between 
W-1 and W-2 wells) outweighs that small advantage. 

2. Another point against the philosophy of porosity extractions with depth cut-offs is 
the need to extrapolate porosity data outside the outer limit of the fluid contacts, in 
order to prepare grids for flow simulation. If porosity is extracted above the fluid 
contacts only, and neglected the data available in the water leg, the porosity 
extrapolations will be biased. 

The only possible application of porosity extractions above a specific depth is 1)- in 
reservoirs with large tarmats below the original oil-water contact, or 2)- when the 
effect of diagenesis below the fluid level is pronounced, or even 3)- when the base of 
the layer is below the fluid contact (Fig 8.5c). In these cases, and only in these cases, 
the porosity values should be extracted above the fluid level only. This will allow a 
better computation of pore volumes in the pay zone. When geostatistics are used then 
the experimental variograms should be built from the porosity data extracted above the 
fluid contacts only. 

If the porosity does not show a sharp transition with depth (i. e., significant degradation 
of porosity below the OWC), that is the case of this reservoir, then the extractions 
should be performed globally for the entire layer. This methodology will fulfill two 

Intersection of fluid level with top surface 
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objectives 1)- volumetrics (pay zone) and for 2)- simulation work (pay zone and 
aquifer). This approach has been followed in the industry for quite some time and will 
provide data for input into deterministic mapping systems or, in the case of 
geostatistical modelling, for building experimental variograms and/or 
estimating/simulating the spatial distribution of porosity. It has however the 
disadvantage of not been able to capture the porosity distribution of the reservoir edge. 
This problem can be tackled by creating a mathematical barrier during the interpolation 
between W-2 and W-1. This is achieved by adding a pseudo well at the intersection 
between the fluid level and the reservoir base (Fig 8.5d). The data from P-X will be 
interpolated with W-2, defining the distribution of the porosity in the reservoir edge 
(Fig 8.5e) without affecting the values updip of P-X. How to obtain the porosity 
values for P-X ? The easiest option is to back-interpolate the porosities from the grid 
model of Fig 8.15a and then add the pseudo well file to the group of other wells. A 

series of pseudo wells can be created along a specific line. 

8.5 Deterministic algorithms to Interpolate Porosity 

As far as deterministic algorithms for the interpolation of porosity are concerned, it is 
not the purpose of this thesis to expand this topic since it is well covered in the 
literature (Davis 1986; Banks 1990; Krum and Jones 1992). The use of Least Squares 
algorithm (LSA) has been avoided. LSA tends to project unrealistic trends. Porosity 
estimates made with moving-weighted-average (MWA) algorithms, such as simple 
distance-weighted algorithms or kriging, can not exceed the range of the data; they do 
not project trends, but construct an average. As the calculations move away from a 
local high or low data point, the interpolated node values will tend towards the local 
average. A second tactic sometimes applied is to artificially bound the extrapolation to 
the range of data plus or minus a percentage. This indeed limits the extrapolation to a 
reasonable range but at the cost of causing flat spots - plateaus and floors - in the 
grids (Krum and Jones 1992). Figure 8.6 exhibits the effect of the different gridding 
algorithms (LSA, MWA and kriging) on the porosity mapping of layer IB. A 
comparison between the sample histograms and the estimated histograms, for the same 
data, is displayed in Fig 8.7. 

In the case of this study porosity mapping was carried out using both kriging6 and 
moving weighted average (MWA) algorithms. The mapping was performed with 
ZMAP using point gridding plus routine. Kriging estimates of porosity were performed 
for all the geological layers excluding ID, IIBII, IIBIII and III) where MWA algorithm 
was used. The reason for the exclusion of those layers from the kriging process was 
the unavailability of reliable variograms. In this thesis, for the sake of simplicity, we 
only present a few mapping examples7. 

The following is a short description of the maps and the corresponding histograms and 
variograms exhibited in the Appendix IV. 

6 kriging is a procedure where each estimate is associated with some uncertainty, that means, it can be 
considered as a "stochastic" method if uncertainties are added to the kriged map. The reason kriging 
is discussed in this Chapter (Deterministic Mapping), is because the uncertainties are not being used. 

-7 A full set of colourfilled maps coupled with histograms and variograms per layer is exhibited in 
Appendix IV. 
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Isoporosity Maps: The maps have been prepared with the same colour scheme. The 

warmer colours (red) represent high values of porosity, while the cooler colours (dark 
green) represent the low values of porosity. The black contour lines represent the 25`h 
and 75`h percentiles of the dataset. The wells are represented with small black dots and 
the total number of wells is represented on the right hand side of the histogram as "N 
Total". The histogram should be used to evaluate the magnitude of the porosity values. 

Histo rg ams: Univariate statistics are displayed on the right hand side of the histogram. 
A box plot representing the percentiles, the minimum and maximum values is exhibited 
above the histogram The mean and median values are displayed graphically by a black 

cross and a small vertical red bar respectively. 

Variograms: The experimental omnidirectional horizontal variogram is represented 
with green dots, while the model is represented with a continuous red line. The lag 
distances are in meters. The variogram parameters (model, nugget, range and sill) are 
displayed in Table 8.1. 
The approach used for kriging porosity was the following: 

1)- First, geological and petrophysical data was loaded into OpenWorks8 
2)- The next step was to create a pointset of average petrophysical properties by layer 
using StratWorks9. The pointset was then exported to an MFD (Zmap1°). 
3)- Simultaneously, an exploratory statistical analysis was conducted on the same data 
set and histograms were built using Geoeas software. 
4)- The subsequent step was to interpret the spatial correlation structures of the data 
and infer an underlying variogram model again using the Geoeas software. 
5)- The last stage of the process was to input the variogram model in point gridding 
plus routine of Zmap to interpolate a grid of kriged estimates. The error grid was 
saved for subsequent sensitivity analysis. The grid was then contoured in Zmap and a 
cgm file created. 
6)- Finally, both cgm files (maps) and screen captures of histograms and variograms 
were pasted into Powerpoint. 
The input of sill values in Zmap corresponds to the summation of the nugget and the 
sill exhibited in Table 8.1. 

In the case of layers ID, IIBII, IIBIII and III) instead of using steps four and five 
above the Zmap MWA algorithm was used. 

In both cases (kriging and MWA), the grid size was 250 meters in X and Y direction 
with a search radius of 20,000 meters. 

8 LandMark relational database system 9 Cross-Section package from LandMark 
1° Mapping system from LandMark 
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8.5.1 Kriging Uncertainties 

The map displayed in Fig 8.8, depicts the predicted root mean square estimate 
(RMSE), in porosity percent, providing confidence intervals on the porosity estimates 
across Layer IB. This map is shown here as an example of uncertainty maps which can 
be generated together with the kriging method. The estimates tie at the wells, resulting 
in a predicted and actual error of zero at these locations. Note also the increase in the 
estimated error level away from the wells, suggesting that, as expected, this porosity 
map becomes less reliable in uncontrolled areas. 

8.5.2 Comparing Kriging with MWA Algorithm 

The comparison between isoporosity maps derived from kriging and MWA algorithm 
was done in two ways: 

" by visual inspection of the maps (Fig 8.6) 
" by comparing the estimated histograms of porosity against the sample histogram 

(Fig 8.7). 

The maps exhibited in Figure 8.6 show a similar behaviour as far as major trends are 
concerned. They differ slightly in small areas, particular when high values of porosity 
(case of Fahahil crest) are separated by a distance which is half of the variogram range. 
In this case the kriged map (where the variograrn has been input as a weighting factor) 
shows more continuity in the porosity trend as dictated by the correlation length of the 
variogram (9000 m)' 1. 

If the estimated histograms are compared (Fig 8.7) it is clear a similar distribution with 
very similar medians and means. The CV is higher for the kriged derived map (0.149 
for kriging versus 0.138 for MWA12). 

The estimated variograms show more variability in the sill (see figures 8.9-8.11). For 
instance, the kriged map exhibits a sill of 14.5 while the MWA map exhibits a sill of 
9.5. Both of them have similar range and nugget 13. 

8.5.3 Comparing estimated values versus sample values 

The variograms of porosity show that the estimated values exhibit less variability than 
the sampled values. For the estimated values, the variance is smaller and the maximum 
and the minimum are closer to each other than for the sampled data. This difference is 
larger for the MWA algorithm (Figs 8.9-8.11). 
Difference in CV for: 

MWA algorithm = 0.045'4 
Kriging algorithm = 0.035 

" from Table 8.1 
12 Values in the histogram are displayed in percentage (14.9 and 13.8 respectively). 13 Range in meters; nugget and sill in (phi2) 
14 The difference in CV for a Least Square (LS) map is much higher (0.061). 
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Table 8.1 - Variogram Parameters for Porosity 

layers Model Nugget 
(h'2) 

Sill 
(hit) 

Range 

(m) 

IIF Gauss. 0 9 2000 
IIE Gauss. 2.2 8.8 3000 
III) none 
IIC Gauss. 0 9 1700 
1113111 none 
IIBII none 
IIBI Gauss. 3 11 1600 
IIA Gauss. 5 7 3000 
IIA Gauss. 6 9 5000 
IG expon. 10 19 5800 
IF Gauss. 12 12 6000 
IE expon. 10 18 6500 
IDIII spherical 8 13 7000 
IDII Gauss. 10 8 2000 
IDI Gauss. 3 13 2000 
ID none 
IC spherical 5 16 8000 
IB spherical 4 10 9000 
IA spherical 6 10 5000 

UAC spherical 1.7 6 4200 
LAC spherical 5 8 12000 
Arab-C s herical 1.5 6.5 5000 
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Chapter 8- Deterministic Mapping 

8.5.4 Honouring variograms 

Figures 8.9d and 8.9b show the comparison between the model variogram used as 
input and the calculated variogram using the MWA estimated values. As in the case of 
the histogram, the model variogram and the calculated variogram do not match with 

each other. The calculated variogram (Fig 8.9b) is much smoother, shows a zero 

nugget and has a smaller sill value than the input variogram. The inability to match the 

sample histogram or the sample variogram with the estimated values is a problem with 
the MWA algorithm. This problem is less acute in the case of kriging and worst with 
Least Squares. In the case of kriging, the calculated variogram (Fig 8.10b) shows a 

zero nugget but has a similar sill of the input variogram. In both cases (MWA and 
kriging) the estimated variograms exhibit a similar range to the calculated 

variograms. 15 

These mismatches between estimates and sample values are to be expected considering 
that the estimated values are always weighted averages of the sample values. 
Therefore, the estimated values will rarely be beyond the maximum and minimum 
established by the sample points. As a result, the estimated values show less variability 
than the sampled values, and the sill value (an indication of variance) for the variogram 
based on estimated values is smaller than the sill of the input variogram. As mentioned 
before, this is more pronounced in the case of MWA algorithm. The Least Squares 

map is slightly different than the kriged and MWA map. In this case the estimated 
histogram exhibits a distribution with maximums and minimums exceeding the sample 
histogram (Fig 8.7). This is observed with Least Squares algorithm - not suited for 

petrophysical interpolation. 

8.5.5 Discussion 

All Arab-C layers exhibit porosity degradation towards south. As depicted from figure 
8.12 (porosity maps for layers IA, IB, IC and IG), Jaleha and Diyab sectors exhibit 
very low values of porosity. The transition between Fahahil and Jaleha is, in most 
cases, sharp. Khatiyah and Fahahil domes exhibit the highest values of porosity for 

most of the layers. The porosity histograms by sector, for the entire reservoir, reveal a 
similar trend (Fig 8.13). Figure 8.14, a N-S stratigraphic cross-section across Jaleha 
sector exhibiting all layers, shows also a porosity trend (degradation) towards south 
(right hand side of figure). 

The best barriers across the field are layers IIBIII and IIF (Figs in Appendix IV). Layer 
IG, considered to be a barrier across the field, shows some porosity development in the 
northern sector (Khatiyah) and in very restricted crestal areas of Fahahil North (Fig 
8.12, last display). Similar behaviour applies to layers IIBI and III) (Figs in Appendix 
IV). 

15 Another interesting point to note is that the model variograms (input) were fitted with a Spherical 
model, while the calculated variograms of estimated values (output) are best fit with a Gaussian 
model. 
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Chapter 8- Deterministic Mapping 

In terms of the mean values of porosity the layers can be grouped in three classes as 
follows: 

" Class I (PHI< 10%): IIF, IID, 1113111,11131 and IG 

" Class II (10%<PHI<20%): IF, IIA, IC, IDII, IDIII, IIC, IE, IIBII, IA and IIE 

" Class III (PHI> 20%): IDI, IB 

Class I represents the tight layers (mudstones and anhydrites) of the Arab-C reservoir. 
For these layers, the porosity histogram does not show a normal distribution. IIBI 

shows a bi-modal distribution. 

Class II represents good reservoir layers (packstones and grainstones). The porosity 
histograms for this class show a normal distribution. 

Class III represents the best layers in terms of storage with mean porosities in excess 
of 20%. The histograms exhibit a normal distribution. 

Mean Porosity By Layer (Entire 
Field) 

IIF 

IIE 

IID 

IIC 

IIBII 

IIBII 

IIBI 

IA 
IIA 

>, IG 

IF 

IE 

IDI I' 

IDI 

ID 

IC 

IE 

IE 

Porosity 

As far as spatial analysis is concerned, the maximum correlation lengths (in the order 
of 6500-9000 meters) are for layers IE, IDIII, IC and IB. The smaller correlation 
lengths are in the order of 1600-1700 meters for layers IIBI and IIC respectively. 
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Chapter 8- Deterministic Mapping 

The main findings of this mapping task using kriging and MWA algorithm can be 

summarized as follows: 

Kriged and MWA maps of porosity are very similar16. Both of them produce a smooth 
image of the actual porosity variations. The main advantage of the kriged technique 
over MWA algorithm is that the former is more precise on a point by point basis. In 

addition, the kriged method generates uncertainty maps of the estimates and is 
therefore preferred. 

8.6 Permeability maps 

Because of the complexity of the permeability, the mapping of this property is more 
problematic. In this chapter (deterministic mapping), the main objective of the mapping 
is to evaluate the permeability trends (space and depth) in the reservoir. Due to the 
large number of cores and lack of good permeability transforms, core-plug and probe- 
permeameter data have been used. Chapter-9 (stochastic modelling) discusses the issue 

of permeability "estimation". " 

The permeability was mapped using both ZMAP and geo-cellular models (SGM) with 
MWA algorithm (Fig 8.15). Figure 8.15a is a 3D block extracted from the NW corner 
of Jaleha sector (Fig 8.15c). Figure 8.15b is a stratigraphic section across the northern 
part of the field (Khatiyah sector). Figure 8.15d is another stratigraphic section parallel 
to one of the panels of (Fig 8.15c). All of these models have one characteristic in 

common - the big contrast in permeability between the basal grainstone unit of the 
LAC (layer-113), in excess of 250 md, and the upper most part of the UAC' 8. The 
average permeability of the LAC unit is 13 times higher than the average permeability 
of the UAC. This permeability contrast, already addressed in Chapters 2 and 6, is one 
of the main drivers for the different flow behaviour between the UAC and LAC 
(Chapter- 10). 

8.7 Modelling Water Saturations 

Like isochore values (section 8.2.1 above), Sw values should not be interpolated and 
mapped as an independent variable. Sw is a dependent variable and changes vertically 
and horizontally according to a Sw versus height function. Sw function depends 
strongly on height above the fluid contact level (h), and on the permeability (k) and 
porosity (phi). The most common practice in the industry is to input a capillary J- 
function or Sw vs. height (k, phi) relationship per layer or lithofacies and sometimes by 
region, if there is a strong spatial variability on k-phi. Typical Arab-C capillary 
pressures, by lithotype, are exhibited in Appendix V. 

All of the above is well known to the industry and it will not be addressed in this thesis. 
Only the issue of modelling Sw using conventional (deterministic) mapping systems is 

16 As a result of the high data density 
" In fact, simulation, using conditional simulation algorithms. 'a permeability scale as follows: dark blue (0-5 md); light blue (5-10 md); green (10-50 md); yellow (50-100 md); orange (100-250 md); red (>250 md). 
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Chapter 8- Deterministic Mapping 

discussed. It deals with the manner in which the elevation (h) above the original fluid 
level is calculated and with the manner in which the Sw values below the top of the 
transition zone (TTZ) are modelled. Sw values above the TTZ are constant with depth 
for a particular set of phi-k pairs and, consequently, easy to model. The creation of an 
"h" grid to capture the variations of Sw in the transition zone seems a trivial task but 
field experience shows that large errors occur if the proper technique is not applied. In 
this study the mid-grid concept has been applied. The next section describes the 
procedure. 

8.7.1 Elevation Above Original Fluid Contact Level - Mid Grid Concept 

In order to apply an Sw function and to estimate Sw at any point in X, Y, Z position it 
is important to know the Sw curve (or Leverett J-curve) as a function of (k, phi) and 
the height (h) above the original fluid level (Fig 8.16a). The use and application of J- 
functions is beyond the scope of this research and is assumed. The main concern is the 
proper spatial representation of "h" (or, more properly, an "h" surface). The common 
practice is to create a mid-grid from which the "h" is calculated (Fig 8.16b). The mid- 
grid allows the assignment of the Sw value to the middle of the layer, since the average 
values of k and phi are also assumed to be representations of the mid-layer. However, 
special attention should be devoted to the creation of the mid-grid. If the mid-grid of 
Fig 8.16b is used to model Sw, then the resultant Sw map will have a 100% Sw line 
offset from the zero thickness line. This offset (shaded area of Fig 8.16b) represents 
volume that is lost during the volumetric integration. The resultant effect is that 
hydrocarbon pore volumes will be under-estimated. This error is minimal in thin layers 
with steep dips (flank of the Field) but can be large in the presence of thick layers and 
very gentle dips (north and south sector of the Field). The objective is to adjust the 
mid-grid in such a way that a perfect match is obtained between the zero thickness 
contour and the 100% Sw line (Fig 8.16c). In this way one can assure that no volume 
is lost during the volumetric integration. This can be achieved easily by performing two 
simple grid operations. The first operation is to divide the GRT grid by two and then 
add19 the resultant grid to the top structure grid of a reservoir layer. 

8.7.2 Honouring Well Average Values 

It is well understood that the technique of the Sw vs. height functions discussed above 
honours the shape of the transition zone and the irreducible water saturations for a pair 
of k-phi but has one drawback - it may not exactly honour the average Sw values at 
each well location. This means that if a back-interpolation of the saturation maps (or 
grids) to the data file is performed, the average saturation by well is not necessarily 
respected. 

The goal is twofold; i)- honour the average saturations at each well and ii)- capture the 
shape of the Sw curve for a particular k-phi pair. This can be achieved by merging the 
Sw contours and the average Sw values per welUlayer, gridding them together using a 
Least Squares algorithm and, subsequently, applying a two-dimensional biharmonic 

19 Or subtract, depending upon if the surface is in depth (positive values) or in elevation (negative 
values) 
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Chapter 8- Deterministic Mapping 

convolution operator. It is obvious that for this exercise one should use only the earlier 
wells, where initial Sw conditions are present. This will allow a better representation of 
the initial saturations. 

8.8 What Grid Increment to Use ? 

Since the result of volumetrics depends on the integration of all grid values, the grid 
increments determine the resolution of the volumetrics. The rule of thumb in the 
industry is to use a grid size which is around 1/3 - 1/4 of the minimum well spacing. In 
principle this is a reasonable assumption for most cases. However, one should not 
generalise. Special attention should be given to the aim of the exercise. If the aim is to 
compute reservoir volumes between two fluid levels (OWC and GOC) in a steep 
structure whose horizontal projections are only 100 meters apart, then the 
recommended grid increment should be no more than 1/4 of that distance, regardless 
of the well spacing. If the objective of the study is to estimate, geostatistically, the 
distribution of porosity in the reservoir, then the minimum grid increment should be 
decided based on the well spacing and also on the range of the variogram. It is not 
correct to utilize a grid increment equal or larger than the range of the variogram. 
Similarly, if one wants to map the volumes in a fault block delineated by two faults, 50 
meters apart, then the grid size should be very small, probably around 10 meters. 
Because all the grids have to have the same grid size and area of interest for the grid- 
to-grid operations to take place, we may end up with a constraint - grid size 
incompatibility. In this situation or when dealing with a complex and 
compartmentalised reservoir, it is advisable to perform volumetrics in stages by 
splitting the reservoir into different regions. The results can be subsequently integrated. 
In this study a grid of 100 meters has been applied for the entire field and many other 
grid sizes (50-200 meters) used in flow simulation (Table 10.1). 

8.9 Summary 

A robust deterministic framework was built. This framework was used for the 
deterministic interpolation of properties and used subsequently (Chapter 9) during the 
stochastic modelling. The deterministic population was conducted first as a basis 
(groundwork) to understand the spatial and vertical trends in reservoir properties 
(thickness, porosity and permeability) before embarking in advance stochastic 
modelling algorithms. The modelling approach was the following: 

" Quick-look overview of the spatial and vertical trends and other heterogeneities in 
the reservoir using well known deterministic methods. 

" Verify areas of heterogeneity which can not be modelled properly with 
conventional deterministic algorithms. 

" Based on the evaluation of the deterministic model and univariate statistics of the 
data decide on the stochastic modelling algorithms, which best fit the heterogeneity 
of the reservoir. 

Another important objective of the deterministic modelling was in the recognition of 
common mapping misconceptions and pitfalls usually hidden during stochastic 
modelling studies. The following are some important conclusions from the study. 
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Chapter 8- Deterministic Mapping 

When building the reservoir framework, the isochore should be mapped as a dependent 
variable of dip and isopach. If co-kriging cannot be used, then a deterministic back- 
transformation of the isopach maps into isochore maps prior to layer stacking should 
be used. One should avoid the use of isochore as an independent variable during 
interpolation. Mapping true vertical thicknesses directly from well data and stacking 
the isochores blindly should be avoided. Mapping and stacking isochores independently 
will overestimate reservoir volumes in positive (convex) structures. In the case of 
reservoirs with steep dips and sparse well control, the errors can be significant. 

For the calculation of the reservoir volume, positive and negative volumes should be 
computed. Clipping grids at fluid level is not a good practice. Depth clipping prevents 
the proper definition of the zero line and, consequently, the volumetric definition of the 
reservoir edge. The zero line will have an erroneous zigzag effect. Clipping grids at the 
fluid level will underestimate volumes. The errors are magnified for reservoirs with 
gentle dips. 

Before performing porosity extractions it is advisable to investigate variations of 
porosity with depth. One should pay attention to reservoirs with tarmats or strong 
diagenetic overprints below the original fluid contacts. Porosity data should not be 
extracted without prior knowledge of any vertical trends in the reservoir. In the case of 
shallowing upward sequences, porosity extractions above the fluid level will 
overestimate pore volumes. The same applies to reservoirs with tarmats and diagenetic 
overprints below the free water level. 

When using algorithms for interpolating porosity, preference should be given to the use 
of kriging followed by the moving weighted average algorithm when variograms can 
not be built. LSA algorithm should be avoided since it tends to extrapolate values 
beyond the input data range. 

As far as Sw modelling is concerned Sw should not be interpolated as an independent 
variable. Sw has to be modelled as a function of elevation above OWC and (k or phi). 
It is always essential to assign a Sw-depth function by layer and by classes/regions. It is 
always advisable to create a mid-grid where the 100% Sw line coincides with the zero 
thickness line of the pay thickness map. If this practice is not followed, large errors 
may occur especially in thick reservoirs with gentle dips and large transition zones. 

Although the approach used to map this reservoir provided some hints for improved 
modelling and computation of reservoir volumes, there are no standard recipes. The 
basic ingredients for a successful deterministic mapping and assessment of volumes 
are: 
" good data, 
" no violation of basic geological rules and mapping principles, 
" the judicious application of technology. 

0 
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CHAPTER 9 
STOCHASTIC MODELLING 

9.1 Introduction 

One of the problems facing geomodellers is the difficulty in deciding the best 
methodology for reservoir modelling. Is there a rule of thumb for the application of a 
specific technique or method ? When should we use deterministic (estimation) and 
stochastic techniques ? All these questions are difficult to answer because they are 
field-specific. As such, one must have the knowledge of the basic reservoir 
parameters, amount of data, purpose of the study and knowledge of the different 
techniques and methods. 

In the initial stages of the Dukhan Arab-C data analysis, we thought that a hybrid 
modelling approach using object and pixel based techniques, was probably the most 
appropriate. Subsequent modelling work indicated that the hybrid approach between 
object and pixel based methods was not appropriate for this reservoir. 

The reasoning (logic) behind the first screening of the methods and techniques was 
the following: 

" In layers where there is a good understanding of the distribution of lithofacies 
(probably because of good core recovery) and where facies can be explicitly 
mapped, an "object based modelling technique" is probably the best choice. 
However, the difficulty in delineating the extension of the carbonate facies 
prevented the use of this technique. 

" Another option to handle categorial data (facies) was considered. The plan was to 
use pixel-based techniques applying the Sequential Indicator Simulaton (SIS) 
method. This option did not work because of the difficulty in recognizing 
lithofacies from well logs. 

" Because of the above mentioned limitation, a "pixel-based technique" using 
Sequential Gaussian Simulation (sGs) was investigated. This method revealed to 
be adequate to model most of the geological cycles (layers) without introducing 
modelling artefacts. 

" In a few cycles, where lithofacies, porosities and permeabilities were well 
correlated, a co-simulation algorithm revealed to be the best method. This option 
was subsequently rejected due to problems in controlling the lithofacies and 
porosity-permeability distributions across different stationarity regions. 

" In some cycles, where the heterogeneity was not significant (very uniform and 
predictable distributions, case of the anhydritic layers) an inverse distance square 
method (deterministic approach) was though to fit the purpose. 

The above points were pre-conceived ideas which had to verified and validated during 
' the modelling exercise. 
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p 

In the following sections we discuss the techniques and methods applied to this 
reservoir and the reasons behind their selection. 

9.2 Geostatistics and reservoir modelling 

Geostatistics provides the tools and techniques to model the reservoirs in an integrated 
manner. The algorithms are robust and allow the interpreter to integrate different 
types of data (soft and hard data) in the same modelling process. Properties like 
seismic attributes (amplitudes) can be used to simulate porosity to add value to the 
reservoir description. The resultant reservoir descriptions are, therefore, more realistic 
because the heterogeneities may be preserved'. Although smooth maps of porosity 
and permeability are useful to establish trends in the reservoir and to delineate 
stationarity regions for future stochastic modelling (Chapter-8), they are no longer 
valid for the current engineering (fluid flow) needs, especially when modelling 
heterogeneous reservoirs. The reservoir models used in flow analysis must have a 
good representation of the heterogeneity, otherwise reservoir forecasts would be in 
jeopardy. Another advantage of the geostatistical algorithms is the capacity to 
quantify uncertainties. With the advent of advanced stochastic modelling algorithms, 
several equi-probable realizations of the reservoir can be generated. These realizations 
are ranked and exported to numerical simulators for subsequent reservoir management 
studies. 

Although stochastic modelling offers new ways to describe the reservoir, in this 
research stochastic modelling was approached with an "open mind" and always aware 
that some of the algorithms and techniques are not a panacea - they may not be suited 
for the Arab-C reservoir. A good understanding of the reservoir and its 
heterogeneities is therefore a must prior to any modelling. Trial tests were conducted 
in the Arab-C before embarking on full stochastic simulation. The result of the trials 
indicates that the best way to perform the reservoir description of the Arab-C is to: 

1. understand the reservoir heterogeneity, layer by layer 
2. investigate the availability of data 
3. check for data quality 
4. establish the aim of the study 

With these four points in mind, and having the knowledge of the pros and cons of the 
different techniques and methods, it was early recognized that there are no standard 
techniques to model all the Arab-C cycles. 

The experience with the characterization of the Arab-C indicated that there are at least 
four parameters which can be used as a criteria for the determination of the techniques 
and methods in reservoir modelling. These parameters are as follows: 

1. the type of data (attribute) to model 
2. the Coefficient of Variation (Cv) (a measure of reservoir heterogeneity), 
3. the geological environment 
4. geological drivers such as facies and seismic data (amount and quality of data) 

1 This depends on the geomodeller and on the upscaling process 
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The above parameters were studied for the case of Dukhan Arab-C and were plotted 
in a diagram against the modelling techniques and methods (Fig 9.1)2' The diagram 

establishes the domains of applicability for the different modelling approaches, 
techniques and methods based on attribute type, Cv, geological environment and 
drivers (facies, seismic). 

9.2.1 Modelling Approach 

The modelling approach can sometimes be decided based on the attribute (type of 
data) to be modelled. For instance, if the aim of the study is to model structural or 
stratigraphic surfaces either in depth or time (such as boundaries of sequences or high 
frequency cycles), large scale deterministic baffles or barriers, and faults, the 
deterministic approach is the ideal. In these cases, where the modelling of explicit 
geological features is the objective, there is no need to embark on stochastic 
modelling. This was the reasoning adopted for the Arab-C. The structural framework 
was constructed using a deterministic approach. 

If the purpose of the study is to model petrophysical data (porosity and or 
permeability), the Cv is the key parameter to be used for the selection of the 
modelling approach and technique. The choice of the method depends on the 
geological drivers (facies, seismic) available. In the case of the Dukhan Arab-C, both 
approaches (stochastic and deterministic) were used. If the aim is to model facies 
(categorial data), as opposed to continuous data (porosity, permeability), a stochastic 
approach is preferred. It is indeed very hard to model facies using a deterministic 
approach. 

In the case of continuous variables, the coefficient of variation (Cv), a measure of 
reservoir heterogeneity, dictates the modelling approach and technique to be adopted. 
When Cv <0.5 deterministic approaches are probably sufficient. When Cv>2 
deterministic techniques are of no use in reservoir modelling, because the 
heterogeneity can not be captured with kriging or inverse distance square techniques. 
Stochastic techniques should be applied instead. When Cv is around 0.5 both 
techniques are equally applicable depending upon the amount of information (facies, 
wells, seismic), purpose of the study and skills of the geomodeller. 

9.2.2 Modelling techniques 

There are basically two modelling techniques: 1)- pixel based techniques and object 
based techniques. Pixel based techniques are independent of the knowledge of 
geological objects or shapes of geological features. The modelling is performed across 
a regular grid or "pixels". On the contrary, object-based techniques require the shape 
of geological objects in the modelling process. Since the delineation of shapes 
(geological facies objects) is extremely difficult in carbonates, the object based 
techniques are not suitable for carbonate environments. They are more applicable to 
model clastic reservoirs (fluvial systems), where the shape of channels and other 
geological features can be seen more clearly and, therefore, be modelled explicitly as 

2 Note: The diagram of Figure 9.1 is a very general graphic conception with flexible boundaries. 
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Chapter 9- Stochastic Modelling 

objects. In the case of the Dukhan Arab-C (carbonate reservoir), the shape of the 
geological facies could not be determined. For this reason, the object based modelling 
technique was not considered. 

9.2.3 Modelling methods 

The choice of the method depends on the geological drivers available (amount and 
quality of data), purpose of the study and availability of software and skills of the 
geomodeller. 

If the aim of study is the modelling of carbonate facies using pixel based techniques, 
there are two recommended methods: 

1. Sequential Indicator Simulator (SIS). 
2. Truncated Gaussian Simulation (TGS). 

SIS is the method which makes the facies a bit more. "salt and peppery" while TGS 
will have explicit control over the facies ordering reproducing, therefore, the 
relationships between facies transitions. A much smoother facies model is obtained 
with TGS. 

Sequential Gaussian Simulation (SGS) methods are not applicable for modelling 
facies (categorial data). This method is suited for continuous data such as porosity and 
permeability. When the reservoir under study is heterogeneous (domain of stochastic 
modelling) and has lots of data, the simulation techniques like SGS may begin to 
mimic an estimation (deterministic) technique, say kriging, because of so much 
conditioning. In these cases a model derived from SGS might resemble a model 
derived from kriging. 

9.2.4 Seismic driven methods 

When porosities need to be estimated from the seismic amplitude , 
data (seismic is of 

good quality), then the recommended method is collocated co-kriging (based on a 
single covariance model). Since a single porosity model is derived from the seismic 
amplitude data this method is referred as deterministic. The same applies to all 
estimation techniques based on kriging. Because of lack of seismic resolution, co- 
kriging or collocated co-kriging methods were not used in the Dukhan Arab-C for 
porosity modelling. This technique was only adopted for modelling water saturations 
and performing the time depth conversion. 

Table 9.1 lists the techniques and methods used to model different Arab-C attributes. 
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Table 9.1 - Techniques and methods applied to the Arab-C 

Attributes Techniques/Methods 
Velocity Co-kri in (for time-depth conversion 
Top structure Least s quares algorithm 
Isopach - Isochores Co-krig ing and Isochore algorithm 
Porosities Kriging and/or SGS (depending on Cv) 
Permeabilities Kriging and/or SGS (depending on Cv) 
Water saturations Collocated co-kri in 
Lithofacies Tried SIS, TGS and co-simulation. 

Difficult to model (sections 9.5 & 9.6 

9.3 Comparison between deterministic and stochastic modelling 

Basically deterministic techniques produce smooth models while stochastic 
techniques generate heterogeneous models. 

Stochastic modelling offers a greater advantage as far as reservoir description is 
concerned. In case of heterogeneous reservoirs, stochastic modelling allows the 
geomodeller to capture the true heterogeneity of the reservoir by honouring multiple 
data types and relationships. In addition it allows the quantification of uncertainties. It 
is indeed more robust that the simple deterministic interpolations but should be dealt 
with care and should not be considered as a panacea in reservoir modelling. It is a tool 
to be used by those who understand both the geology and the engineering aspects. In 
wrong hands these tools would create more damage than benefits to the reservoir 
model. 

Deterministic interpolations are always stable3 and may be insufficient to model the 
complexity of the reservoir. However, in certain situations (reservoirs with low Cvs) 
deterministic modelling might suffice. Depending on the reservoir complexity, it is 
possible to apply both techniques and build an hybrid model which represents much 
better the heterogeneity of the reservoir. 

Figure 9.2 exhibits two porosity models for the Jaleha sector of the Dukhan Field. 
Figure 9.2a shows a deterministic model of porosity generated using an inverse 
distance square algorithm (deterministic). The distribution of the porosity is very 
uniform and continuous in space on a layer basis. Basically it is a smooth map of the 
porosity. Figure 9.2b, on the contrary, is a stochastic model of the porosity using 
Sequential Gaussian Simulation (sGs) algorithm - it allows the heterogeneity to be 
represented less continuous, which is probably more realistic. The model is more 
heterogeneous and the porosity exhibits a discontinuous distribution. Figure 10.3 
(Chapter-10) exhibits different permeability models using deterministic and stochastic 
algorithms. Similarly to the porosity distribution of Fig 9.2b, the simulated 
permeability field using sGs algorithm (Fig 10.3) exhibits much more heterogeneity 

3 possibly wrong 
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Chapter 9- Stochastic Modelling 

than the estimated permeabilities using kriging and inverse distance square 
algorithms. 

The final decision on the modelling technique depends on the reservoir heterogeneity 
and objectives of the study4. 

9.3. Multi-grid property assessment for stationarity checks 

Before embarking with the geostatistical interpolation, univariate statistics were 
carried on the data with the aim to define regions of stationarity. Regions of 
stationarity represent a region where the model based on the well data can be applied 
at inter-well regions. It was investigated if the overall reservoir could be sub-divided 
into several small regions where the assumptions of continuing trend over that region 
could be reasonably satisfied. The mean and the variance of petrophysical properties 
for each layer at each well were computed. Areally, these values were plotted for all 
the wells for which data are available. A moving windows statistical analysis was 
conducted, where basic statistical parameters within a regional window of varying 
sizes were calculated. These windows were large enough to contain at least ten wells 
so that meaningful statistics could be obtained. By comparing the moving window 
statistics, and using some prior defined threshold, it was easy to decide which 
windows could be combined as part of the same region of stationarity. The statistical 
properties of larger combined window was calculated and compared to the data from 
a smaller window. The statistical properties should be similar if the condition of 
region of stationarity is satisfied. If the larger window has statistical properties which 
are significantly different than the smaller windows, then there was the need to make 
the region of stationarity smaller. Starting with small windows, they were 
progressively enlarged till the region of stationarity condition was no longer satisfied. 
At that point, various regions of stationarity were defined. This exercise was done 
taking into consideration the previous knowledge of the reservoir in terms of 
geological facies and trends. Those trends had to be consistent with the stationarity 
assumptions. 

9.4 Prediction of Lithofacies in Uncored Wells 

Although we had large amounts of core, an attempt to predict lithofacies in uncored 
wells was carried out. In this regard a method for lithofacies prediction in uncored 
wells was investigated prior to the spatial simulation. Two approaches were 
investigated: Neural Network Analysis (NNA) and Principal Component Analysis 
(PCA) - Appendix VI. 

9.5. Simulation of Petrophysical Properties 

Both methods of lithofacies prediction from uncored wells (neural networks and 
PCA) failed to capture all the 7 lithofacies described in Chapter-2. Only four 
lithofacies were able to be identified from uncored wells: non-porous limestones, 
porous-limestones, dolomites and anhydrites. 

4 and on the user's abilities to apply such techniques 
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An attempt was made to simulate the petrophysical properties for the four lithofacies 

recognisable in all uncored wells. The simulation was divided in two tasks: 

" In the first task, spatial correlation models (variograms) were developed for the 
four geological facies as well as petrophysical properties. 

" In the second task, a co-simulation procedure was used to ensure that the 
generated petrophysical properties at inter-well locations were consistent with the 
underlying geological description (facies distribution). 

The results of the co-simulation of porosity and permeability are exhibited in figure 
9.6. In this example only two lithofacies were used. They are presented here for 
illustration purposes since they failed to capture the distribution of lithofacies. 

9.5.1 Variography Analysis 

The ultimate objective of the variography analysis was to generate the petrophysical 
properties, which can be used for flow simulation purposes. To generate the 
petrophysical properties at inter-well locations, it is important to know how the 
geological facies as well as petrophysical properties are spatially related. Special 
attention should be paid for trends (direction of preferential continuity) of a particular 
attribute. This information can be obtained using semi-variogram analysis (also called 
"variogram"), as mentioned in Chapter-7. 

Effect of Nugget on Simulation 

As mentioned in Chapter-7, the theoretical variogram model refers to the 
mathematical formula of a curve with statistical parameters, much like slope and 
intercept in linear regression, used to mimic the character of experimental points on a 
semi-variogram (Eisenberg et al., 1994). As referred before, the three main 
parameters of a theoretical variogram model are the nugget (a measure of local-scale 
variability of the data), the sill (overall variance of the data) and the range (a measure 
of the correlation distance of the data). In this context, correlation structure refers to 
the shape of a fitted model, and it represents the character and degree of a measured 
property's spatial continuity. This section addressed the effect of the local scale 
variability (nugget) on the simulation. The effects of nugget on the variogram model 
can cause: 

1. algorithm instability (case of zero nugget on the Gaussian model) 
2. very fine heterogeneities, "salt and pepper" distributions, in the case of high 

nuggets. 

In this study the effect of nugget during Sequential Gaussian Simulation (sGs) of 
porosity was investigated. The map on the left of Figure 9.3 exhibits a porosity 
distribution simulated with zero nugget, while the map on the right was simulated 
with nugget exhibiting, therefore, a "salt and pepper" distribution. In both maps the 
same variogram model with similar sills and ranges was used. One conclusion of this 
work is that high nuggets are undesirable in modelling this particular layer. 
Experience indicates that when Gaussian models are selected, in order to avoid 
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Chapter 9- Stochastic Modelling 

algorithm instability, a very small nugget must be added. This has to be done with 
caution bearing in mind that the resultant model may end-up with unnecessary 
heterogeneity. 

9.5.2 Conditional Simulation of Reservoir Attributes 

The simulation involved generating alternate reservoir descriptions for different 
reservoir attributes. In a given layer of this reservoir, there is limited information 
available at the well locations. Based on the well data, reservoir properties at inter 
well locations had to be inferred. Since these properties are inferred, there is always 
an associated uncertainty with respect to each of the inferred value. A conditional 
simulation procedure is a procedure by which one can generate alternate images 
(realizations) of the reservoir, which can quantify uncertainties associated with each 
of the attributes. Figure 9.4 shows six realizations of permeability simulated with sGs 
while figure 9.5 shows three porosity images generated by conditional co-simulation 
method using different spatial correlation (variogram) models. As can be seen, these 
images show some similarity and some differences. The difference between the 
images represents the uncertainties. In the case of figure 9.4 the uncertainties are 
represented by changing the realization seed number while in the case of figure 9.5 
the uncertainties are represented by changing the variogram model. In summary, we 
can have two types of uncertainties: 

1. Uncertainty on the stochastic model by changing the seed number 
2. Uncertainty on the geological description by changing the variogram model. 

Both produce separate non-equiprobable models (Fig 9.1) 

Many conditional simulation methods are available in the literature, which can 
generate the descriptions of various reservoir attributes. The two common methods 
are Sequential Gaussian Simulation (sGs) and Sequential Indicator Simulation (SIS), 
Fig 9.1. SIS is used to model geological facies while sGs is used to model 
petrophysical properties. The main difficulty in using these methods is that they do 
not honour the local relationships among different attributes. The co-simulation 
procedure overcomes this major limitation provided there is a good understanding of 
the facies distribution. 

Sequential co-simulation is a logical extension of a sequential simulation process. The 
process of co-simulation results in the simulation of multiple attributes 
simultaneously. The main advantage of co-simulation is its ability to honour the local 
relationships among the various attributes. Consider an example where one uses the 
SIS for geological facies description. If the geological facies are ramp crest and 
peritidal facies respectively, then either ramp crest or peritidal facies will be assigned 
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Fig 9.5: Three porosity images of Jaleha Sector generated by conditional simulation 
method using different variogram models. 

to the individual grid blocks. For the same reservoir, if we use sGs to estimate the 
porosity values, after the simulation, porosities will be assigned to all individual grid 
blocks. When the geological facies description is compared with the porosity 
description, some inconsistencies are observed. For example, if both the facies and 
porosity distributions have not been honoured, we would observe that ramp crest 
facies may have been assigned a low porosity, and the peritidal facies may have been 
assigned a higher porosity. This is possible because no local relationships between the 
geological facies and porosity are honoured when simulating facies and porosity 
independently. Although there are some indirect local constraints (certain facies 
versus porosity relationships away from the wellbore), in independently assigning 
facies and porosities at the grid blocks, it is possible to assign locally inconsistent 
values unless a constraint imposing a strict relationship can be incorporated. Such 
local constraint is possible only if one can simultaneously simulate both facies and 
porosities at the grid block locations. This is the main purpose of co-simulation. 
Unfortunately this method was not successful in the Arab-C because of the following 
difficulties: 1) establishment of correlation lengths for the carbonate facies and 2)- 
recognition of carbonate facies in open-hole logs. The example that follows is based 
on two facies and it is here for illustration purposes only. 

Facies Model »»» Porosity Model »»» Permeability Model 

Akl 4h- 
_p_ 

Fig 9.6 - Typical workflow for co-simulation: First simulate the geological facies, 
then porosity and subsequently the permeability (Example of a5 ft layer, from Jaleha 

sector). 

As it can be seen from figure 9.6 above, the geological facies are simulated first, then 
porosity and subsequently the permeability. Facies were transformed in terms of 
indicator values, and porosity and permeability in terms of Gaussian transforms. The 
modelling of the spatial relationships was done in the transformed domain. For the 
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Jaleha sector pilot study, two indicator variograms (for two facies) and two Gaussian 
transformed variograms, one for porosity and one for permeability were modelled. 
The two geological facies in the example are porous limestone and tight limestones. 

9.6. Modelling Water Saturations 

As mentioned in Chapter-8, the estimation of saturation should depend on the height 

above the OWC (determined by the capillary pressure) and observed well log data. 
The concept of mid grid (section 8.6.1) was adopted in the creation of the saturation 
model. Water saturation versus depth functions were created based on logs and 
compared with the capillary pressure curves exhibited in Appendix V. After a detailed 
analysis of both data it was decided that the saturations from the open-hole logs were 
more reliable. 

This information is available based on many of the early wells drilled in the field. 
The analyses were restricted to early wells so that one could detect the initial water 
saturation. 

Regarding the interpolation of water saturations the following approach has been 
adopted. Instead of using saturations from well logs and using conditional simulation 
technique to estimate saturation, the depth was used as a secondary variable. The 
initial method selected was the co-kriging technique6. Although, because of the 
difficulty in building the cross-variograms a simple form of co-kriging (collocated co- 
kriging) was used, which minimizes the influence of the secondary variable by 
restricting the use of secondary variable to only one value measured at the unsampled 
location. 

In this pilot study several realizations of facies, porosity, permeability and saturations 
were generated. Due to space limitations they are not presented here. 

9.7. Ranking Stochastic Realizations 

As mentioned above, during this study, several alternate reservoir descriptions of 
porosity, permeability and saturations were generated. At the end of the modelling 
process, several equiprobable descriptions were made available for the fluid flow 
studies. It would be inappropriate to select only one representation of the reservoir for 
flow simulation after having produced different realizations. It is preferable to guide 
the reservoir study toward an estimation of the uncertainty in the production forecasts. 
Due to computer limitations one could not afford to dynamically simulate (using a 
finite difference simulator) all realizations. There is therefore a need to identify at 
least two descriptions, which will best capture the extremes of reservoir performance. 
The common practice in the industry is to use fast single-phase flow simulators 
(stream line technology) and use the breakthrough time as a dynamical criterion to 
select the realizations (Guerillot et al., 1992). In this research a set of six realizations, 
out of twenty, were flow simulated using a 3D finite difference simulator. This was 

In this particular example (5 ft layer), these were the only facies discernible from open-hole logs in 
all the wells. 
6 See section 8.2.2 for more references on the technique. 
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possible because of the availability of advanced 3D flow simulation technology 
(Chapter-10). 

9.8. Upscaling of Reservoir Properties 

The upscaling was done in three properties (porosity, permeability and saturations). 
The upscaling of porosity and saturation is relatively easy, since it involves 
calculating an arithmetic average of the fine scale values. Once one knows the number 
of fine scale grid blocks in a coarse grid block, one can easily calculate the arithmetic 
average of the fine scale values to calculate the effective porosity and saturation of the 
simulator grid block. 

For permeability, simple arithmetic averaging will not work. The upscaling of 
permeability is much more complex because permeability represents the dynamic 
behaviour of the reservoir. Several techniques have emerged in the past (Williams et 
al., 1993, King 1994, Mansoori 1994, Christie 1996, Thomas et al., 1997) which 
allow the calculation of the upscaled permeability values. Among these methods, the 
popular ones are geometric averaging of fine scale values, re-normalization which is 
based on the electrical circuit theory, a method of tensors etc. Each of these methods 
have distinct advantages and disadvantages. All these methods are analytical, and 
require very little computational effort to upscale permeability values. 

In the case of this research the upscaling was avoided because the aim was to build 
both static and dynamic models at the same resolution (same number of layers) in 
order to assess the impact of fluid flow on multiple reservoir descriptions. Any bias 
due to property averaging or upscaling was removed. 

This task was computationally feasible for two reasons: 

9 The use of a small sector model (small number of blocks) in the flow analysis. 

" Access to advanced 3D simulation technology which allowed the waterflood of 
very fine descriptions within a coarse simulation model (see LGR windowing 
technique of SUREGrid in Chapter-10) 

9.9 Summary 

In the previous Chapter the deterministic methods were discussed and a comparison 
between the kriging algorithm and the standard MWA or inverse distance square 
algorithms were carried out. 

The aim of this Chapter was to present and discuss the reservoir modelling 
algorithms. A flow chart was prepared which exhibit the approaches, techniques and 
methods in reservoir modelling (Fig 9.1). 

Stochastic modelling offer a greater advantages as far as reservoir description is 
concerned. It captures the true heterogeneity of the reservoir and honours multiple data types and relationships. In addition it allows the quantification of uncertainties. However, it is not a panacea. Deterministic modelling is more simplistic and produces 
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smooth models of the reservoir. In some cases it is adequate for reservoir modelling 
purposes, especially when used in combination with other stochastic techniques. 

Uncertainties in reservoir description can be quantified by comparing multiple 
realizations derived from different seed numbers or by comparing different images 
generated using different variogram models. Changing the seed evaluates stochastic 
uncertainty, while changing the variogram model is similar to making two different 
deterministic models - uncertainty related to the geological input. 

Co-simulation is a superior technique than conventional sequential simulation 
processes like sGs and SIS provided a good knowledge of the facies distribution is 
available. The co-simulation has the ability to honour the local relationships among 
the various attributes and it is possible to simultaneously simulate both discrete 
variables (facies) and continuous variables (like porosity). Facies are transformed in 
terms of indicator variables and porosity and permeability in terms of Gaussian 
transforms. Unfortunately this technique did not work in the Arab-C reservoir because 
of two reasons: 1) - difficulty in establishing correlation lengths for carbonate facies 
and 2) - difficulty in recognizing facies from open-hole logs. 

In the case of the Arab-C several methods and techniques were tested and the solution 
which offered the best result was an hybrid approach between deterministic 
algorithms and the conditional simulation algorithms (Sequential Gaussian Simulation 
(SGS)). SGS was the stochastic method which provided the best results in the more 
heterogeneous cycles7. The deterministic inverse distance square method was 
adequate for the less heterogeneous cycles (with low Cvs), case of the laminated 
grainstones of Layer IC and the sucrosic dolomites of Layers IIE and IIF (Table 6.2). 
Sensitivity analyses were also carried out on the variogram models and on the nugget 
effect. Experience indicates that when Gaussian models are selected, in order to avoid 
algorithm instability, a very small nugget must be added. 

There was no ranking of realizations prior to flow simulation. In this research, six 
realizations, out of 20, were arbitrary selected for the 3D now simulation. The 
dynamic validation and the results of the flow simulation are discussed in Chapter-10. 

With high Cv 
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CHAPTER 10 
FLOW MODELLING 

10.1 Introduction 

Flow modelling was carried out to study the behaviour of fluid flow on different 
reservoir frameworks' coupled with different scales of geologic and petrophysical 
heterogeneity. The flow models were used to investigate: 
" Whether the inclusion of realistic geologic and petrophysical heterogeneity is 

critical for obtaining reliable performance predictions of the Dukhan field. 

" The factors that control the efficiency of a reservoir recovery process (waterflood 
in this case). It was considered that the multivariate set of interacting static 
(geological and petrophysical structure), dynamic elements and other parameters 
(relative permeability, fluid properties (PVT), capillary pressure and wettability) 
can be most fully understood through careful integration of these data sets with 
field dynamic performance data (injection, production and pressure). 

This Chapter synthesizes the results of flow modelling conducted on multiple 
reservoir descriptions using different techniques and methods (Fig 9.1). Deterministic, 
stochastic and hybrid models at different scales of vertical resolution and spatial 
heterogeneity were flow tested and validated against actual field performance data. 
The flow modelling on multiple descriptions allowed to; 

" assess the impact of the different reservoir description models on the overall 
sweep efficiency of the Arab-C reservoir. 

" to select the reservoir description model which better matches the dynamic 
behaviour of the field (dynamic validation). 

In order to avoid the effect of flow boundary conditions on the assessment of the 
sweep efficiency, a 3D numerical simulator was used. It allowed the incorporation of 
multiple reservoir descriptions through a window with true2 local grid refinement 
(LGR). The "LGR window" was embedded into the coarse grid structure of the main 
simulation model (Fig 10.1). 

10.2 Simulator 

The SURE3 simulator was used for the flow analysis. SURE uses a high performance 
linear solver which was developed to effectively solve irregular sparse matrices. It is 
based on Incomplete LU factorisation (ILU) and Orthomin acceleration which ensures 
high stability and superior convergence rates, especially for complex simulation 
models. SUREGrid, the grid generation model of SURE, was used to build the grid 
and allowed the creation of a "LGR window" whereby multiple reservoir descriptions 
were embedded into the coarse grid model. The LGR windowing technique of 
SUREGrid revealed itself as a powerful tool for this type of work. Multiple reservoir 
descriptions were flow simulated using the coarse model in the background. This 

1 Different sequence stratigraphic zonations 2 Note: the LGR available in ECLIPSE is not a true LGR. The calculations are done independently of 
the main model 
3 Property of HOT ENGINEERING AG 
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allowed the assessment of sweep efficiency for multiple fine detailed models without 
the need for upscaling. As a result, different scenarios of the static model were 
embedded into the larger coarse model without the need to re-create a new coarse 
model for each detailed description. Figure 10.1 shows a small window within the 
simulation coarse grid model. The small window was built with Cartesian, 
Perpendicular Bisection (PEBI) grids. It allows a true local grid refinement (LGR). 
Other characteristics of this window grid are: 

" Strict orthogonality maintained throughout. 
" Refined grids are fully coupled to the coarse grid model. 
" No computing overhead. 
" No boundary conditions have to be established. 
" Avoid upscaling- detailed reservoir descriptions can be maintained inside the 

window without changing the coarse model. 
b gmodel 
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bigmodel 
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Figure 10.1- The figure on the left displays the simulation grid with a LGR window 
coupled to the coarse grid model. The colour bar represents elevations. The figure on 
the right is a close-up view of the simulation window exhibiting the distribution of 
porosity. Grid orthogonality is maintained at the periphery of the window, using PEBI 
grids. Two wells are shown in the window, an injector (left) and a producer (right). 

10.3 Description of the Dynamic Flow Models 

Seven 3D flow models were built for fluid flow comparison. All flow models started 
with a basic configuration of 50964 active cells in the window and 10,2965 active cells in the coarse model. The cells of the coarse model are evenly spaced horizontally (200 
by 200m), while the PEBI cells of the LGR window are irregular, reaching a 

For the 13 layer model. In the case of a 39 layer model the active cells increased to 15,288. 5 For the 13 layer model. In the case of a 39 layer model the active cells increased to 30,888 
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minimum size of 50 by 50m. Vertically, the grids are irregular, to conform to the 
sequence stratigraphic zonation of the Arab-C. The modelling of the cycle sets was 
possible, however, in absence of core data, the modelling of the thirteen parasequence 
cycles (5t' order cycles) was difficult. For this reason the construction of the fine 
framework model (13 layers) was closely tied to porosity zones and are referred here 

as porosity layers, as shown on Fig 10.2. Vertical refinement of the porosity layers 
into three additional conformable flow units was also carried out in the subsequent 
flow models. 

The models were setup with the same rock regions and fluid properties. Inside the 
window, the well pattern - an injector well downflank and a producing well updip - 
was kept constant during the simulations. The wells are 2000 m (6,562 ft) apart and 
exhibit the same perforation intervals (all layers), and the same injection and 
production rates at reservoir conditions. The main difference between the seven 
models is the way in which the reservoir description was generated and assigned to 
the simulation grid. 

The aim of this work is to flow test different reservoir descriptions prepared in the 
course of this research, to evaluate the impact of petrophysical heterogeneity on 
reservoir dynamics. Special emphasis was given to the vertical resolution of the 
models in order to evaluate the effect of the high frequency cyclicity of the Arab-C 
carbonates. Also, sensitivity analyses were performed on the cell size of the static 
model when gridding and interpolating the petrophysical properties and on the spatial 
models (variograms) and algorithms. 

The flow modelling of different descriptions enabled the assessment of the following: 

How much detail should be incorporated in the reservoir description to be able to 
reproduce the field dynamics ? What is the threshold above which, adding more detail 
to the reservoir description does not add value to the flow model ? What are, in flow 
modelling terms, the main differences between the deterministic and the stochastic 
descriptions and also between different realizations of the same stochastic model ? 
What is more significant for the assessment of uncertainties in reservoir management 
? To flow distinct static models6 or to flow different realizations of the same static 
model ? 

The seven 3D models are referred as Models A-G and the respective simulation runs 
are referred as runs 0-6 (Table 10.1). 

The properties of the static Models A and B were gridded with 200 meters in both X 
and Y directions, while models C-G were gridded with 50 meters. Table 10.1 exhibits 
the comparison between both static models in terms of size, heterogeneity and method 
of description, while Fig 10.3 exhibits an example of the different permeability 
models prior to import into SURE. 

6 obtained from different methods of description (deterministic, stochastic, different number of layers 
etc). 
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Table 10.1 - Properties of the static models used in flow analysis 

HETEROGENEITY 
1UAM)PI /RIJN MFTi-t(1T) AI. C; ORITHM Vertical Horizontal cell size #lavers 

A 0 Deterministic Inverse Distan. Square Very small Very small 200*200 3 
B I Deterministic Inverse Distan. Square Large Very small 200*200 13 
C 2 Deterministic Inverse Distan. Square Large Large 50*50 13 
D 3 Stochastic SGS, I vario ram Very Large Large 50*50 13 
E 4 Deterministic Inverse Distan. Square Extr. Large Large 50*50 39 
F 5 Stochastic SGs9, I variogram Extr. Large Large 50*50 39 
G 6 Hybrid SGs & Deterministic Very Large Lar e 50*50 13 

Model A, the most simplistic, was created by assigning average petrophysical 
properties to the main cycle sets (Transgressive System Track, TST and High Stand 
System Track, HST) only. Figure 10.2b exhibits the main cycle sets. 
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Fig 10.2 - Cross-section between injector (left) and producer (right). 
Stratigraphic framework consisting of thirteen porosity layers. 

6i 1W Ot 

Exponent of 2 for all deterministic models (Chapter-8) 
Using the same variogram of porosity and permeability for the entire reservoir (Spherical models) 
One variogram model per layer 
Combining a stochastic with a deterministic model: sGs method in the highstand system track (UAC) 

and inverse distance square method in the transgressive system track (LAC). 
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Fig 10.2b- Close-up view of the LGR window exhibited in Fig 10.2 above. This x-section 
exhibits two main cycle sets (TST in orange and HST in red, separated by the MFS in blue) 

The lower layer (LAC) corresponds to a retrogradational cycle-set (TST, in orange), 
and the uppermost layer (UAC) represents the progradational cycle-set (HST, in red) 
(Fig 10.2b). The maximum flooding surface (MFS) corresponds to layer IG, coloured 
in blue. 

As mentioned above, porosity and permeability values were averaged and interpolated 
within each of the cycle sets (retrogradational and progradational cycles). Figures 
10.4a and 10.5a exhibit the resulting porosity and permeability models. 

The petrophysical properties within the cycle-sets were interpolated using the inverse 
distance square method over a grid of 200 meters. The properties were subsequently 
re-sampled by SURE using grid cells with 50 m (150 ft). 

Water flow simulation of Model A (Fig 10.6a) indicates that the retrogradational 
cycle-set (TST) exhibits a much better sweep efficiency than the progradational cycle- 
set (HST). It is evident from the water saturation model that the LAC exhibits a much 
faster and broader saturation change than the UAC. This result was expected and is in 
line with the current understanding of the field data - lt was known, from field 
experience, that the LAC dominates flow. It exhibits a superior permeability 
development (Fig 10.5a). Unfortunately, this model will not be considered further 
because it is too simplistic to capture the true behaviour of the Field. As a matter of 
fact the water front advancement in the UAC is too far ahead of the injector, which 
does not honour the actual field data. 

Model B was constructed with a different vertical resolution in terms of petrophysical 
properties. Thirteen porosity layers were selected to build the framework (Fig 10.7). 
The petrophysical properties within the thirteen layers were interpolated using a deterministic method (Table 10.1). Figures 10.4b and 10.5b exhibit the porosity and 
permeability distributions respectively. 
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Fig 10.3 - Different Permeability Models as seen on the Geostatistical Package 
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Although the flow Models A and B exhibit the same number of cells in the X-Y-Z 
directions, the vertical heterogeneity of Model B, from the petrophysical standpoint, is 
much greater. 

The water flow simulation of Model B is not as efficient as in Model A. Figure 10.6b 
exhibits saturation front in year 2006 (after 25 years of water injection). Model B 
exhibits a slight worst sweep of the UAC, when compared to Model A (Compare Figs 
10.6a-10.6b). 

Model C was built with the same sequence stratigraphic framework of Model B. The 
properties were also interpolated using deterministic methods. The main difference 
between Model C and Model B resides in the horizontal heterogeneity (Table 10.1). 
Here the properties were interpolated at much finer scale - at the scale of the small 
grids (50 by 50 m). So, although the vertical heterogeneity is similar to Model B, the 
lateral heterogeneity is much greater. 

The porosity and permeability distributions are exhibited in Figures 10.4c and 10.5c 
respectively. The water flow simulation of Model C (Fig 10.6c) is not very different 
from Model B (Fig 10.6b). They are indeed very similar. It indicates that in this 
particular reservoir, and using the inverse distance square algorithm to interpolate the 
properties, the reduction of the grid size does not have a major impact in the water 
flow modelling. 

Model D is similar to Model C in terms of reservoir framework. The main difference 
resides on the manner the petrophysical properties were "interpolated". In this model 
the porosities and permeabilities were simulated using a Sequential Gaussian 
Simulation (sGs) algorithm. Only one spherical variogram model was used for the 
entire reservoir. Figures 10.4d and 10.5d exhibit the porosity and permeability models 
respectively, while figure 10.6d exhibits the saturation model after 25 years of water 
injection. Model D seems to exhibit similar water saturations in the cross-section, 
however, a closer look at the watercut behaviour versus time (Fig 10.9), shows that 
Model D (run #3) exhibits a much earlier water-breakthrough than Model C (run #2). 

Model E was built using a reservoir framework composed of 39 layers. The reason 
for the large number of layers was to evaluate the water flow across a model with high 
vertical heterogeneity. To achieve the high heterogeneity in the z direction the 13 
porosity layers of Model D were subdivided into three conformable layers of equal 
thickness (Fig 10.8). The description of the porosity and permeability (Figs 10.4e and 
10.5e respectively) were carried out for the same level of resolution using an inverse 
distance square algorithm (Table 10.1). 

The water flow simulation of Model E (Fig 10.6e) show a less uniform water front 
advance, a kind of incipient fingering phenomena. This is due to the high vertical heterogeneity of the reservoir description. Model E exhibits a much faster water breakthrough in the LAC and a much slower water advancement in the UAC, when 
compared to the previous models (see Figs 10.6a-10.6e). The water-breakthrough 
time of Model E (run #4) is approximately two years earlier than Model D (run #3), 
Fig 10.9. However the evolution of water cut versus time has a different behaviour 
than Model D water cut behaviour. Model E reaches a maximum water cut of 45% 2.5 
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Fig 10.4 - Porosity Models Used in Flow Simulation 
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Fig 10.5 - SURE Permeability Models 
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Fig 10.6 SURE Water Saturation Fronts in 2006 
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years later than Model D. This implies that Model E has a longer oil plateau at 270 
STB/D, than Model D (Fig 10.10). It is believed that the different behaviour in water 
cut between the two models is due to the retarded advancement of the UAC flood 
front. 

Model F was created using the same framework of Model E (39 layers and 50 by 50 
m grids, Table 10.1). The main difference between Model E and Model F resides on 
the algorithm used for the interpolation of porosity and permeability. In this model 
the same algorithm of Model D, i. e., Sequential Gaussian Simulation (sGs), was used. 
Figures 10.4f and 10.5f exhibit the porosity and permeability models respectively and 
figure 10.6f the water saturation changes after 25 years of water injection. 

Model F is the one which best represents the water front advancement in the Arab-C 
reservoir. The water-breakthrough time is the same as Model E (Fig 10.9), however, it 
reaches the 45% water cut 3.5 years earlier than Model E. The behaviour of the 
watercut curve is also different from Model E. Model F water cut (run #5, Fig 10.9) 
remains around 45% for a much longer period. Also, Model F exhibts a longer oil 
plateau, at around 270 STB/day, beyond 39 years (Fig 10.10). This is due to the slow 
progression of the water front in the UAC when compared to Model E. Compare 
Figures 10.6e and 10.6f. The slow advancement of water front in the UAC is due to 
the higher heterogeneity of the permeability model (Compare Figs 10.5e and 10.50. 

Model G is a hybrid model (deterministic and stochastic) with the same cell 
resolution as Models E and F (Table 10.1). Model G was built using a deterministic 
method (inverse distance square algorithm) in the transgressive system track (LAC) 
while a Sequential Gaussian Simulation algorithm was used in the high stand system 
track (UAC). The properties (porosity and permeability) were extracted from Models 
E and F" for the LAC and UAC respectively. 

Model G exhibits a water front advancement very similar to the water front of the 5`h 
realization of Model F (Fig 10.6a). This flow experiment shows that the field water 
flood front advancement (similar to Model F12) can be reproduced with a hybrid 
model, provided the hetrerogeneities are modelled in the right cycles (layers). The 
main guidelines from this flow analysis are the following: 

1. Stochastic methods are powerful but they are not a panacea. In this study we were 
able to reproduce the water flood front results of a stochastic model with a hybrid 
model. 

2. Reservoir modelling should be driven by the reservoir heterogeneity and the 
knowledge of the dynamic processes. 

3. Heterogeneity should be added to the model only if there is a need for it. In some 
cases (low Cv) a deterministic model is suffice. 

In summary, the judious application of different modelling techniques (stochastic in 
some layers and deterministic in others), driven by the knowledge of the 
heterogeneity and the flow processes, is the way to go in future reservoir 
characterization studies. 
11 5`h realization 
12 the one which represents the actual field behaviour. 
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Fig 10.6a - SURE Water Saturation Fronts in 2006 
for Deterministic, Stochastic and Hybrid Models 
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10.4 Results of Waterflood Simulations 

In the simulation experiments actual reservoir and fluid parameters from the Dukhan 
Field were used (Table 10.2). 

Water saturation sections for different descriptions are exhibited in Figs 10.6a-10.6f. 
Stratigraphic markers are shown on the cross sections with water saturation 
distribution to illustrate the location and influence of geological heterogeneity on fluid 
flow. Watercuts and oil rates for the different models' 3 are plotted in Figs 10.9 and 
10.10 respectively. The peaks in oil rate and water cut after year 2010 are due to the 
shutoff of all perforations that reach 45% of water cut. These were constraints 
imposed to the flow models because it represents the actual field practice. 

A quick analysis of the watercut and oil rate plots for the different models, reveal the 
following (use Figs 10.9 and 10.10 together with Table 10.1): 

1. The higher the homogeneity of the model, the longer is the oil plateau and later is 
the water breakthrough time. 

2. The water breakthrough time of the high detailed models (39 layers) is the same 
regardless of the reservoir description method adopted (Models E and F, runs # 
5,6). The shape of the water cut curve is different. This phenomenon is discussed 
in more detail in the next section. 

3. The water breakthrough time is not severely affected by the spatial heterogeneity 
of the static model when deterministic methods are used for the reservoir 
description (Compare Models B and C, runs # 1,2). 

4. The difference in water-breakthrough time between the simple deterministic 
model (Model B, run #1) and the most detailed stochastic model (Model F, run # 
5) is almost 10 years (Fig 10.9). This indicates clearly that one should avoid the 
use of simplistic reservoir descriptions in reservoir simulation. Deterministic 
descriptions on simplified frameworks will tend to overestimate the reservoir 
performance. However, as mentioned in section 10.3 above, stochastic modelling 
is not a panacea. Flow experiments indicate that similar water flood front 
behaviour is obtained when high resolution hybrid models (stochastic in some 
layers and deterministic in other layers) are used. 

13 excluding the simplistic Model A (3 layers only) 
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Table 10.2 - Reservoir and Flow Parameters for Dukhan Arab-C Waterflood 
Simulation 

Parameter Simulator Value 

Cell Dimensions of the Coarse Grid 
Cell dimensions in X and Y (ft, m) 656 ft, 200 m 
Average cell thickness in Z direction (ft, m) 30 ft, 9m 
Number of layers 3-39 
Total number of cells 15,392 - 46,176 

Cell Dimensions of the Window Grid Variable by model (see Table 10.1) 

Boundary Conditions 
Flow boundaries none 
Perforated intervals (injector) All well-bore cells 
Perforated intervals (producer) All cells opened but to be closed 

when 45% watercut is reached 

Injector 2000 psi (max) 
Producer 1550 psi (min) 

Rock and Fluid Properties 
Reservoir datum (ft, m) 5600 ft, 1707 m 
Original oil water contact (ft, m) 6540 ft ss, 1993 m ss 
Initial reservoir pressure (psig) 2925 (at datum) 
Bubble point pressure (psig) 2292 
Solution GOR (scf/stb) 736 
Initial formation volume factor (bbl/stb) 1.4 
Injected water viscosity at reservoir conditions (cp) 
Produced oil viscosity at reservoir conditions (cp) 0.5 
Oil gravity (API) 39 
Connate water saturation (fraction) 
Residual oil saturation (fraction) 
Average total pore volume (bbl) 
Average permeability (md) 13 mD (UAC); 130 mD (LAC) 
Average porosity (fraction) 0.16 

An analysis on the water saturation sections (Fig 10.6a-10.6f) reveals the following: 

1. The contrast in permeability between the UAC and the LAC layers is the main 
driving force controlling the overall sweep of the reservoir. Let's examine figure 
10.11 for exemplification. Figure 10.11 exhibits a plan view of the water saturation 
front in the UAC (layer IIF, figure on the left) and in the LAC (layer IB, figure on the 
right), after 5 years of water injection. 

Layer IIF, a sucrosic dolomite of the HST has an average permeability of 30 mD, 
while layer IB of the TST consists of skeletal grainstones with permeabilities in 
excess of 200 mD. The average permeability contrast between different layers of the 
stratigraphic sequence are likely to be significant in reservoir performance prediction, 
even though the variability within the beds may be much larger. 
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10.4.1 Flood Performance - Discussion 

The overall character of the waterflood front indicates distinct differences in flood 
performance between the less distinctly cyclic frameworks (Models A-D, Figs 10.6a- 
10.6d) and the cyclic geologic frameworks (Models E-F, Figs 10.6e-10.6f). The 
waterflood in the high cyclic models (39 layers) is characterized by early water 
breakthroughs in the LAC and a relatively low vertical sweep efficiency14 for the 
Arab-C as a whole. This is in agreement with the actual field behaviour. Model F (Fig 
10.6f) reproduces the water front behaviour in the UAC and LAC. The fingering 
nature of the water flood front in Model F indicates that the low quality cycles (mud 
supported rocks with low poroperm development) act as partial permeability barriers 
to fluid crossflow. Crossflow does occur, however, on less cyclic models (Models A- 
D, Figs 10.6a-10.6d) where the UAC waterfront advances more rapidly than in the 
cyclic models. The more homogeneous and less cyclic models show better overall 
vertical sweep efficiency, which contradicts the field behaviour. These models are 
therefore optimistic in terms of the overall sweep efficiency and oil recovery. 

The results of water-breakthrough time and sweep efficiency for the different models 
are summarized in Table 10.3. 

14 Kv/Kh=O. I for all models 
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Table 10.3: Flow model results as far as water breakthroughs and sweep efficiency 

Water-Breakthrough SWEEP Water front differences 
MODEL RUN # time in vears Vertical Areal between ILIAC and LAC R. F (%) 

A 0 31 s Excellent Excellent 150 m ? 
B 1 29 s Good Good 450 m ? 
C 2 28 s Good Good 450 m ? 
D 3 25 s Moderate Moderate 500 m ? 
E 4 23 s Poor Poor 650 m ? 
F 5 23 s Bad Bad 950 m ? 
G 6 23 s Bad Bad 900 m ? 

10.4.2 Vertical Sweep Efficiency of the Stochastic Model 

Vertical sweep efficiency is generally poorer in the high cyclic stochastic Model F 
(Fig 10.60. In this model the waterflood front has a dendritic like profile with very 
little heterogeneity-induced crossflow. The location of the basal grainstone units of 
the LAC correlates with the dominant waterflood streaks. The shape of the waterflood 
front near the highly correlated, high-permeability thief zones of the basal part of the 
LAC illustrates how the lack of local fluid crossflow makes it difficult to achieve 
good vertical sweep of mobile oil in the UAC. The reason being that sGs algorithm 
reduced the high connectivity on the UAC layers. Same behaviour (dendritic like 
profile) is seen on Model G (hybrid model) and on the 5th realization of Model F. 

10.4.3 Oil Rate and Water Cut Responses 

Oil rate and water cut responses for the different models are exhibited in Figs 10.9 
and 10.10. 

One significant feature of the oil rate response curves is their shape. After water 
breakthrough occurs (Fig 10.9) the oil rates decline until a watercut value of 45% is 
reached (Fig 10.10). At this point, all deterministic models (runs #1,2,4) and the 
coarse stochastic model (run #3), after exhibiting a small fluctuation of the oil rate at 
around 270 STB/day, as a result of closing perforations", show a sharp decline in the 
oil rate. The oil rate curve of the high cyclic stochastic Model F (run# 5), show a 
different behaviour. In the case of Model F, the water cut reaches the 45% value 
much earlier than any model, because the water traveled mostly in the LAC 
contacting little additional mobile oil present in the UAC. As a result, a lot of unswept 
oil is left behind in the UAC (Fig 10.6! ), which has the potential to be the source of a 
sustainable and stable oil rate of 270 STB/day beyond year 40. 

From a stratigraphic perspective, the less cyclic zones of the transgressive system 
track (LAC zone) will have very little remaining mobile oil after 20 years of 
production, whereas the more cyclic part of the high stand system track (UAC zone) 
will contain most of the bypassed mobile oil. In these models, oil production rates 
and recovery could be increased, and water cuts reduced by locating horizontal 
producers and injector wells in the UAC and maximizing injection and production 
through the models. This is a topic which deserves further research. 

15 exceeding 45% watercut 
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10.5 Sensitivity Analysis 

Sensitivity analyses were conducted on different parameters such as grid size effect, 
number of layers (vertical refinement), and on the algorithms and methods used for 
the interpolation of the petrophysical properties. 

10.5.1 Impact of Variogram Correlation Lengths 

In order to evaluate the influence of the poroperm correlation lengths on the water 
breakthrough time, two Sequential Gaussian Simulation (sGs) models of porosity and 
permeability were created with different variogram ranges. For sensitivity analysis 
purposes the same variogram model (similar sill and zero nugget) were used. Also the 
correlation length of the variograms were exaggerated. In one case a very long range 
for both porosity and permeability (4,456 m, 14,619 ft) was considered and in another 
case a range of 200 m (656 ft) for porosity and 100 m (328 ft) for permeability (Table 
10.4) was used. Water flow simulation in these models indicated that the difference in 
water breakthrough time is negligible (Fig 10.12). The conclusion of this analysis is 
that in this particular reservoir and under this flow process, the correlation length of 
the poroperm has no major impact on the water breakthrough time. 

Table 10.4 - Impact of correlation lengths on water breakthrough time 

Model Type Variogram Model Correlation length for Water breakthrough 
phi and k in meters time in years 

SGs Model Spherical 4456 m for phi and k 25 years 
13 layers, 50 m cells 
SGs Model Spherical 200 m for phi 26 years 
13 layers, 50 m cells 100 m for k 

10.5.2 Influence of Number of Layers 

Models with coarse zonation (3-13 layers) have always late water breakthrough times 
when compared to models with fine zonation (39 layers); compare Tables 10.1 and 
10.3. For instance, a3 layer model has a breakthrough time of 31 years while a 13 
layer model has a water breakthrough time that ranges between 25-29 years, 
depending upon the method adopted for the description. Fine detailed models (39 
layers) have breakthrough times in the order of 23 years. Another conclusion of this 
research is that fine detailed models have always the same water breakthrough time 
regardless of the reservoir description method used. For instance, Models E and F, 
which were built using two different methods (inverse distance square and sGs 
respectively) show the same water breakthrough time (Fig 10.9, runs #4 and 5). The 
reason for this behaviour is the fact that the basal grainstone units (high speed units) 
of the LAC have been well captured with the fine layering and this means that adding 
additional heterogeneity using the sGs does not change the water breakthrough time. 

This analysis concludes that in the case of the Dukhan Arab-C the layering is more important than the spatial variability. As mentioned above, this has been proved by 
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water flooding models with different number of layers and using different degrees of 
spatial heterogeneity 16. 

10.5.3 Influence of Grid Size and Vertical Zonation 

The grid size has a small effect on the water breakthrough time when compared to the 
effect of the vertical heterogeneity, as a result of the increased number of layers. For 
instance, Models B and C, which have the same zonation (13 layers), and were 
described with same interpolation algorithm, but different grid size (200 meters versus 
50 meters, Figs 10.4b-c and 10.5b-c) exhibit a small difference in water flow 
behaviour (Figs 10.6b-c) and water breakthrough time (Fig 10.9, runs #1,2) when 
compared to the influence of the number of layers. Models with the same description 
method and the same grid size but with different number of layers (Figs 10.4c-e, and 
10.5c-e) exhibit larger differences in water flow behaviour (Figs 10.6c-e) and water 
breakthrough times (Fig 10.9, runs #2,4) 

10.5.4 Influence of Reservoir Description Method 

The influence of the algorithm used for the population of the model is also a 
overwhelming factor in influencing the shape of the water cut and oil rate curves (Figs 
10.9 and 10.10). The reservoir description derived from an inverse distance square 
algorithm produces too optimistic results in terms of water sweep efficiency and oil 
recovery (compare Figs 10.6e and 10.60. Deterministic methods bring too much 
connectivity in the model. These methods should be avoided in building flow models 
because they fail to capture the true heterogeneity of the reservoir. On the contrary, 
the algorithms based on conditional simulation methods such as sGs, are more robust 
because they can reproduce the inter-well heterogeneity. 

As far as water breakthrough time is concerned, Models E and F have the same water 
breakthrough time because they are dominated by the presence of the basal grainstone 
unit (layers IA and IB). This shows that, in presence of high permeability streaks, and 
provided they are captured explicitly in the reservoir framework, the method used in 
reservoir description is irrelevant. What matters is the presence or absence of the high 
permeability streaks as an individual entity. 

Another indirect conclusion of this study is that whenever the permeability 
descriptions have a low Cv, the layering revealed to be more important than the 
spatial variability. In these cases a simple deterministic modelling approach is 
adequate. If the permeability descriptions are characterized by a high Cv, then the 
spatial variability is as equal important as the layering. In this case stochastic 
modelling techniques are recommended. 

10.5.5 Sensitivity on Multiple Realizations 

Five realizations of Model F, created with the Sequential Gaussian Simulation 
algorithm, were water flow tested for water cut and water breakthrough comparison. The results are displayed in Fig 10.13. 
16 different methodologies (deterministic vs stochastic) 17 5-6 fold when compared to models with the same number of layers. 
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The water cut curves from all 5 realizations show a very similar pattern with a narrow 
time window for the water breakthrough time (1 year only). The water cut does not 
vary significantly among the different realizations (Fig 10.13). This fact by itself 
indicates that there is not much degree of uncertainty between the different 
realizations. The small uncertainty in water cut and water breakthrough time can be 
represented by the extreme realizations (realizations 1 and 3). Note: Realization 1 is 
the run 5 of Fig 10.9. This study indicates that the differences in water cut behaviour 
between a deterministic and a stochastic model18 are much more significant than the 
differences between multiple realizations of the same stochastic model (Compare Figs 
10.9 and 10.13). 

10.6 Comparison with Other Carbonate Flow Studies 

A review of other carbonate flow studies revealed extremely important in the course 
of this research. 

The main differences between the work done in this research and similar work 
performed by other researchers in similar cyclic shelf carbonates (Senger et al., 1993, 
Grant el al., 1994, Jennings et al. 1998 and Wang et al. 1998) can be summarized as 
follows (Table 10.5): 

1. The studies performed by Senger et al., 1993, Grant et al., 1994 and Jennings et 
al., 1998, are based exclusively on outcrops, while the work of Wang et al. 1998, 
is based on outcrops and subsurface field data (Seminole Field). The reservoir 
characterization of the former authors is based on two-dimensional data while 
Wang et al. characterized the reservoir in three-dimensions. In this thesis the 
extensive field data of Dukhan was used as a subsurface analogue and the 
heterogeneity was characterized in the third dimension using anisotropic 
variograms. 

2. All the above mentioned researchers (including Wang et al., 1998, who 
characterized the reservoir in three-dimensions) performed flow modelling in two- 
dimensions. It is known that the limitations of the two-dimensionality of the 
reservoir model overestimate sweep efficiency (Fogg and Lucia, 1990, in Senger 
et al. 1993). The two-dimensionality of the cross-sectional model forces all fluid 
flow into the vertical plane between the wells and thus represents only the most 
direct flow between the injection and production wells (Senger et al., 1993). In 
three dimensions, flow away from the injection well and toward the production 
well is represented by radial streamlines characterized by increasing path length 
away from the most direct streamline between the wells. As a result, the water- 
breakthrough curves can be expected to be less steep in three-dimensional 
scenarios. More important are the potential effects of three-dimensional 
heterogeneity, that is, possible circuitous flow paths perpendicular to the cross- 
sectional plane are not accounted for in the two-dimensional model. In addition to 
the effects of radial flow paths, neglecting heterogeneity in the third dimension 
also tends to overestimate sweep efficiency in the cross-sectional outcrop model 

18 With equal number of X-Y cells and layers 
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Chapter 10 -Flow Modelling 

(Senger et al., 1993). On the other hand, even less distinct mechanisms for 
trapping unswept oil indicated in the cross-sectional model may be enhanced 
when considering heterogeneity in the third dimension. In this research a 3D 
model was built to account for the three-dimensional heterogeneity. 

3. In the case of the Dukhan Arab-C the full cycle-set sequence (90 ft) from the TST 
to the HST was described and flow simulated. Very small cycles, within a fine 
stratigraphic framework, were characterized and modelled. On the contrary, the 
other researchers limited their studies to specific parasequences or cycles. For 
instance, Jennings et al. (1998) studied one carbonate cycle only (cycle 2). 
Jennings cycle 2 was approximately 20 ft thick and only one variogram model 
was used to capture the heterogeneity. Basically, Jennings et al. applied one 
region of stationarity in the "vertical sense". Grant et al., 1994, used only cycles 7- 
9 while Senger et al. 1993, built a static model between parasequences 1-11 but 
performed the flow simulation on parasequence 1 (15 ft) only. 

4. Application of geostatistical analysis to stochastic modelling usually requires an 
assumption of stationarity, which requires that the mean and the variogram be the 
same over the area of interest (Senger et al., 1993). Although Senger et al. referred 
the need for regions of stationarity in their study, it is not known how many 
regions have been assigned to the San Andres parasequence window. The same 
applies to the work of other authors. In the case of Dukhan Arab-C, 5 regions of 
stationarity were identified and taken into consideration during the spatial analysis 
(Chapter 9). 

5. As far as porosity and permeability modelling is concerned, Senger et al. 1993, 
Grant et al., 1994 and Jennings et al., 1998, modelled the permeability variograms 
in one direction only. In the San Andres outcrop all the permeability transects are 
oriented along approximately the same azimuth, therefore there is no information 
on areal anisotropy. The porosity was considered constant and therefore no 
variograms have been used. In the case of Dukhan Arab-C both porosity and 
permeability were modelled with anisotropy. 

6. Regarding the stochastic simulations, Jennings et al., 1998, did the simulations of 
permeability unconditioned to well data. Senger et al., 1993, generated conditional 
permeability simulations for parasequence 1 only. For the full model, a facies 
average permeability was used, instead. In the case of the Dukhan Arab-C the 
simulations were conditioned and extended to the entire sequence (all cycles). 

7. None of the above authors characterized and described the presence of fractures 
and their effect on fluid flow. In this research a comprehensive characterization of 
the fracture intensity and distribution was performed (Chapter 3) but fractures 
were not dynamically modelled in any of the simulations, since the aim was to 
illustrate the relationship between fluid flow, cycles, variogram models and 
methods of description. Further research on the impact of fractures is 
recommended. 

8. As far as flow modelling is concerned, Jennings et al., 1998, used 2D models and 
a tracer transport simulator (incompressible, single -phase, steady-state simulator) 
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Chapter 10 -Flow Modelling 

over uniform grids. Senger et al., 1993 used a conventional numerical simulator 
(ECLIPSE). In this research a full numerical simulator (in 3D) with a LGR 
window and PEBI grids was used. It allowed to adequately represent all the 
physical effects in typical oil-displacement processes and quantitatively predict oil 
recovery for the different reservoir descriptions. 

9. In terms of flow sensitivity analysis, different authors had different objectives in 
mind. For instance the analysis performed by Jennings et al., 1998 were 
concentrated on the effect of the variogram ranges on 2D areal models and also on 
the effect of inter- and intrabed permeability contrasts on the 2D cross-section 
models. Wang et al., 1998 had a different aim. They investigated the effect of the 
geometry and distribution of rock fabrics and impact of low permeability 
mudstone layers and kv ratio on fluid flow. Senger et al. 1993, studied the effect 
of the injection practice, the effect of capillary pressure curves, model 
conceptualization and also tested the effect of deterministic versus stochastic 
models. In this research, deterministic and stochastic models at different 
horizontal and vertical resolutions (different number of layers and grid size) were 
studied. The effects of the variogram ranges were also investigated and the water- 
cut for multiple stochastic realizations were compared. 

10. Regarding the reservoir input data for flow simulation the approach adopted here 
was based on actual field data. In the case of Senger et al., 1993 and Grant el al., 
both rock and PVT properties were derived from Dune Grayburg and McElroy 
fields respectively. Wang et al., 1998 initialize the simulations with dead oil not 
representative of the reservoir'9. 

10.7 Summary 

The results of the fluid flow in different models can be summarized as follows: 

1. The major flooding surfaces were mapped at distinct cycle-set boundaries with the 
simulation model to differentiate between the UAC and the LAC reservoir zones. 
Subsequent porosity layers were then added to the model using the cycle-sets as 
constrain. Each porosity layer was subsequently modelled by individual data- 
specific variograms that are derived from data extracted within the interval that 
specifically represents the layer. 

2. Both reservoir description models validated partial hydraulic isolation between the 
uppermost progradational cycle-set of the UAC and the lowermost 
retrogradational cycle-set of the lower Arab-C (LAC) under waterflooding. The 
contrast in permeability between the UAC and the LAC layers is the main driving 
force controlling the hydraulic isolation. 

3. Fluid flow response in the LAC will be more uniform and have improved 
performance relative to the more highly stratified UAC. All models exhibit much faster water breakthroughs for the LAC zone. The more homogeneous and less 
cyclic models (Models A-D) are the ones that exhibit a better water sweep 
efficiency and less waterflood contrast between the UAC and LAC. The water 

19 a gas cap was added subsequently 
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front is similar to a piston like displacement. The more heterogeneous and high 

cyclic models (Models E-F) exhibited much earlier breakthroughs and a less 
pronounced waterfront advance in the UAC. 

4. The effect of the heterogeneous and more cyclic models (Models E-F) on the 
sweep pattern is more significant. Most of the bypassed oil is present in the UAC 
zone only. Model F is the one which exhibit the highest bypassed oil in the UAC. 
It reproduces the actual field data and is due to the detailed stochastic description 
of the reservoir. 

5. The higher the homogeneity of the model, the longer is the oil plateau and later is 
the water breakthrough time. The water breakthrough time of the high detailed 
models (39 layers) is the same regardless of the reservoir description method 
adopted. 

6. The water breakthrough time is not severely affected by the spatial heterogeneity 
of the static model (200 m versus 50 m grids) when deterministic methods are 
used. The difference in water breakthrough time between the simple deterministic 
model and the most detailed stochastic model is almost 10 years. This indicates 
that one should avoid the use of simplistic reservoir descriptions in reservoir 
simulation. Deterministic descriptions on simplified frameworks will tend to 
overestimate the reservoir performance. Although stochastic methods are 
powerful, they are not a panacea. In this study water flood front behaviour was 
equally reproduced using a hybrid model (stochastic and deterministic). 
Experience indicates that reservoir modelling should be driven by the reservoir 
heterogeneity and the knowledge of the dynamic processes. 

7. This study also indicates that the differences in water cut behaviour between a 
deterministic and a stochastic model2° are much more significant than the 
differences between multiple realizations of the same stochastic model. 

8. In summary, the judious application of different modelling techniques (stochastic 
in some layers and deterministic in others), driven by the knowledge of the 
heterogeneity and the flow processes, is the way to go in future reservoir 
characterization studies. 

20 With the same number of X-Y cells and layers 
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CHAPTER 11 
CARBONATE ANALOG STUDIES 

11.1 Introduction 

Geologists have traditionally used analogy to support their interpretations ("the 
present is the key to the past"). When creating subsurface descriptions of the reservoir 
it is important to rely on analogs (outcrops) in order to supplement interpretations or 
to validate some of the assumptions used in the subsurface reservoir description. 

Since access to Middle East Jurassic outcrops were not possible, the last resource was 
to study published outcrop studies (Senger et al., 1993, Grant el al., 1994, Jennings et 
al. 1998 and Wang et al. 1998) done on similar cyclic-shelf carbonates. These outcrop 
studies are considered an invaluable addition to our knowledge base on carbonate 
reservoir heterogeneity with special emphasis on the Dukhan Arab-C subsurface 
description. 

The reviews of the published work had the following objectives: 

1. How variable is the permeability - what are the common correlation lengths 
horizontally and vertically found in cyclic-shelf carbonate outcrops ? 

2. How variable are the lithofacies - how were they modelled ? 
3. What kind of modelling technique ("object based" or "pixel based") and method 

was used to describe the properties of the outcrop ? 
4. How to scale the quantitative information from the selected outcrop so that it may 

be applied to the subsurface reservoir ?1 
5. How was the dynamic validation of the outcrop model performed ? 
6. How was weathering and fracturing phenomena taken into consideration during 

outcrop data gathering ? 

Most of the outcrop studies reviewed during the course of this work addressed the 
permeability heterogeneity and facies variations. In the following section a 
comparison is made between the spatial correlation of the permeability between 
Dukhan Arab-C and several outcrop studies. 

11.2 Permian San Andres Formation 

The Permian San Andres Formation is exposed along the Algerita escarpment, 
Guadalupe Mountains, New Mexico. This outcrop contains a diverse array of 
carbonate facies similar to some carbonate facies present in the Dukhan Arab-C. 
Many authors have studied this outcrop as an analog to subsurface reservoirs (Hindrichs et al., 1986, Kittridge et al., 1990, Lucia et al., 1991, Harris et al, 1991, 
Senger et al., 1992, Grant et al., 1994, Kerans et al., 1994, Eisenberg et al., 1994). 
Different sections of the outcrop were studied by different authors (see Fig 8 in Grant 
el al., 1994). For instance, the outer ramp, fusilinid-rich facies, were studied by 
Hindrichs et al., 1986, Eisenberg et al., 1994, while the ramp-crest, grainstone-capped 
cycles, were studied by Grant et al., 1994 and Kerans et al., 1994. Kittridge et al., 

I Interpolation of 3D geometries from outcrops that are 2D, also requires scaling of these data. 
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1994, studied the middle and upper San Andres Formation boundary. The lower San 
Andres (parasequence 1), composed of grainstones forming bar-crest and bar-flank 
facies overlying wackestones and mudstones of a flooded-shelf facies were described 
extensively by Lucia et al., 1991. The parasequence 7, characterized by low-moldic 
and highly moldic grainstones, were studied by Senger et al., 1992. 

The outer-ramp deposits seem to resemble the dolomudstones of the Dukhan Arab-C 
while the ramp-crest deposits resemble the UAC dolograinstones. The grainstones of 
parasequence 1 and the low-moldic and highly moldic grainstones of parasequence 7 
have some similarities (in terms of rock fabric) with some grainstones of the Dukhan 
LAC reservoir. 

For this reason the outer-ramp, ramp-crest, and bar-crest and bar-flank deposits are 
discussed separately, with references to the Dukhan Arab-C. 

Outer-Ramp deposits: Grant et al, 1994 and Kerans et al., 1994 assessed the 
permeability variation using vertical and horizontal variograms from conventional 
plug analysis. The correlation range obtained was in the order of 4.5 m (15 it) and 3- 
3.5 m (10-12 ft) respectively. Very small ranges when compared to typical interwell 
distances, supporting a nearly uncorrelated and highly variable permeability model. 
They also noted a high degree of small-scale signal ("noise"), as seen in the nugget 
(approx. 50% of the overall sample variance). This type of permeability correlation 
with very small correlation ranges and high nuggets is also observed in variograms 
from the depositional cycles of the Arab-C reservoir in Dukhan (Chapter -7). 
However, in the case of Dukhan, the permeability is less correlated laterally and 
vertically than the one observed in San Andres outcrop. 

DUKHAN SAN ANDRES OUTCROP 
Vertical Horizontal Vertical Hnri7nntn1 

Nugget 50% of sill variable 50% of sill 50% of sill 
Range 2-5ft 4ft 15 ft 112 ft 

The sine-wave pattern of the vertical experimental variograms published by Eisenberg 
et al., (1994) is similar to the pattern found on the vertical experimental variograms of 
Dukhan Arab-C Field (Fig 7.4). In the case of the Arab-C, the sine-wave pattern of 
the variograms derived from probe-permeametry is not present (Fig 7.6). Also, the 
resurgence in correlation (hole effects) observed at certain lag distances of approx. 
2.7,5.5,7.6 and 12.5 m (9,18,25 and 41 ft in Fig 7.4) results from the in- and out-of- 
phase correlation of the permeability trends within each of the different cycles. Low 
permeability cycles become increasingly uncorrelated with the more permeable, grain 
rich parts until a point is reached, where the poor facies from one cycle is correlated 
with that of other. Similar conclusions were published by Eisenberg et al., 1994. 

Ramp-Crest deposits: The ramp-crest deposits were studied extensively by the 
University of Texas Bureau of Economic Geology (BEG) and other researchers. The 
work of previous research is published on Kerans et al., 1991,1992; Lucia et al., 1991,1992; Senger et al., 1991 and Grant et al., 1994. 

22 ft for probe-permeameter data and 5 ft for plug data 
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According to the work published by Grant et al., 1994, the semi-variance analysis 
shows permeability to be uncorrelated vertically at distances greater than 5.5 m (18 
ft), which is the average cycle thickness of the ramp crest deposits present in San 
Andres. In Dukhan, the range of the vertical variogram is also very small, in the order 
of 0.6 m (2 R) (Fig . 7.7). 

As far as horizontal correlations are concerned, Grant el al., 1994 reported smaller 
ranges for the horizontal variograms, in the order of 3.6 m (12 R). According to them, 
the correlation distance appears to be controlled by alternating porous and tightly 
cemented zones that formed during dolomitization. They state that the presence of 
two distinct styles of dolomite, observed within the dolograinstones on outcrop, 
potentially explain the short horizontal correlation range. The dolomites types were 
somewhat randomly arranged throughout the length of the horizontal transect but 
seemed to vary at spacings roughly between 1.5 and 3.6 m (5 and 12 ft); therefore, the 
variogram range approximately coincides with the dolomite variability (Grant et al. 
1994, page 39). 

Kerans et al. (1994), while reporting their findings pertaining to cycles 1 and 7 of the 
ramp crest window in Lawyer Canyon, and referring to the work of Kittridge et al. 
(1990) and Senger et al. (1993), mentioned the following: 

" Horizontal and vertical variograms of closely spaced permeability data show short 
correlation ranges of 9 and 1m (30 and 3 ft) respectively, with relatively large 
nugget effects. This indicates small-scale near-random variability of permeability. 

" At a larger scale, the horizontal variogram suggests nested structures with a range 
of about 122 m (400 ft) (Senger et al., 1993). 

In the case of Dukhan Arab-C horizontal cores (grainstones), the horizontal 
variograms have ranges larger than the vertical variograms, in the order of 1.2 m (4 ft) 
(Fig 7.9). 

In summary we have: 
DUKHAN SAN ANDRES OUTCROP 

Vertical Horizontal Vertical l4nri7nntal 

Nugget 50% of sill variable 50% of sill 50% of sill 
Range 2-5 ft 4 ft 3-18 ft 400-12 ft 

Bar-Crest and Bar-Flank deposits. These deposits comprise parasequence 1 of the 
San Andres formation (see Figs 4 and 8 in Grant et al., 1994). As mentioned above, 
these deposits were studied extensively by Lucia et at, 1991, Senger et al., 1992 and Kerans et al., 1994. Geostatistical analysis of measured permeability indicated that 
permeability correlation lengths decreased with decreasing sample spacing and that 
different rock fabrics exhibited different mean permeabilities. This finding is in 
agreement with the work on variography in the Dukhan Arab-C carbonates (compare 
Figs 7.5 and 7.7). The variogram of figure 7.5 was derived from core-plug data (range 
=5 ft), while the variogram of figure 7.7 was derived from probe data (range =1.9 ft). 

2 ft for probe-permeameter data and 5 ft for plug data 
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Senger et al., 1992 concluded that within individual facies, permeability varies by as 
much as five orders of magnitude. Characterization of spatial permeability patterns 
within individual facies is therefore important for predicting flow behaviour in these 
ramp crest grainstone bar complexes. If permeability within facies is spatially 
uncorrelated (i. e., random), then the two-dimensional effective permeability of that 
facies can be estimated by taking the geometric average of the local permeabilities 
(Warren and Price, 1961 in Senger et al., 1992). If permeability within facies exhibits 
significant spatial correlation, then effective permeability of that facies must be 
estimated by taking some other type of average. 

Variography work conducted on these outcrop deposits indicate a correlation range of 
about 3 ft in the vertical direction and a possible correlation range of about 30 ft in the 
horizontal direction. They noticed large nuggets indicating small-scale random 
variability of permeability. The magnitude of these horizontal correlation lengths 
were not found in the horizontal cores of the Arab-C. Larger correlation lengths are 
however obtained when variograms are built from vertical well data. These brings 
back to the previous observation that "correlation lengths decreased with decreasing 
sample spacing". 

11.3 Modern example (analog) for ooid shoals - Bahamas 

The Bahamas have several ooid shoal complexes that were examined by coring and 
seismic profiling (Harris 1983) and can be used as modern analogues to the San 
Andres platform carbonate cycles and to the Dukhan Arab-C. The Joulters Cays area, 
one of the most intensely studied ooid shoal complexes, is important because it 
displays a variety of environments in which ooid sands can accumulate, some of 
which are quite different from the environment in which the ooids are formed. The 
ooid sands in the Jouleters area covers 0.5-2 km in a dip direction, comparable to the 
width of the grainstones at Lawyer Canyon (San Andres). At Joulters, the active ooid 
sands extend approximately 25 km parallel to the shelf break and 15 km bankward of 
it. These ratios (25/15) are also in line with our understanding of the Arab-C shoals. 

11.4 Summary 

The outcrop studies revealed that permeability in cyclic-shelf carbonates is highly 
uncorrelated laterally. To model it properly, short ranges of correlation and high 
variances are needed. This fact by itself creates some limitations during model 
construction (grid size). In order to capture the actual permeability heterogeneity, the 
grid size in the static model has to be at least 1/3 of the variogram range, which makes 
it impractical to model large fields. This problem can be overcome if one allows the 
permeability heterogeneity to be investigated at a much larger scale provided the 
large-scale permeability patterns at the depositional cycle scale are preserved. It is 
important that during modelling, the extreme values of permeability are preserved. Similar conclusions were published by Senger et al., (1993), during flow simulations 
on parasequence 1 of the upper San Andres outcrop at lawyer Canyon. The authors 
concluded that kriged permeability distributions yielded the same production-rate 
pattern as the conditional permeability realizations, indicating that small-scale 
permeability variability has a negligible effect on the production rate and only the large-scale permeability patterns need to be incorporated into the flow model for 
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history matching. They also concluded that production characteristics of the upper 
San Andres, composed of nine parasequences separated by discontinuous, tight 
mudstone layers, are more dependent on the spatial relationship of the different facies 
and flow barriers than on the permeability pattern within individual facies, if 
significant heterogeneity does not occur within the facies. This was also our 
perception when studying the horizontal and vertical heterogeneity of the Arab-C 
reservoir. The flow simulations performed on the Arab-C (Chapter 10) confirm the 
above findings. 
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CHAPTER 12 
CONCLUSIONS AND FURTHER WORK 

The primary objective of this research was to model a cyclic carbonate reservoir 
(Dukhan Arab-C) in an integrated fashion involving geological, petrophysical, 
geostatistical, and fluid flow studies. The resultant reservoir description model could 
be used to better predict the reservoir performance of the Dukhan Arab-C, and also be 
adopted as a subsurface analogue for similar cyclic ramp carbonate reservoirs. 

The Arab-C reservoir is subdivided into two major units; the Lower Arab-C (LAC) 
and the Upper Arab-C (UAC). The LAC is characterized by transgressive 
retrogradational deposits with thickening upward cycles, while the UAC is 
characterized by regressive progradational deposits with thinning upward cycles. The 
progradational cycles of the UAC are dominated by evaporitic sediments. Between 
the LAC and UAC a maximum flooding surface (MFS) exists. This MFS is marked 
by a tight burrowed mudstone unit designated as layer IG, which is an important flow 
barrier between the UAC and LAC. The entire Arab-C is bounded by two sequence 
boundaries which separate a thick succession of evaporites from the reservoir rocks of 
the Arab-C. These evaporites (anhydrites) are interpreted to be deposited in large 
hypersaline lakes (salinas) as part of a late high-stand system track. The anhydrites 
present within the reservoir, mainly in the upper part of the UAC, are interpreted as 
coastal sabkhas (supratidal deposits). 

The diagenetic model of the Arab-C was reviewed and confirmed the model 
previously proposed by other workers. Diagenesis progressed in three stages: 

Stage 1. Micritization and chemical stabilisation of lime mud, peloids, intraclasts, 
ooids and algal coated grains or bored grain surfaces to low magnesium calcite. 
Syndepositional dolomitization of peritidal carbonates occurred near the top of the 
UAC, probably at the same time as micritization. This phase of dolomitization 
resulted from the seepage reflux of dense magnesium-rich sabkha brines through the 
peritidal sediment pile. 

Stage 2. Subsequent to the initial phase of micritization and early syndepositional 
dolomitization, a marine phreatic cementation of the lime grainstones within the LAC 
and near the base of the UAC took place. 

Stage 3. The last stage of diagenesis was developed within a lens of meteoric 
groundwater. The remaining aragonite and high magnesium calcite allochems such as 
pelecypods and gastropods not affected by the first and second stages above, were 
extensively leached (dissolved) during flushing by fresh meteoric groundwaters. This 
resulted in extensive development of secondary shell mouldic dissolution porosity 
within those lithofacies rich in these types of skeletal grains (lithofacies 1). 

Primary interparticle porosity is the dominant porosity type in the Arab-C carbonates. 
The size and shape of the interparticle pores has been modified by diagenetic 
processes (compaction and cementation). Cementation is by far the most important 
factor affecting the size, morphology and interconnection of primary interparticle 
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porosity. Secondary dissolution porosity is also present as a porosity enhancement due 
to leaching of chemically unstable allochemical grains. 

Intercrystalline porosity is best developed within coarsely crystalline dolostones and 
more poorly developed within finely crystalline to cryptocrystalline fabrics. 

The diagenesis in the Arab-C is fabric selective, enhancing the depositional contrasts. 
The dolomitization is also fabric selective as it is confined to the top and bottom 
layers of the reservoir. 

After review of the large scale reservoir depositional and diagenetic framework, the 
main features were retained, but the large scale reservoir model was refined to 
incorporate detailed reservoir layering and facies variation. In this context, emphasis 
was given to sequence stratigraphy, bearing in mind the broad objectives of 
improving oil recovery and developing an analogue model in the process. These 
sequence stratigraphic analyses dramatically improved understanding of the spatial 
variability of the reservoir properties. For example, in the case of the LAC, the 
improvement of reservoir properties towards land is the result of a WSW-ENE 
transgression; while for the UAC, the improvement of reservoir quality towards the 
sea (opposite direction) is the result of a progradation of sediments towards a more 
open marine environment located in the West-Southwest. This asymmetrical 
behaviour in the reservoir property trends between the UAC and the LAC is a direct 
consequence of the different sequence stratigraphic settings during the deposition of 
the reservoir. This has translated into an improvement of the LAC towards the Diyab 
Sector, and an improvement of the UAC towards the Khatiyah Sector. This model had 
significant implications for the spatial analysis (variograms) and subsequent 
modelling of petrophysical data. 

Spatial analysis of the Arab-C was performed by considering heterogeneity in three 
dimensions. Variograms of porosity and permeability were generated at different 
orientations for determination of anisotropy, and this process was performed for 
various stationarity regions. This was the best way to account for the three- 
dimensional heterogeneity of the reservoir. Horizontal cores provided valuable spatial 
information at short lag distances. Analysis of variograms from horizontal cores 
showed that the porosity and permeability variograms exhibit different correlation 
structures. This is a matter which deserves further research by studying more 
horizontal cores. 

Core and probe-permeameter data were used to assess the heterogeneity of 
permeability. Univariate and spatial statistics were applied to both datasets, and 
sensitivity analysis was performed on Cvs and variography. Geostatistical analyses of 
measured permeability and porosity indicated that poroperm correlation lengths 
decreased with decreasing sample spacing and that different rock fabrics exhibited 
different mean permeabilities. 

Fracture analysis was conducted using both horizontal cores and image logs (FMI). 
The fractures encountered were classified into two main classes, based on their 
morphology: a conductive class representing open fractures, and a resistive class 
representing mineralized fractures. In general, open and mineralized fractures can 

120 



Chapter 12 - Conclusions and Further Work 

occur with similar directional trends. However, the directional trend of mineralized 
fractures is dominantly NW-SE. The fractures are classified into three main classes 
based on their distribution and genesis. The main directional trends are NS (tensional 
fractures), EW (extensional fractures) and NW SE and NE to SW (shear fractures). 

The most numerous directional fractures appear to be of shear type. Dip of the 
fractures generally varies between 60 and 90 degrees. All fracture classes (tensional, 
extensional, shear) occur in the Khatiyah sector (in the north), whereas tensional and 
shear fractures occur predominantly in Fahahil and Jaleha sectors (in the south). 
Fractures are interpreted to develop as a result of folding and faulting. However, 
certain layers of the Arab C reservoir, such as Layers IIA and IIC, exhibit the best 
developed fractures and fracture enhanced permeability, whereas in other layers such 
as anhydrites and mud supported rocks fractures are absent. Thus, both deformation 
(structural position), and lithology play a role in rock fracturing, occurrence, and 
distribution. 

The fractures were not dynamically modelled in the flow studies, since the aim of this 
research was to establish the relationship between fluid flow, layer cyclicity, 
variogram models and methods of description'. A fracture model was conceived, but 
since fractures do not dominate the flow in the Dukhan Arab-C (stratigraphic layering 
and associated permeability contrasts are more important) a structural (fracture) 
analogue was not developed further. Further work would be required in order to find 
ways of incorporating fractures into the modelling procedure. Fractal and object- 
based approaches show promising results, but much more work will be needed to 
develop commercial software2. 

Lorenz plots have been applied to the Arab-C and found to be a useful technique for 
capturing the heterogeneity of the reservoir and determining the main flow units. The 
degree of heterogeneity captured by the Lorenz plot is a function of the vertical 
resolution of the poro-perm data. Sensitivity analysis carried out on poro-perm pairs 
from core-plug and probe-permeameter data, indicate that the Lorenz's vertical 
heterogeneity increases significantly when probe data is used. Lorenz plot's were 
found to be a very useful qualitative tool to assess and visualize the distribution of 
flow capacity and storage capacity of the different geological layers. For instance, 
when applied to Khatiyah sector, the plot revealed that Layers IA, IB and ID account 
for 83% of the flow capacity while they have only 34% of the storage capacity. The 
same technique when applied to lithotypes for the entire field revealed that lithofacies 
1 and 4B account for 60% of the flow capacity while they have only 20% of the 
storage capacity. 

Before establishing a reservoir model, research into the stochastic modelling 
techniques and methods which would best fit the heterogeneity of the Dukhan Arab-C 
reservoir was undertaken. This confirmed what has been published in the literature in 
the last decade: that stochastic modelling has tremendous potential, because it allows 
the quantitative integration of different datasets, and the provision of a numerical 
model that is in agreement with the different datasets, for subsequent flow simulation. 

1 Besides, fractures were not important in the Jaleha sector (where the flow model was built). 2 The recent development of ResFrac software from RC2 seems promising. 
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In addition, while honouring the observed data at their locations, it yields alternative 
equally probable realizations, thus providing a measure of uncertainty. However, in 
the particular case of the Dukhan Arab-C, stochastic modelling technology is not a 
panacea for all reservoir units. It was best modelled using a hybrid approach 
incorporating a pixel-based stochastic modelling technique (sGs) and deterministic 
techniques. Object based modelling techniques were studied but were not suitable for 
the Dukhan Arab-C. 

Both stochastic and deterministic techniques were applied to the Arab-C reservoir, 
with reasonable success. A deterministic algorithm was applied whenever the 
petrophysical properties had a low Cv. In this case the layering was found to be more 
important than the spatial variability. If the petrophysical properties are characterized 
by a high Cv, then the spatial variability is as important as the layering. In this case, 
conditional stochastic simulation (CSS) techniques were applied. Basically, CSS uses 
the underlying petrophysical structure obtained from kriging and adds the stochastic 
component associated with the uncertainty of the limited petrophysical data. 
Sensitivity. analyses were also carried out on the correlation lengths (variogram 
ranges), nugget and variogram models. Experience indicates that when Gaussian 
models are selected, in order to avoid algorithm instability a very small nugget must 
be added. 

A robust deterministic framework was built. A framework based on 3D seismic was 
used to build the flooding surfaces for the simulation model and to constrain the 
deterministic and stochastic population of the model. The flooding surfaces were 
mapped at distinct single-layer boundaries with the simulation model. The advantage 
of constructing the geological model on the basis of the thirteen parasequences used is 
that each stratigraphic grid was modelled by individual data-specific variograms that 
are derived from data extracted within the interval that specifically represents the 
parasequences of the model. 

As far as the petrophysical population of the model was concerned, a deterministic 
method was applied first as a basis to understand the spatial and vertical trends in 
reservoir properties (thickness, porosity and permeability) before embarking on 
advanced stochastic modelling. For sensitivity analysis purposes, kriging, least 
squares and standard MWA or inverse distance square algorithms were compared. 
Several of these deterministic models were built and subsequently compared with the 
stochastic models. 

Flow simulation was conducted on various models using the SURE simulator. This 
simulator uses a high performance linear solver which was developed to effectively 
solve irregular sparse matrices. It is based on Incomplete LU factorisation (ILU) and 
Orthomin acceleration which ensures high stability and superior convergence rates, 
especially for complex simulation models. 

SUREgrid, the grid generation model of SURE, was used to build the grid and 
allowed the creation of a "LGR window" whereby multiple reservoir descriptions 
were embedded into the coarse grid model. The LGR windowing technique of SUREgrid revealed itself as a powerful tool for this type of work. Multiple reservoir descriptions were flow simulated using the coarse model in the background. This 
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allowed the assessment of sweep efficiency for multiple fine detailed models without 
the need for upscaling. As a result, different scenarios of the static model were 
embedded into the larger coarse model without the need to re-create a new coarse 
model for each detailed description. 

The main conclusions of the waterflood simulation on the Arab-C can be summarized 
as follows: 

Both reservoir description models validated partial hydraulic isolation between the 
uppermost progradational cycle-set of the UAC and the lowermost retrogradational 
cycle-set of the LAC under waterflooding. The contrast in permeability between the 
UAC and the LAC layers is the main driving force controlling the hydraulic isolation. 

Fluid flow response in the LAC will be more uniform and have improved 
performance relative to the more highly stratified UAC. All models exhibit much 
faster water breakthroughs for the LAC zone. The more homogeneous and less cyclic 
models are the ones that exhibit a better water sweep efficiency and less waterflood 
contrast between the UAC and LAC. The water front resembles a piston like 
displacement. The more heterogeneous and highly cyclic models exhibited much 
earlier breakthroughs and a less pronounced waterfront advance in the UAC. 

The effect of the heterogeneous and more cyclic models on the sweep pattern is more 
significant. Most of the bypassed oil is present in the UAC zone only. Model F 
exhibits the highest bypassed oil in the UAC. It reproduces the actual field data, 
because it captures the detailed stochastic description of the reservoir. 

The greater the homogeneity of the model, the longer is the oil plateau and the later is 
the water breakthrough time. The water breakthrough time of the highly detailed 
models (39 layers) is the same regardless of the reservoir description method adopted. 

The water breakthrough time is not severely affected by the spatial heterogeneity of 
the static model (200 m versus 50 m grids) when deterministic methods are used. The 
difference in water breakthrough time between the simple deterministic model and the 
most detailed stochastic model is almost 10 years. This indicates that the use of 
simplistic reservoir descriptions in reservoir simulation should be avoided. 
Deterministic descriptions on simplified frameworks may overestimate the reservoir 
performance. Although stochastic methods are powerful, they are not a panacea. In 
this study water flood front behaviour was equally reproduced using a hybrid model (stochastic and deterministic). Experience indicates that reservoir modelling should be 
driven by the reservoir heterogeneity and the knowledge of the dynamic processes. 

Published work indicates that uncertainties in reservoir description can be quantified by comparing multiple realizations derived from different seed numbers or by 
comparing different models. Experience with the waterflood simulations on multiple Arab-C descriptions revealed that there are more differences in water cut behaviour 
between a deterministic and a stochastic model than between multiple realizations of the same stochastic model. 
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In summary, the judious application of different modelling techniques (stochastic in 
some layers and deterministic in others), driven by the knowledge of the 
heterogeneity and the flow processes, is the way to go in future reservoir 
characterization studies. 
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